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The composition and diversity of gut microbiome are in crosstalk with the genetic makeup and diet of an individual. Under normal
health conditions, the gut commensals are in homeostasis with the host; while they inhabit the gut for their normal growth, they
protect against invading pathogens through anticolonization mechanisms and contribute largely to the metabolism of several
macromolecules in the gut. Specific genetic variants in genes that are responsible for maintaining the composition of the gut
commensal, such as genes of the immune system, are described to result in gut dysbiosis that can lead to the development of
several autoimmune diseases such as inflammatory bowel disease and type-1 diabetes. Similarly, the diet of an individual shapes
the gut microbiota by allowing the predominance of microbes that metabolize an abundant macromolecule in the diet.
Epigenetically, the microbial metabolites produced by these microbes can be beneficial in the treatment of cancer or deteriorating
by serving as carcinogens. Therefore, the complex association of the gut microbiome with the genetic makeup and diet of an
individual plays a significant role in the development of several diseases and health conditions. Recently, the association between
the human genome and the gut microbiome has been analyzed and considered a multiomic approach, and extensive genome-wide
association studies were conducted to further understand the complex relationship.

1. Introduction

The human genome and its genetic factors play a core role in
determining the composition and diversity of both commen-
sal and pathogenic microbial communities in the human
body, especially the gut [1–3]. Specific genetic variations
can affect the abundance of some microbial species, either
by allowing or limiting their existence in the microbiota,
and thus, the microbiota composition of an individual varies
relatively depending on the genetic makeup of that individ-
ual [4, 5]. Thus, a genetic defect in a gene considered crucial
in controlling the abundance of specific taxa may result in
dysbiosis. Dysbiosis refers to the disruption of homeostatic
balance in the microbiota composition. The commensal
microbiota is symbiotic with the human body [6]; it is
involved in a wide range of activities such as vitamin synthe-
sis, immune system maturation, digestion of complex sugars,

and energy homeostasis [7–9]. Much research has been done
to thoroughly investigate the role of human genetics in the
microbiome’s diversity. The aid of genome-wide association
studies (GWAS) and the vast availability of large genomic
consortia enable the link and association between some spe-
cific genetic loci, autoimmune diseases, and the risk of devel-
oping such diseases, with an individual microbiota
composition [10]. Most of these genes associated with
microbiome composition and function that are identified
through GWAS are immune genes that protect pathogenic
microbes [11, 12]. Consequently, with a significant mutation
in these immune genes, the immune system becomes defec-
tive and cannot clear pathogenic microbes, thereby increas-
ing their abundance and decreasing or eliminating the
commensal microbes. This entails the existence of a complex
relationship between human genetic factors, the immune
system, the microbiome, and possibly environmental factors
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in the development of many autoimmune diseases, such as
inflammatory bowel diseases (IBD) and type-1 diabetes
(T1D) [13, 14]. The exact molecular mechanism of this com-
plex relationship is not yet fully understood; however, it is
known that these genes encode for various components of
the immune system, specifically that which function to recog-
nize and distinguish between a commensal and a pathogen,
then target, and eliminate the microbial pathogens. It is wor-
thy of note that the gut microbiota is known as a mediator
of several inflammatory responses, which can be useful in
explaining its involvement in the progression of autoimmune
diseases, although few genes that are not directly involved with
the immune system are also indicated to affect the gut micro-
biota composition, such as the VDR3 gene [2, 15, 16].

Additionally, the human gut microbiota composition is
also affected by diet, such that the amount of a given macro-
molecule in a diet can result in the increased abundance of
microbiota that metabolizes the macromolecule. Interestingly,
some of this diet-inducedmicrobiota can produce carcinogens
that contribute to the development of cancer, or the microbi-
ota may lead to epigenetic changes that can be beneficial in
the treatment of cancer [17]. This review is aimed at discussing
the relationship between the human genome and gut micro-
biome in the pathogenesis of autoimmune diseases, diet and
gut microbiome interaction and epigenetics, and the involve-
ment of the gut microbiota in maintaining gut immunity.

2. Human Genome and
Microbiome Interaction

Some common genetic variants within the human genome
that have been associated with gut microbiota dysbiosis are
discussed below, and Table 1 and Figure 1 summarize and
give an overview of the interaction.

2.1. MHC Gene Variants. The human leukocyte antigens
(HLA) are encoded by major histocompatibility complex
(MHC) class I and II genes and are considered to be one
of the most polymorphic genes in humans [18–20]. HLA
molecules are important components of the immune system
involved in the differentiation between “self” and “non-self,”
ensuring appropriate immune response. Hence, specific

polymorphisms observed in the MHC class II genes have
been associated with an increased risk of occurrence of inap-
propriate immune responses, leading to the inability of the
immune system to identify self-antigens, and thus attacking
them as seen in autoimmune diseases such as ulcerative coli-
tis (UC), T1D, Crohn disease (CD), rheumatoid arthritis
(RA), and celiac disease [18, 21]. The gut microbiota has
been described to be involved in the onset, further develop-
ment, and pathogenesis of these autoimmune diseases [22].
To support this claim, arthritis was not developed in germ-
free mice until intestinal microbiota were introduced [23].
However, the MHC class II polymorphisms simultaneously
affect the ability of the immune system to recognize antigens
of the commensal microbiota, thereby destroying them [18,
21, 24], and resulting in dysbiosis. This further results in
an increased level of an immunoregulator at the mucosal
level, T helper cell (Th17), and a disrupted intestinal perme-
ability [25–28]. This explains the involvement of gut micro-
biota in the development of autoimmune diseases.
Furthermore, specific polymorphisms in the HLA alleles
have also been associated with a defective production of
the predominant antibody in the mucosal surface, immuno-
globulin A (IgA) [27]. IgA is a crucial component of the adap-
tive immune system and also the first line of defense against
mucosal microbial pathogens. Defective IgA is shown to lead
to the abundance of specific bacterial taxa such as Bacteroides
species in the development of colitis [27, 29]. Conversely, Bac-
teroides and Bifidobacterium species level decreases in RA
individuals while Prevotella species increase [30].

Thus, accordingly, the inability to recognize antigens of
the commensal microbiota and a defective IgA antibody
production due to MHC and HLA gene-specific polymor-
phism weakens the immune system’s ability to protect
against the tons of microbial pathogens the gut is exposed
to, thereby attacking commensal microbiota and increasing
the abundance of several gut pathogens. This eventually led
to inflammatory responses that contribute to the prevalence
and development of different enteric disease conditions.

2.2. NOD2 Variants. NOD2 (nucleotide binding oligomeri-
zation domain-2) gene encodes for a pattern recognition
receptor (PRR) which is located intracellularly and is

Table 1: Gene variants and their associated microbiota.

Gene Microbiota Related condition References

NOD2 Increase Escherichia spp. and decrease Faecalibacterium spp. IBD [35]

NOD2/ATG16L1 Increase Bacteroides fragilis IBD [51]

UBR3 Increase Rikinellaceae spp.
Dysregulation of the protein

ubiquitination pathway
[72]

PLD1 & LINGO2 Increase Akkermansia and Blautia spp. Obesity [72]

SLIT3 Increase Clostridiaceae and Dermococcus spp. Inflammation and obesity [2]

VDR3 Increase Parabacterioides spp. Dysregulation of bile synthesis [94]

ALDH1AL1 Increase Christensenelleceae spp. Dysregulation of xenobiotic metabolism [2]

PTN2 & PTN22
Increase Faecalibacterium, Bilophilia, and

Coprococcus spp.
T1D [83, 85]

DR3/4
Increase Bacteroides, Parabacteroides, Clostridium,

Klebsiella, and Akkermansia spp.
T1D [89]
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responsible for the recognition of pathogen-associated
molecular patterns (PAMPs), specifically the peptidoglycan
motifs of bacteria [31–33]. In IBD patients, NOD2 gene var-
iants are involved in the development of the disease [34, 35].
The mechanism is not fully understood; however, it is illus-
trated that there is ineffective clearance of bacterial patho-
gens in the gut, in IBD patients [35–37]. Therefore, since
the NOD2 gene encodes for a PRR that recognizes peptido-
glycan motifs of bacteria, it can be suggested that the poor
clearance of bacterial pathogens in the gut as seen in IBD
patients is due to a defective form of the PRR, which cannot
efficiently recognize the peptidoglycan motifs of pathogenic
bacteria. Accordingly, defective PRR due to the NOD2 gene
variant is not limited to poor recognition of pathogenic bac-
teria, as some studies have indicated that the gene variant
also results in the increased abundance of nonpathogenic
bacterial species, specifically Escherichia coli, and a sponta-
neous decrease in another nonpathogenic species of bacteria,
the Faecalibacterium species [12, 38, 39]. The mechanism
that led to this unusual association between these two bacte-
rial species in this case is not clearly understood. This is
because E. coli is a gram-negative bacterium and Faecalibac-
terium is a gram-positive bacterium; in the case of poor rec-
ognition of peptidoglycan motifs, the gram-positive
bacterium is expected to be more abundant due to the high

content of peptidoglycan motifs in the cell membrane of
gram-positive bacteria as compared to gram-negative bacte-
ria. Nonetheless, since the PRR is defective, an unusual com-
position of the gut microbiome is expected and other
microbial factors such as quorum sensing or antibacterial
toxins might contribute to fluctuations in the level of non-
pathogenic strains.

In addition, distinctive to the involvement of the NOD2
gene variant in defective PRR, several studies using NOD2
gene defective mice observed gut dysbiosis and the risk of
development of colitis, which resulted due to a defective
mucosal barrier [40–43]. However, this observation can be
explained owing to the understanding that poor pathogen
clearance that can occur due to a defective PRR system is
sufficient to result in an increased abundance of mucus-
degrading pathogens or a decrease in commensal microbiota
that stimulates mucosal production. Therefore, the defective
mucosal barrier observed in some studies can still be linked
to the involvement of the NOD2 gene in the production of
PRR. Conversely, a different observation was made in other
studies using the same NOD2 defective mouse, where they
illustrated an increased level of a commensal microbe, Bac-
teroides vulgatus [44–46]. They added that the bacteria led
to the abnormal expression of inflammatory genes, includ-
ing IFN gamma. Fundamentally, IFN gamma is known to
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Figure 1: Relationship betweenMHC gene variants and gut dysbiosis and some. (a) A variant in theMHC gene is associated with the inability of
the immune system to recognize self-antigens, thereby attacking them and progressing to the development of autoimmune diseases such as T1D,
IBD, RA, UC, and CD. This pathway is independent of gut microbiota. (b) The MHC gene is involved in the production of IgA, and a genetic
variant in the gene is shown to result in defective IgA production. As the most common immunoglobulin in the gut, defective IgA results in a
poor clearance of gut pathogens which eventually develop into gut dysbiosis. Dysbiosis was described to contribute to the development of
autoimmune diseases. (c) Lastly, similar to the inability to recognize self-antigens, the gene variant is also associated with the inability to
recognize the antigens of gut commensals. This eventually led to the attacking of the commensals and resulting in gut dysbiosis. The
dysbiosis developed in this case is also known to be involved in the development of autoimmune diseases.
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be involved in the intracellular destruction of pathogenic
bacteria and fungi, among other immune functions. Conse-
quently, abnormal expression of the inflammatory genes,
such as IFN gamma, is thought to decrease the level of both
pathogenic and nonpathogenic bacteria, and this can also
explain the development of defective mucosal barrier. Over-
all, the NOD2 gene variant can be seen to lead to the abun-
dance of both pathogenic and nonpathogenic strains of
bacteria, arising mainly from a defective PRR system. On
the other hand, abnormal IFN gamma is associated with
the NOD2 gene variant, further studies will be required to
propose specifically the molecular mechanism of how the
NOD2 gene resulted in gut dysbiosis. The overview of this
gene variant is summarized in Figure 2.

2.3. ATG16L1 Variants. ATG16L1 (autophagy related 16 like
1) gene is among the gene variants associated with the devel-
opment of CD and is involved in the regulation of autophagy
[18]. Autophagy is essential in mediating lysosomal degrada-
tion and the clearance of bacteria intracellularly [47, 48].
The role of the gene in the regulation of autophagy explains
the dysbiosis that resulted in the development of CD, where
the ATG16L1 gene variant is commonly found. Interestingly,

the interaction between NOD2 and ATG16L1 is crucial, and
genetic variants that hinder this association, as seen in CD
patients, lead to impaired bacterial clearance and poor anti-
gen presentation by immune cells such as dendritic cells
[49–51]. This implies that individuals with either NOD2 or
ATG16L1 gene variant can develop dysbiosis that progresses
to CD; further investigation can be done to clearly under-
stand the association between the genes.

Moreover, the ATG16L1 gene is crucial in modulating
several immune responses that protect pathogenic microbes.
ATG16L1 hypomorphic mice were demonstrated to show a
microbiota-dependent risk of the development of colitis
due to defective production of antimicrobial peptides in
Paneth cells and altered toll-like receptor (TLR) signaling
[18]. Similarly, disruption of the ATG16L1 gene was reported
to affect CD4+ T cell regulation, and hence T-regulatory cells
and T-helper 2 cell-mediated responses in the intestine
[52, 53]. In a separate but similar study, it was added that
the disruption of the gene resulted in an impaired T cell func-
tion and subsequent destruction of the mucosa due to the loss
of efficient recognition of intestinal antigens and the subse-
quent increased production level of immunoglobulin G
(IgG) and IgA that eventually target the commensal
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Figure 2: Relationship between NOD2 gene variant and gut microbiota. (a) The NOD2 gene is crucially involved in the PRR system, and a
genetic variant in the gene has been associated with ineffective clearance of gut pathogens, resulting in gut dysbiosis that contributes to the
development of IBD. (b) The development of a defective mucosal layer is linked to a genetic defect of the NOD2 gene. Consequently, the gut
is easily colonized by pathogens and progresses to gut dysbiosis which is associated with the development of colitis. (c) The abundance of
Bacteroides species is often connected to the NOD2 gene variant. The bacteria is known to increase the expression level of IFN-γ. This
inflammasome activates pathways that clear both commensals and pathogens from the gut and cause gut dysbiosis.
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microbiota [52, 54, 55]. These findings demonstrated the
interaction between the ATG16L1 gene with several immune
conditions from both adaptive and innate immune systems
that led to dysbiosis, as shown in Figure 3.

2.4. SLIT3 Variants. SLIT3 (slit guidance ligand 3) gene is
known to be involved in bacterial lipopolysaccharide (LPS)
pattern recognition [2]. However, the protein encoded, SLIT3,
is also essential in the degradation of sitosterol, a microbial
pathway to the production of androstenedione [56, 57]. This
microbial catabolic pathway is a sidechain degradation that
leads to energy production in the form of ATP from sterol
compounds. Goodrich et al. illustrated the link between the
SLIT3 variant and a relative abundance of an unclassified bac-
terium, Clostridiaceae [58]. In another study, a distinct variant
of SLIT3 from the Goodrich et al.’s study was associated with
an abundance ofDermococcus species in the nasal microbiome
[59]. Interestingly, two separate studies demonstrated that the
SLIT3 ligand is central in modulating immune signals in
response to bacterial LPS, apart from its significance in the
degradation of sterols [60, 61]. Although the association of
the SLIT3 gene with response to bacterial LPS is understood
as supported by existing reports, the mechanism is not fully
elucidated. Yet, it can be suggested that the increased abun-
dance of the aforementioned bacterial species may be due to
poor recognition of the bacterial LPS antigen by the immune
system or due to the accumulation of sitosterol or a metabolite
that serves as a modulator or substrate for Clostridiaceae and
Dermococcus species. The SLIT3 gene variant plays a role in
the recognition of the bacterial LPS by the immune system,
and thus the clearance of bacteria, however, the gene variant
has not been associated with the development of any autoim-
mune diseases.

2.5. MUC Genes. The intestinal epithelium lining is physi-
cally protected by the intestinal mucosal layer, serving as a
barrier separating luminal microbiota from the intestinal
epithelium. MUC (mucin) genes encode protein compo-
nents of the mucosal glycoproteins produced and secreted
by goblet cells [62, 63]. Mucin is a glycoprotein and a major
component of the mucus that serves as an energy source for
several gut commensals. Since the mucus is a physical bar-
rier protecting the epithelium, the amount of the gut com-
mensal utilizing the mucin must be maintained to avoid
the thinning of the mucus. Moreover, mucus production
must be regulated and maintained in a fashion that the
amount of mucus produced is not lower than the amount
of mucus degraded by the commensal mucus-degrading bac-
teria. Accordingly, abnormal expression of MUC2, MUC6,
and MUC5AC was seen in patients with ulcerative colitis;
also, deletion of the MUC2 gene in mice shows increased
risk due to dysbiosis, as shown in several studies [64–66].
In the case of a defective mucosal layer due to deformity in
mucin production, the gut epithelial cells will be exposed
to pathogens and even nonpathogenic microbes, which
eventually lead to the development of autoimmune diseases
such as UC. Illustratively, the gut will be inflamed, and com-
mensal microbes will be attacked by the immune system
while invading pathogens can still resist the anticolonization
mechanisms by the immune system, and subsequently colo-
nize the gut, as seen in UC patients. Nonetheless, the disrup-
tion or mutation in the IL10 gene in patients with ulcerative
colitis resulted in a thin mucosal layer, increasing the vulner-
ability and the abundance of pathogenic microbes in the gut
[67, 68]. The specific molecular mechanisms for both the
MUC gene and IL10 gene variants in the development of
UC are not fully understood yet.
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Figure 3: Relationship between ATG16L1 and gut microbiota. (a) ATG16L1 gene variant has been associated with loss of microbiota
recognition, abnormal levels of IgA and IgG, altered CD4+ T cell recognition, and a defective production of antimicrobials. These are
known to develop gut dysbiosis that causes several disease conditions. (b) The same gene variant is known to cause poor antigen
presentation and impaired bacterial clearance which results in gut dysbiosis that has been associated with Crohn’s disease.
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2.6. Other Genes. Some IBD-susceptible genes including
CCL2, DAP2, and IL23R genes are demonstrated by Good-
rich et al. to be involved in mediating the microbiome
composition in IBD patients [2]. A large cohort study by
Turpin et al. showed the correlation between the UBR3
variants and the relative increased abundance of Rikenella-
ceae species [69]. The UBR3 gene is known to encode a
crucial protein in the protein ubiquitination pathway and
also plays a significant role in apoptosis; the phenomenon
between the UBR3 gene resulting in the increased abun-
dance of Rikenellaceae species is not understood. However,
since the gene is involved in the modulation of apoptosis,
it is possible that the gene variant led to increased intesti-
nal cell death which in turn increases the permeability of
microbes in the intestines. Similarly, the same suggestion
was made to explain the relationship between PLD1 and
LINGO2 genes in individuals with obesity [70–73]. Sepa-
rate studies further linked a significant genetic variation
in the two genes with increased abundance of Akkerman-
sia species [74, 75] and Blautia species [76–78]. In T1D
patients, various SNPs in immune genes, including
CTLA4, IFIH1, INS, IL2, IL10, PTPN2, and PTPN22, have
been associated with gut dysbiosis and the development of
the disease [79–82]. Also, SNPs in PTPN2 and PTPN22
genes have been shown to lead to the decreased abun-
dance of several commensal microbiota, such as Faecali-
bacterium species, Coprococcus species, and Bilophila
species, with a spontaneous increase in abundance of Bac-
teroides in individuals with autoimmune diseases [83–87].
PTPN2 and PTPN22 genes are primarily known to be
involved in the production of an enzyme and protein tyro-
sine phosphatases, and the phosphatase is involved in sig-
nal transduction in immune cells such as T cells. Lastly, an
increased abundance of Erysipelotichacea, Parabacteroides,
Akkermansia, Clostridium, Bacteroides, Klebsiella, and Veil-
lonella species was associated with the DR3/4 risk genotype
[81, 84, 88–91]. Interestingly, the DR3/4 risk alleles make

the immune system hyperactive and increase susceptibility
to infection [92, 93]. The common pathways shared
between genetic variants are shown in Figure 4.

2.7. Nonimmune System-Mediated Genes. As mentioned
earlier, most of the genes reported to modulate the micro-
biota composition are involved in mediating immunity, yet
some genes that are not directly involved in mediating
immune response but may be indirectly involved with
the immune system are illustrated to affect the abundance
of some microbes. Blekhman et al. reported that SNPs in a
gene that codes for the vitamin D receptor (VDR)
increased the abundance of Parabacteroides [4]. This was
further investigated in VDR gene knockout mice, and
increased levels of Parabacteroides species were observed
compared to the wild-type mice [4, 94]. The mechanism
is not clearly understood; nonetheless, VDR is commonly
known as a receptor for secondary bile acids [95]; there-
fore, its activation is known to negatively inhibit bile acid
synthesis [96]. Bile is a digestive secretion involved in the
emulsification of fats and excretion of several hepatic
metabolites such as cholesterol. Interestingly, apart from
the digestive functions, bile acid/salts also serve as micro-
bial anticolonization factors that limit the gut colonization
of some microbes. This possibly supports the association
between the VDR gene variant and the increased abun-
dance of Parabacteroides species. Lastly, SNPs in the
UBAP2 that are involved in the ubiquitin pathway are
reported to affect the gut microbiota composition [97].

3. Diet and Microbiome Interaction

An individual’s diet can affect the gut microbiome in terms of
the distribution and composition of the microbiota. Some of
these diet-induced microbiotas are known to cause significant
epigenetic changes that can alter the existing homeostasis
responsible for maintaining the regulation of cell apoptosis

Gut dysbiosis
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MUC geneNOD2 gene

Defective mucosal barrier.

(a)

Ineffective clearance of
pathogens.

Gut dysbiosis

IBD CD

ATG16L1 geneNOD2 gene
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Figure 4: Common pathways between gene variants. (a) Both the NOD2 gene and MUC gene variants are known to cause defective mucosal
barriers that result in gut dysbiosis. However, the gut dysbiosis resulting from the NOD2 gene is associated with colitis, while that of the
MUC gene is associated with UC. (b) Similarly, the NOD2 gene and ATG16L1 gene variants both cause an ineffective clearance of
pathogens in the gut that leads to gut dysbiosis. Although NOD2 is associated with IBD, ATG16L1 is associated with CD.
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and proliferation. Eventually, carcinogenic changes occur in
the cell due to the diet-induced epigenetic changes [98, 99].

Epigenetics includes heritable changes in a gene activity
that do not originate from changes in the DNA sequence
[99, 100]. This includes post-translational and post-
transcriptional modifications of amino acids in histone pro-
teins and microRNA (miRNA). This histone modification
can be achieved through methylation, phosphorylation, acet-
ylation, or ubiquitination [101–104]. Enzymes catalyzing
these chemical reactions are described to be affected by
diet-induced microbiotas through the production of certain
microbial metabolites that interfere with their enzymatic
activities. Table 2 gives an overview of the association
between diet and epigenetic changes concerning cancer.

3.1. Dietary Carbohydrates. Digestion of carbohydrates
mainly starts in the mouth by amylases and later in the gut
by a factory of digestive enzymes. However, some dietary
carbohydrates contain fibers—such as nonstarch carbohy-
drates, resistant starches, and oligosaccharides from
plants—that remain undigested and are passed to the large
intestine. In the large intestine, these macromolecules, such
as xylan and pectin, are metabolized by microbes in different
microbial pathways producing different types of short-chain
fatty acids (SCFA) [103, 105, 106]. The concentration of

SCFA produced in the colon is not the same throughout
its length; there is 70-140mmol in the proximal colon and
about 20-70mmol in the distal colon [107]. Acetate, buty-
rate, and propionate predominate in the pool of SCFA pro-
duced, with trace amounts of lactate, formate, and caproate.
Gut microbiota consisting of Faecalibacterium spp., Rose-
buria spp., and Coprococcus spp. predominate in the colon
producing SCFA from the complex sugars via glycolysis
and other microbial pathways [108–111].

Butyrate is produced in high concentrations by the gut
microbes and serves as a major energy source to the epithe-
lial cells of the colon via beta-oxidation; several studies have
illustrated that in a healthy gut, the concentration of buty-
rate and other SCFA produced in the gut is sufficient enough
to influence the regulation of gene expression of the epithe-
lial cells [112–114]. The butyrate concentration gradient
decreases from the lumen to the bottom of the colon. The
butyrate’s normal concentration in the bottom is in homeo-
stasis, with the amount of butyrate needed for influencing
cell turnover and normal colonic epithelial cell growth
through a beta-oxidation pathway, as mentioned earlier.
An increase in the butyrate levels in the bottom of the colon
above the homeostasis level can inhibit the activity of his-
tone deacetylases (HDAC) activity in the epithelial cells,
inducing apoptosis and inhibiting cell proliferation.

Table 2: Macromolecules and microbial substrates in the development of epigenetic changes.

Microbial substrates
Metabolites
produced

Epigenetic changes
Cancer
activity

Carbohydrates
Nonstarch carbohydrates, resistant

starch, and oligosaccharides from plants

SCFA such as
acetate, butyrate,
and propionate

Butyrate inhibits the activity of histone
deacetylase (HDAC) activity, thus inducing
apoptosis and inhibiting cell proliferation.

Anticancer
activity

Phytochemicals

Polyphenols such as curcuminoids,
lignans, polyphenol ellagitannins,
flavonoids, anthocyanins, and
epigallocatechin-3-gallate

Ellagic acid,
urolithins, and
valerolactone

Ellagic acid and urolithins inhibit the activity
of histone acetyltransferase (HAT) activity.
Valerolactone modulates DNA methylation
and histone modifications resulting in anti-

inflammatory activities.

Anticancer
activity

Fats Polyunsaturated fatty acids (PUFA) Linoleic acids

Inhibit fatty acid synthase. Inhibit cancer cell
metastasis. It also induces DNA methylation

and histone modifications to induce
apoptosis and anti-inflammatory activities.

Anticancer
activity

Fats Undigested fats and unabsorbed bile

Ursodeoxycholate
(UDCA) and
deoxycholate

(DCA)

Modulation of expression of several genes at
mRNA levels and the production of reactive
oxygen species (ROS), resulting in DNA
damage and alteration in the expression of
chromosomal maintenance and mitosis
genes. Moreover, DCA induces apoptosis

through HDAC.

Cancer and
anticancer
activity

Fats Alcohol Acetaldehyde
Distort DNA repair system causes

chromosomal damage and hence alters gene
expression.

Cancer
activity

Proteins Valine, leucine, and isoleucine
SCFA such as

acetate, butyrate,
and propionate

Butyrate inhibits the activity of histone
deacetylase (HDAC) activity, thus inducing
apoptosis and inhibiting cell proliferation.

Anticancer
activity

Proteins
Undigested amino acids such as

methionine, arginine, phenylalanine,
and tryptophan

Polyamines,
phenols, and

indoles
Cocarcinogens

Cancer
activity
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Intriguingly, for cancer growth, cancerous cells prefer glucose
over butyrate as a substrate for aerobic glycolysis, and this even-
tually leads to the accumulation of butyrate in the colon. It was
shown that the build-up of butyrate in the colon due to the pref-
erence of glucose over it by the rapidly growing cancerous cells
results in the inhibition of HDAC activity, thus promoting cell
apoptosis and inhibition of cell proliferation in the cancerous
cells and neighboring cells [115–117]. Currently, the use of
butyrate-producing bacteria in the colon to inhibit HDAC
activity and hence halt colorectal cancer growth is an active area
of research in colon cancer bacteriotherapy [118, 119].

In contrast, individuals on a significantly low-fiber diet,
as in the Western diet, are at risk of developing dysbiosis
in the gut due to weakening mucosal integrity and growth.
Insufficient production of SCFA will deprive the normal
colonic epithelial cells of substrate for their growth. In cases
where an individual on a persistent western diet developed
colon cancer, the HDAC activity will not be inhibited due
to extremely low levels of SCFA, despite the preference for
glucose by the cancerous cells. While individuals on a
healthy high-fiber diet produce SCFA in the gut and the
presence of cancer cells, the homeostasis level of the SCFA
may inhibit cancer growth due to the accumulation of SCFA,
specifically butyrate, in the colon.

3.2. Fat Diet. A high-fat diet can alter the microbiota compo-
sition of the gut by favoring the abundance of microbes that
metabolize undigested fats and unabsorbed bile. This diet
decreases the abundance of SCFA-producing bacteria, such
as Faecalibacterium spp., due to bile toxicity. For instance,
a Western diet mostly rich in saturated fatty acids and low
in fiber content will lead to the accumulation of bile in the
gut and eventually decrease the abundance of nonbile
metabolizing microbes including SCFA-producing bacteria.
Accordingly, the metabolism of undigested fats and unab-
sorbed bile by microbes, mostly Bacteroides species, was
shown to produce carcinogenic metabolites [104, 120, 121].
Several other studies further demonstrated that carcinogenic
metabolites such as ursodeoxycholate (UDCA) and deoxy-
cholate (DCA) produced during the metabolism of unab-
sorbed bile are involved in the pathogenesis of
gastrointestinal cancer and some cases, breast cancer
[122–125]. Moreover, Weir et al. reported that Ruminococ-
cus gnavus abundance increases in high-fat diet individuals
and is responsible for the elevated levels of UDCA in alco-
holic subjects [126]. Thus, a high-fat diet shaped the gut
microbiota into producing higher concentrations of UDCA,
DCA, and other carcinogenic metabolites, which can lead to
the development of cancer. This explains one of the roles of
gut microbiota in the development and progression of gas-
trointestinal and breast cancer.

Additionally, apart from the production of carcinogenic
metabolites by the fat and bile-digesting microbes, their per-
sistent existence in the gut can directly or indirectly be
involved in the development of cancer. For example, the per-
sistent abundance of Helicobacter pylori in the gut due to a
high-fat diet can induce epigenetic changes in the gastric
mucosa due to its prolonged adhesion to the mucosal sur-
faces resulting in a prolonged inflammatory response

[127]. In the same report, it was shown that a decrease in
the abundance of commensal microbiota, Methylbacterium,
in the gut is related to the invasiveness and aggressiveness
of breast cancer, even though the mechanism is not clearly
understood.

Alcohol-induced microbiota produces simple metabo-
lites that may interfere with DNA repair systems, resulting
in an altered expression of genes. This claim was demon-
strated in several studies involving alcohol drinkers, where
the oral microbiota metabolizes alcohol to produce a simple
short-lived metabolite, acetaldehyde; high levels of acetalde-
hyde are known to interfere with the activity of DNA repair
systems in the oral cavity, thus, chromosomal damage [104,
128–130]. Conversely, good fats, such as polyunsaturated
fatty acids (PUFA), have been shown to increase the abun-
dance of Roseburia spp., Bifidobacterium spp., and Lactoba-
cillus spp. in the gut; these commensal microbiotas
metabolize the PUFA into conjugated linoleic acids [131,
132], and the biotransformation of PUFA through microbial
pathways was shown to negatively affect the growth of can-
cer cells. This phenomenon is not fully elucidated yet; thus,
further studies are required to establish the connection
between PUFA and cancer.

3.3. Phytochemicals. Polyphenols, including curcuminoids,
anthocyanins, flavonoids, and lignans, are a class of phyto-
chemicals subjected to complex microbial pathways in the
colon to produce metabolites that can induce epigenetic
changes [103], significant in the treatment and or prevention
of cancer. For instance, most berries have polyphenol ellagi-
tannins that are metabolized by microbes such as Clostrid-
ium species and Actinobacterium species to urolithins [103,
133, 134]. They illustrated that urolithins, ellagic acid, other
microbial metabolites, and even ellagitannins are found to
induce epigenetic modifications, more specifically urolithins
and ellagic acids are shown to affect the activity of histone
acetyltransferase (HAT) negatively. These studies also align
with the observation by Green et al., which suggested that
ellagitannins may have anti-inflammatory activity [135]. In
the same studies, they also showed that urolithin levels are
associated with an increased abundance of commensal
microbes, Bifidobacterium spp. and Lactobacillus spp.

In separate studies, epigallocatechin-3-gallate (EGCG), a
green tea polyphenol and a substrate for microbial metabo-
lism, were shown to demonstrate a significant antioxidant
activity, anticancer, and lowering of blood sugar and choles-
terol levels [136–139]; these activities are suggested to be due
to the biotransformation of ECGC by the microbes. Pre-
cisely, EGCG undergoes extensive biotransformation into
important metabolites known to modulate gene expression,
such as valerolactone. To further establish the relationship
between ECGC and its metabolites, such as valerolactone
with gut microbiota and cancer, Arab and Il’yasova investi-
gated different doses of ECGC on microbiota and reported
that there is a change in the microbiota composition in the
gut due to increased doses of EGCG, even though the shift
in the microbiota is not clearly defined to specific taxa
[140]. Mechanistically, the anticancer activity of EGCG
and its metabolites are active investigation areas, due to their
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ability to induce DNA methylation and/or histone modifica-
tion, thus mediating gene expression [103, 141] that can be
beneficial in the treatment of cancer and other anti-
inflammatory responses.

3.4. Protein Diet. Similar to the metabolism of other macro-
molecules, gut microbiomes are also essential in the metab-
olism of protein molecules in both small and large
intestines. Most dietary proteins in our meals are hydrolyzed
to single amino acids and peptides with the aid of proteases
and peptidases [142]. The single amino acids or peptides
produced serve as metabolic substrates and are thus utilized
by some gut microbes. Interestingly, gut microbes also play a
significant role in the metabolism of undigested amino acids
in the large intestines and also partake in the dietary protein
and nitrogen recycling process in the small intestines [143,
144]. The undigested amino acids are fermented into several
microbial metabolites and or end-products such as SCFA
and ammonia, respectively [145]. Depending on an individ-
ual’s dietary protein source and intake, the content and com-
position of the gut microbiota are known to adjust to
accommodate microbes that digest the complex and undi-
gested proteins and amino acids. For instance, peanuts and
soybeans were revealed to contain a significant amount of
low digestible crude protein because of the presence of mol-
ecules such as glycinin and β-conglycinin in them; therefore,
a significant abundance of microbes such as Bacteroides,
Clostridium, and Streptococcus species are found in the colon
[146]. In the small intestines, a high protein diet was shown
to lead to the accumulation of microbes that metabolize pro-
teins and or produce and secrete important enzymes such as
proteases and peptidases, including Klebsiella spp., E. coli,
Dextrinosolvens, Anaerovibrio lipolytic, and Streptococcus
bovis [143].

Accordingly, the most common microbial metabolites in
the protein metabolisms include SCFA, ammonia, poly-
amine, phenol, hydrogen sulfide, and indole. However, poly-
amines, phenols, and indoles are characterized by promoting
cancer [147]. Amino acid precursors such as methionine and
arginine are hydrolyzed to polyamines by colonic cells, while
the colonic microbes can produce even more polyamines
such as cadaverine, histamine, putrescine, and tyramine
from the metabolism of histidine, tyrosine, and arginine
[148]. These polyamines play a significant role in bacterial
secretion and transport, growth, and proliferation in the
colon. Interestingly, neoplastic cells in the colon also utilize
these polyamines for their continuous mitosis; therefore, iso-
lation of colonic epithelium from a colon cancer individual
shows high concentrations of polyamines [147, 148]. Some
of the microbes commonly isolated in this case include Bifi-
dobacterium, Bacteroides, and Clostridium species [148]. On
the other hand, phenols and indoles are considered to be
cocarcinogens and are also involved in the promotion of
cancer [149]. They are derived from the metabolism of phe-
nylalanine and tryptophan by gut microbes such as Bifido-
bacterium, Clostridium, Bacteroides, and Lactobacillus
species. Phenols and indoles are produced in high concen-
trations in the distal colon, indicating a significantly high
amino acid and peptide metabolism in the large intestines

[148, 150]. This implies that a diet rich in amino acids that
are metabolized to polyamines, phenols, and indoles shapes
the gut microbiota mostly in the small and large intestines,
producing these metabolites in high concentrations and thus
promoting cancer growth in the colon.

4. Gut Microbiome and Immunity

The commensal microbiota and the human body are in a
homeostatic relationship under normal health conditions,
known as Eubiosis. The microbiota composition varies
between individuals depending on many factors mentioned
in this paper, but about 40% of the microbiome is similar
in all individuals [149]. The composition and role of micro-
biota are not generally the same throughout the gut such
that the composition at any point of the gut is the same;
rather, some of these microbes are localized to a particular
part of the gut depending on the function they provide.
The gut commensal microbiome can provide metabolic
function and or immune function, depending on the
microbe. For example, some metabolites from the micro-
biome may have metabolic and antimicrobial functions,
such as the SCFA, which serves as an energy source to the
gut epithelial cells and is also known to be bioactive mole-
cules that interfere with bacterial metabolic and lower the
intracellular pH, thereby demonstrating an antibacterial
activity. The role of the gut microbiome in protecting against
invading pathogens through several layers of colonization
resistance mechanisms, such as quorum sensing, bacterio-
cins production, and nutrient competition, has been inten-
sively studied. This protection against invading pathogens
by the gut microbiome can be achieved through the media-
tion of the host immune system or microbiome-specific
immune protection [151].

4.1. Host Immune System-Mediated Protection. The gut
commensal microbiota plays an essential role in mediating
both the adaptive and innate immune systems by inducing
the activation of T cells and B cells, differentiation of T cells,
antimicrobial production, and regulation of antibody pro-
duction. A study by Atarashi et al. illustrated that the gut
microbiota plays an essential role in differentiating T cells
into T regulatory cells and T helper cells, including Th1s,
Th2s, and Th17s [152]. The role of gut microbiota in the dif-
ferentiation of T cells into helper cells was also demonstrated
in separate studies, where segmented filamentous bacteria
were reported to induce the Th17s production and also
involved in mediating the immune system in the initial pro-
duction of antimicrobials against Citrobacter rodentium
infections [153, 154]. The differentiation of T cells is critical
in advancing and maturing an adaptive immune response;
the T-dependent activation of B cells requires stimulation
from T helper cells. Accordingly, Fan et al. demonstrated
that the commensal microbiota stimulates the innate
immune system in the production of antimicrobial peptides
by initiating the transcriptional factor H1F-1α, which pro-
vides protection against Candida albicans, a fungal infection
[153]. Interestingly, C. albicans infection can also be arrested
by Lactobacillus reuteri through the stimulation of type 3
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innate lymphoid cell expansion, which is subsequently
accompanied by the production of a cytokine, interleukin
22 (IL-22) [155].

Moreover, the SCFA produced by fibrinolytic microbiota
was shown by El-Sayed et al. to activate B cells in the pro-
duction of IgA and thus improve the local mucosal immu-
nity; they also added that the SCFA produced can
modulate gene expression epigenetically by inhibiting the
activity of HDAC as mentioned previously in this paper
[104]. Further studies may be required to understand the
mechanism of SCFA-induced production of IgA. In another
separate but similar study, Zeng et al. reported that com-
mensal microbiota, Escherichia coli, systemically induces
the production of IgG by plasma cells and protects the body
from Salmonella typhimurium infection [156]. The mecha-
nism is not fully understood.

Interestingly, the fungal cell wall of some fungi or yeast,
such as C. albicans contains mannose oligosaccharides
(MOS) and β-glycan, which are active substances that can
modulate innate and adaptive immune systems [157]. Dis-
tinctively, MOS contains mannan residues that trap patho-
gens by mimicking the cellular receptors of these
pathogens on epithelial cells, thereby reducing their gut col-
onization and aiding in their clearance from the gastrointes-
tinal tract. Studies have indicated that E. coli, Shigella spp.,
Salmonella spp., Vibrio spp., and Pseudomonas spp. infection
can be reduced in the presence of MOS; the MOS serves as a
colonization resistance mechanism against the invading
microbes [158–160]. The efficacy and side effects of utilizing
MOS from C. albicans in treating bacterial infection can be
further studied, contributing to therapeutic applications of
MOS.

Furthermore, the β-glycan component of the fungal cell
wall has been reported to have immunomodulatory effects
through the modulation of adaptive immune response via
the amplification of both inflammatory and cytotoxic T cells
against S. typhimurium infection [161, 162]. The same stud-
ies reported that the β-glycan also induced the production of
antimicrobial peptides against Salmonella spp. These find-
ings imply that some fungi’s cell walls can be used to treat
several bacterial infections.

4.2. Microbiome-Specific Immune Protection. Without acti-
vating the immune system, the commensal microbiota can
protect the body against pathogenic microbes through other
mechanisms, including quorum sensing, nutrient competi-
tion, production of bacteriocins, inducing mucus production
and antimicrobials, and an inhospitable environment for
pathobionts. The detailed explanation of these mechanisms
is beyond the scope of this paper.

Nonetheless, a gut commensal can hinder gut coloniza-
tion of a pathobiont through quorum sensing, as seen
between Ruminococcus obeum and Vibrio cholerae. It was
illustrated that R. obeum blocks the mucosal colonization
of V. cholerae through quorum sensing by interfering with
the expression of virulence genes which are vital in the suc-
cessful colonization of the bacteria [163–165]. The R. obeum
produces autoinducers sensed by V. cholerae at high cell
density, thus limiting subsequent expression of biofilm

structures and facilitating the detachment of the pathogen
from the intestinal epithelial cells. This anticolonization
mechanism is highly specific such that the autoinducers
must be sensed by the pathogen to halt its further coloniza-
tion. This is an active research area in the management of
enteropathogens such as V. cholerae.

Through nutrient competition, the gut commensal
microbes may compete with the pathobionts for the avail-
able nutrients which can be crucial for the growth or coloni-
zation of the pathogens, thus starving them and inhibiting
their growth and pathogenesis. Deriu et al. demonstrated
that pathogenic E. coli (E. coli O157) and C. rodentium
growth can be controlled via nutrient competition by S.
typhimurium for the available sugars in the gut or iron
requirement [166]. Nutrient competition tightens between
strains of the same species because they require similar sub-
strates and metabolites for their growth and, therefore, must
compete for survival.

The gut commensals also produce important bioactive
compounds known as bacteriocins. Bacteriocins are biologi-
cally active compounds produced by microbes to inhibit
growth and colonization or kill other microbes. For example,
Bacillus thuringiensis is a gram-positive bacterium that pro-
duces a bacteriocin with bactericidal activity against Clos-
tridium difficile, while commensal E. coli (Nissle 1917
strain), a gram-negative bacterium, produces microcins that
are effective against the growth of S. typhimurium infections
[167]. Intriguingly, bacteriocins have a wide range of activity
such that bacteriocins from gram-negative bacteria can affect
gram-positive bacteria; the reverse is more interesting
because of the existence of an outer membrane on the sur-
face of gram-negative bacteria. Several in vitro studies have
demonstrated the effect of bacteriocins from gram-positive
bacteria such as Streptococcus lactis 11541 and Pediococcus
acidilacticii QC38 against a gram-negative bacterium, V.
cholerae [168–170].

The gut commensal microbiota is essential in producing
mucus that provides the first line of defense against patho-
gens in the gut; it also produces significant SCFA that can
lower the pH of the gut. The lower pH in the gut is known
to affect the growth of several enteric pathogens by inhibit-
ing the expression of their virulence genes or affecting the
overall gene expression, thus limiting their growth and colo-
nization. Zipperer et al. showed that the virulence genes of S.
typhimurium are downregulated at lower pH due to SCFA in
the gut, while C. difficile survival is significantly reduced in
the presence of Clostridium sciders that convert primary bile
acids into secondary bile acids in the gut [171]. Additionally,
the deconjugating of bile by some gut commensals such as B.
obeum, due to the enzymatic activity of bile salt hydrolase
(BSH), has been shown in many studies to limit the coloni-
zation of V. cholerae [151, 172, 173].

4.3. Future Perspective. Further in-depth studies are required
to establish a clear molecular mechanism on how the genetic
variants result in gut dysbiosis and to obtain more evidence
that the observed dysbiosis in such cases is clearly due to that
specific genetic variant. Multiomic approaches can be useful
in identifying novel genes that are previously reported to be
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involved in shaping the content and composition of the gut
microbiome, determining the strength of the association, and
enabling the development of new diagnostic and therapeutic
tools. Several GWAS have been performed to identify and
study the interaction between human genetic variation and
microbiota composition and how that affects an individual’s
health. In the future, as the genome-microbiome field is still
nascent, metagenomic-wide association studies (MGWAS)
can be used to further analyze and reveal complex associa-
tions, with the aid of the available human microbiome project
(HMP) and modern advancements in bioinformatics tools.

Furthermore, some important factors are often unac-
counted for when studying and establishing the relationship
between diet, genome, epigenome, and microbiome in disease
and health. These factors include hygiene, vaccination history
and status, medications, immune status, drinking water, age,
smoking, lifestyle, overall health status, and geographic loca-
tion [45]. Most of the already established studies exclude these
factors, and therefore, more thorough studies are required to
consider as many factors as possible that may directly or indi-
rectly result in dysbiosis or pathogenesis of a disease.

5. Conclusion

Specific genetic variants in immune-related genes are capable of
distorting the homeostatic relationship between gut commen-
sals and the human gut. These immune genes play a significant
role in maintaining the composition of the gut commensals
while protecting the body from pathogens. The inability of the
immune system to carry out this function effectively due to a

given genetic variant in the immune genes will result in dysbio-
sis which in some cases contributes to the development of auto-
immune diseases such as T1D, IBD, and CD.

Additionally, the composition of the gut microbiome can
be affected by the diet, such that the relative abundance of par-
ticular microbes that metabolize macromolecules that are high
in the diet are found in high concentrations in the gut.
Although the majority of the macromolecules in the diet can
be metabolized by human enzyme machinery, some complex
molecules remain undigested, and thus the gut microbiota acts
on them and metabolizes them. In most cases, the diet-
induced microbiota produces intermediary or end-products
from the metabolism of the complex molecules in the diet,
and these metabolites can be useful or detrimental to the host.
Polyphenols from phytochemicals and SCFA from complex
polysaccharides are considered useful in the treatment of can-
cer through epigenetic changes, while phenols and indoles
from complex proteins and UDCA from undigested bile are
considered carcinogenic molecules and hence play a role in
the development of different type of cancers.

Conclusively, under normal conditions, the gut com-
mensals directly stimulate the human immune system into
protecting against pathogens or indirectly through
microbiota-dependent mechanisms, and the gut commensals
can provide several layers of anticolonization mechanisms.
All these findings indicate the complex relationship that exists
between the human genetic variant, diet, and the gut micro-
biome, as shown in Figure 5. The gut microbiome is consid-
ered, an intersection point between the human genetic
variants and diet, in disease and health conditions.

Autoimmune
diseases such as
IBD, UC, CD.

Non-autoimmune
diseases such as

colitis

Epigenetics

Cancer
and/or

anticancer
activity

Anticolonization
factors

Protection
against

pathogens.

Gut dysbiosis Microbial
metabolites

Immune system

Genetic variants Diet Normal health condition

(c)(b)(a)

Gut microbiota

Figure 5: Relationship between gene variants, diet, normal health conditions, and the gut microbiota. (a) The gene variants interact with the
gut microbiota to induce dysbiosis that results in the development of both autoimmune diseases and nonautoimmune diseases. (b) Also,
microbial metabolites are generated when the diet interacts with the gut microbiota. These microbial metabolites can cause several
epigenetic changes that can be crucial in the development of cancer or its treatment. (c) Under normal health conditions, the gut
microbiota is in homeostasis with the human body, and directly or indirectly, the gut microbiota modulates the immune system in
protecting it against invading pathogens, through several layers of anticolonization factors.

11Advanced Gut & Microbiome Research



Conflicts of Interest

The authors declare that there are no competing interests.

Authors’ Contributions

Abdullahi Y. Muhammad designed and wrote the first ver-
sion of the manuscript. Malik Amonov, Atif A. Amin, and
Farrukh J. Alvi revised and finalized the manuscript.

References

[1] X. Hua, L. Song, G. Yu et al., “MicrobiomeGWAS: a tool for
identifying host genetic variants associated with microbiome
composition,” Genes, vol. 13, no. 7, p. 1224, 2022.

[2] J. K. Goodrich, E. R. Davenport, A. G. Clark, and R. E. Ley,
“The relationship between the human genome and micro-
biome comes into view,” Annual Review of Genetics, vol. 51,
no. 1, pp. 413–433, 2017.

[3] C. H. Hansen, D. S. Nielsen, M. Kverka et al., “Patterns of
early gut colonization shape future immune responses of
the host,” PLoS ONE, vol. 7, no. 3, article e34043, 2012.

[4] R. Blekhman, J. K. Goodrich, K. Huang et al., “Host genetic
variation impacts microbiome composition across human
body sites,” Genome Biology, vol. 16, no. 1, p. 191, 2015.

[5] L. V. Hooper, “Bacterial contributions to mammalian gut
development,” Trends in Microbiology, vol. 12, no. 3,
pp. 129–134, 2004.

[6] Q. R. Ducarmon, R. D. Zwittink, B. Hornung, W. van Schaik,
V. B. Young, and E. J. Kuijper, “Gut microbiota and coloniza-
tion resistance against bacterial enteric infection,”Microbiol-
ogy andMolecular Biology Reviews, vol. 83, no. 3, pp. e00007–
e00019, 2019.

[7] P. Scepanovic, F. Hodel, S. Mondot et al., “A comprehensive
assessment of demographic, environmental, and host genetic
associations with gut microbiome diversity in healthy indi-
viduals,” Microbiome, vol. 7, no. 1, p. 130, 2019.

[8] D. B. Kell, “Metabolomics and systems biology: making sense
of the soup,” Current Opinion in Microbiology, vol. 7, no. 3,
pp. 296–307, 2004.

[9] D. N. Frank, C. E. Robertson, C. M. Hamm et al., “Disease
phenotype and genotype are associated with shifts in
intestinal-associated microbiota in inflammatory bowel dis-
eases,” Inflammatory Bowel Diseases, vol. 17, no. 1, pp. 179–
184, 2011.

[10] S. A. Sharp, M. N.Weedon,W. A. Hagopian, and R. A. Oram,
“Clinical and research uses of genetic risk scores in type 1 dia-
betes,” Current Opinion in Genetics & Development, vol. 50,
pp. 96–102, 2018.

[11] S. Haque, R. Raina, N. Afroze et al., “Microbial dysbiosis and
epigenetics modulation in cancer development - A chemo-
preventive approach,” Seminars in Cancer Biology, vol. 86,
pp. 666–681, 2022.

[12] D. Knights, M. S. Silverberg, R. K. Weersma et al., “Complex
host genetics influence the microbiome in inflammatory
bowel disease,” Genome Medicine, vol. 6, no. 12, p. 107, 2014.

[13] M. Sun, C. He, Y. Cong, and Z. Liu, “Regulatory immune cells
in regulation of intestinal inflammatory response to microbi-
ota,” Mucosal Immunology, vol. 8, no. 5, pp. 969–978, 2015.

[14] Y. Belkaid andT.W.Hand, “Role of themicrobiota in immunity
and inflammation,” Cell, vol. 157, no. 1, pp. 121–141, 2014.

[15] H. Xie, R. Guo, H. Zhong et al., “Shotgun metagenomics of
250 adult twins reveals genetic and environmental impacts
on the gut microbiome,” Cell Systems, vol. 3, no. 6, pp. 572–
584.e3, 2016.

[16] M. Million, M. Maraninchi, M. Henry et al., “Obesity-associ-
ated gut microbiota is enriched in Lactobacillus reuteri and
depleted in Bifidobacterium animalis and Methanobrevibac-
ter smithii,” International Journal of Obesity, vol. 36, no. 6,
pp. 817–825, 2012.

[17] S. Henikoff and J. M. Greally, “Epigenetics, cellular memory
and gene regulation,” Current Biology, vol. 26, no. 14,
pp. R644–R648, 2016.

[18] L. J. Cohen, J. H. Cho, D. Gevers, and H. Chu, “Genetic fac-
tors and the intestinal microbiome guide development of
microbe-based therapies for inflammatory bowel diseases,”
Gastroenterology, vol. 156, no. 8, pp. 2174–2189, 2019.

[19] F. Pociot, “Type 1 diabetes genome-wide association studies:
not to be lost in translation,” Clinical & Translational Immu-
nology, vol. 6, no. 12, article e162, 2017.

[20] A. K. Steck and M. J. Rewers, “Genetics of type 1 diabetes,”
Clinical Chemistry, vol. 57, no. 2, pp. 176–185, 2011.

[21] M. Silverman, L. Kua, A. Tanca et al., “Protective major his-
tocompatibility complex allele prevents type 1 diabetes by
shaping the intestinal microbiota early in ontogeny,” Proceed-
ings of the National Academy of Sciences of the United States
of America, vol. 114, no. 36, pp. 9671–9676, 2017.

[22] G. Horta-Baas, M. D. S. Romero-Figueroa, A. J. Montiel-Jar-
quín, M. L. Pizano-Zárate, J. García-Mena, and N. Ramírez-
Durán, “Intestinal dysbiosis and rheumatoid arthritis: a link
between gut microbiota and the pathogenesis of rheumatoid
arthritis,” Journal of Immunology Research, vol. 2017, Article
ID 4835189, 13 pages, 2017.

[23] J. U. Scher, A. Sczesnak, R. S. Longman et al., “Expansion of
intestinal Prevotella copri correlates with enhanced suscepti-
bility to arthritis,” eLife, vol. 2, article e01202, 2013.

[24] I. Cleynen, G. Boucher, L. Jostins et al., “Inherited determi-
nants of Crohn's disease and ulcerative colitis phenotypes: a
genetic association study,” Lancet, vol. 387, no. 10014,
pp. 156–167, 2016.

[25] A. B. Sioofy-Khojine, J. Lehtonen, N. Nurminen et al.,
“Coxsackievirus B1 infections are associated with the initi-
ation of insulin-driven autoimmunity that progresses to
type 1 diabetes,” Diabetologia, vol. 61, no. 5, pp. 1193–
1202, 2018.

[26] N. Lietzén, K. Hirvonen, A. Honkimaa et al., “Coxsackie-
virus B persistence modifies the proteome and the secre-
tome of pancreatic ductal cells,” iScience, vol. 19,
pp. 340–357, 2019.

[27] M. Olivares, A. Neef, G. Castillejo et al., “The HLA-DQ2
genotype selects for early intestinal microbiota composition
in infants at high risk of developing coeliac disease,” Gut,
vol. 64, no. 3, pp. 406–417, 2015.

[28] J. T. Rosenbaum and M. P. Davey, “Time for a gut check: evi-
dence for the hypothesis that HLA-B27 predisposes to anky-
losing spondylitis by altering the microbiome,” Arthritis and
Rheumatism, vol. 63, no. 11, pp. 3195–3198, 2011.

[29] M. Zhang, Q. Zhou, R. G. Dorfman et al., “Butyrate inhibits
interleukin-17 and generates Tregs to ameliorate colorectal coli-
tis in rats,” BMC Gastroenterology, vol. 16, no. 1, p. 84, 2016.

[30] J. Vaahtovuo, E. Munukka, M. Korkeamäki, R. Luukkainen,
and P. Toivanen, “Fecal microbiota in early rheumatoid

12 Advanced Gut & Microbiome Research



arthritis,” The Journal of Rheumatology, vol. 35, no. 8,
pp. 1500–1505, 2008.

[31] R. Prasad, Y. Duan, J. L. Floyd, and M. B. Grant, “48-OR: gut
dysbiosis promotes diabetic retinopathy (DR) through TLR-2
activation by peptidoglycan (PGN) in angiotensin converting
enzyme 2 (ACE2) deficient type 1 diabetic (T1D) mice,” Dia-
betes, vol. 68, Supplement 1, 2019.

[32] M. P. Burrows, P. Volchkov, K. S. Kobayashi, and A. V. Cher-
vonsky, “Microbiota regulates type 1 diabetes through toll-
like receptors,” Proceedings of the National Academy of Sci-
ences of the United States of America, vol. 112, no. 32,
pp. 9973–9977, 2015.

[33] D. J. Philpott, M. T. Sorbara, S. J. Robertson, K. Croitoru, and
S. E. Girardin, “NOD proteins: regulators of inflammation in
health and disease,” Immunology, vol. 14, no. 1, pp. 9–23,
2014.

[34] D. Piovani, S. Danese, L. Peyrin-Biroulet, G. K. Nikolopoulos,
T. Lytras, and S. Bonovas, “Environmental risk factors for
inflammatory bowel diseases: an umbrella review of meta-
analyses,” Gastroenterology, vol. 157, no. 3, pp. 647–659.e4,
2019.

[35] K. S. Kobayashi, M. Chamaillard, Y. Ogura et al., “Nod2-
dependent regulation of innate and adaptive immunity in
the intestinal tract,” Science, vol. 307, no. 5710, pp. 731–734,
2005.

[36] B. Khor, A. Gardet, and R. J. Xavier, “Genetics and pathogen-
esis of inflammatory bowel disease,” Nature, vol. 474,
no. 7351, pp. 307–317, 2011.

[37] E. Li, C. M. Hamm, A. S. Gulati et al., “Inflammatory bowel
diseases phenotype, C. difficile and NOD2 genotype are asso-
ciated with shifts in human ileum associated microbial com-
position,” PloS one, vol. 7, no. 6, p. e26284, 2012.

[38] T. Vatanen, A. D. Kostic, E. d'Hennezel et al., “Variation in
microbiome LPS immunogenicity contributes to autoimmu-
nity in humans,” Cell, vol. 165, no. 4, pp. 842–853, 2016.

[39] F. R. Costa, M. C. Françozo, G. G. de Oliveira et al., “Gut
microbiota translocation to the pancreatic lymph nodes trig-
gers NOD2 activation and contributes to T1D onset,” The
Journal of Experimental Medicine, vol. 213, no. 7, pp. 1223–
1239, 2016.

[40] J. A. Mullaney, J. E. Stephens, M. E. Costello et al., “Type 1 dia-
betes susceptibility alleles are associated with distinct alter-
ations in the gut microbiota,” Microbiome, vol. 6, no. 1, 2018.

[41] B. Li, C. Selmi, R. Tang, M. E. Gershwin, and X. Ma, “The
microbiome and autoimmunity: a paradigm from the gut-
liver axis,” Cellular & Molecular Immunology, vol. 15, no. 6,
pp. 595–609, 2018.

[42] Z. Alnabhani, J. P. Hugot, N. Montcuquet et al., “Respective
roles of hematopoietic and nonhematopoietic Nod2 on the
gut microbiota and mucosal homeostasis,” Inflammatory
Bowel Diseases, vol. 22, no. 4, pp. 763–773, 2016.

[43] G. Blandino, R. Inturri, F. Lazzara, M. Di Rosa, and
L. Malaguarnera, “Impact of gut microbiota on diabetes mel-
litus,” Diabetes & Metabolism, vol. 42, no. 5, pp. 303–315,
2016.

[44] F. Imhann, A. Vich Vila, M. J. Bonder et al., “Interplay of host
genetics and gut microbiota underlying the onset and clinical
presentation of inflammatory bowel disease,” Gut, vol. 67,
no. 1, pp. 108–119, 2018.

[45] G. de Oliveira, A. Z. Leite, B. S. Higuchi, M. I. Gonzaga, and
V. S. Mariano, “Intestinal dysbiosis and probiotic applica-

tions in autoimmune diseases,” Immunology, vol. 152, no. 1,
pp. 1–12, 2017.

[46] D. Haller, L. Holt, S. C. Kim, R. F. Schwabe, R. B. Sartor, and
C. Jobin, “Transforming growth factor-β1 inhibits non-
pathogenic gramnegative bacteria-induced NF-κB recruit-
ment to the interleukin-6 gene promoter in intestinal epithe-
lial cells through modulation of histone acetylation,” The
Journal of Biological Chemistry, vol. 278, no. 26, pp. 23851–
23860, 2003.

[47] J. D. Rioux, R. J. Xavier, K. D. Taylor et al., “Genome-wide
association study identifies new susceptibility loci for Crohn
disease and implicates autophagy in disease pathogenesis,”
Nature Genetics, vol. 39, no. 5, pp. 596–604, 2007.

[48] S. K. Mazmanian, J. L. Round, and D. L. Kasper, “Amicrobial
symbiosis factor prevents intestinal inflammatory disease,”
Nature, vol. 453, no. 7195, pp. 620–625, 2008.

[49] J. L. Round and S. K. Mazmanian, “Inducible Foxp3+ regula-
tory T-cell development by a commensal bacterium of the
intestinal microbiota,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 107, no. 27,
pp. 12204–12209, 2010.

[50] H. Chu, A. Khosravi, I. P. Kusumawardhani et al., “Gene-
microbiota interactions contribute to the pathogenesis of
inflammatory bowel disease,” Science, vol. 352, no. 6289,
pp. 1116–1120, 2016.

[51] D. J. Puleston and A. K. Simon, “Autophagy in the immune
system,” Immunology, vol. 141, no. 1, pp. 1–8, 2014.

[52] M. Salem, M. Ammitzboell, K. Nys, J. B. Seidelin, and O. H.
Nielsen, “ATG16L1: a multifunctional susceptibility factor in
Crohn disease,” Autophagy, vol. 11, no. 4, pp. 585–594, 2015.

[53] K. Cadwell, J. Y. Liu, S. L. Brown et al., “A key role for autoph-
agy and the autophagy gene Atg16l1 in mouse and human
intestinal Paneth cells,” Nature, vol. 456, no. 7219, pp. 259–
263, 2008.

[54] T. Saitoh, N. Fujita, M. H. Jang et al., “Loss of the autophagy
protein Atg16L1 enhances endotoxin-induced IL-1β produc-
tion,” Nature, vol. 456, no. 7219, pp. 264–268, 2008.

[55] A. M. Kabat, O. J. Harrison, T. Riffelmacher et al., “The
autophagy gene Atg16l1 differentially regulates Treg and
TH2 cells to control intestinal inflammation,” eLife, vol. 5,
article e12444, 2016.

[56] M. J. Bonder, A. Kurilshikov, E. F. Tigchelaar et al., “The
effect of host genetics on the gut microbiome,” Nature Genet-
ics, vol. 48, no. 11, pp. 1407–1412, 2016.

[57] Y. J. Liu, X. G. Liu, L. Wang et al., “Genome-wide association
scans identified CTNNBL1 as a novel gene for obesity,”Human
Molecular Genetics, vol. 17, no. 12, pp. 1803–1813, 2008.

[58] J. K. Goodrich, E. R. Davenport, M. Beaumont et al., “Genetic
determinants of the gut microbiome in UK twins,” Cell Host
& Microbe, vol. 19, no. 5, pp. 731–743, 2016.

[59] C. Igartua, E. R. Davenport, Y. Gilad, D. L. Nicolae, J. Pinto,
and C. Ober, “Host genetic variation in mucosal immunity
pathways influences the upper airway microbiome,” Micro-
biome, vol. 5, no. 1, p. 16, 2017.

[60] T. Tanno, A. Fujiwara, K. Sakaguchi, K. Tanaka, S. Takenaka,
and S. Tsuyama, “Slit3 regulates cell motility through Rac/
Cdc42 activation in lipopolysaccharide-stimulated macro-
phages,” FEBS Letters, vol. 581, no. 5, pp. 1022–1026, 2007.

[61] R. E. Dickinson, A. Dallol, I. Bieche et al., “Epigenetic inacti-
vation of SLIT3 and SLIT1 genes in human cancers,” British
Journal of Cancer, vol. 91, no. 12, pp. 2071–2078, 2004.

13Advanced Gut & Microbiome Research



[62] M. E. Johansson and G. C. Hansson, “Immunological aspects
of intestinal mucus andmucins,” Immunology, vol. 16, no. 10,
pp. 639–649, 2016.

[63] M. E. Johansson, M. Phillipson, J. Petersson, A. Velcich,
L. Holm, and G. C. Hansson, “The inner of the two Muc2
mucin-dependent mucus layers in colon is devoid of bacte-
ria,” Proceedings of the National Academy of Sciences,
vol. 105, no. 39, pp. 15064–15069, 2008.

[64] M. Van der Sluis, B. A. De Koning, A. C. De Bruijn et al.,
“Muc2-deficient mice spontaneously develop colitis, indicat-
ing that MUC2 is critical for colonic protection,” Gastroen-
terology, vol. 131, no. 1, pp. 117–129, 2006.

[65] M. E. Forgue-Lafitte, B. Fabiani, P. P. Levy, N. Maurin, J. F.
Fléjou, and J. Bara, “Abnormal expression of M1/MUC5AC
mucin in distal colon of patients with diverticulitis, ulcerative
colitis and cancer,” International Journal of Cancer, vol. 121,
no. 7, pp. 1543–1549, 2007.

[66] J. Larsson, H. Karlsson, J. G. Crespo et al., “Altered O-
glycosylation profile of MUC2 mucin occurs in active ulcerative
colitis and is associated with increased inflammation,” Inflam-
matory Bowel Diseases, vol. 17, no. 11, pp. 2299–2307, 2011.

[67] M. E. Johansson, J. K. Gustafsson, J. Holmén-Larsson et al.,
“Bacteria penetrate the normally impenetrable inner colon
mucus layer in both murine colitis models and patients with
ulcerative colitis,” Gut, vol. 63, no. 2, pp. 281–291, 2014.

[68] H. Kawashima, “Roles of the gel-forming MUC2 mucin and
its O-glycosylation in the protection against colitis and colo-
rectal cancer,” Biological & Pharmaceutical Bulletin, vol. 35,
no. 10, pp. 1637–1641, 2012.

[69] W. Turpin, O. Espin-Garcia, W. Xu et al., “Association of
host genome with intestinal microbial composition in a large
healthy cohort,” Nature Genetics, vol. 48, no. 11, pp. 1413–
1417, 2016.

[70] M. Beaumont, J. K. Goodrich, M. A. Jackson et al., “Heritable
components of the human fecal microbiome are associated
with visceral fat,” Genome Biology, vol. 17, no. 1, p. 189, 2016.

[71] K. F. Budden, S. L. Gellatly, D. L. Wood et al., “Emerging
pathogenic links between microbiota and the gut-lung axis,”
Microbiology, vol. 15, no. 1, pp. 55–63, 2017.

[72] J. C. Chambers, W. Zhang, J. Sehmi et al., “Genome-wide
association study identifies loci influencing concentrations
of liver enzymes in plasma,” Nature Genetics, vol. 43,
no. 11, pp. 1131–1138, 2011.

[73] E. R. Davenport, D. A. Cusanovich, K. Michelini, L. B. Bar-
reiro, C. Ober, and Y. Gilad, “Genome-wide association stud-
ies of the human gut microbiota,” PLoS One, vol. 10, no. 11,
article e0140301, 2015.

[74] A. Everard, C. Belzer, L. Geurts et al., “Cross-talk between
Akkermansia muciniphila and intestinal epithelium controls
diet-induced obesity,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 110, no. 22,
pp. 9066–9071, 2013.

[75] J. N. Cooke Bailey, S. J. Loomis, J. H. Kang et al.,
“Genome-wide association analysis identifies TXNRD2,
ATXN2 and FOXC1 as susceptibility loci for primary
open-angle glaucoma,” Nature Genetics, vol. 48, no. 2,
pp. 189–194, 2016.

[76] A. Zhernakova, A. Kurilshikov, M. J. Bonder et al., “Popula-
tion-based metagenomics analysis reveals markers for gut
microbiome composition and diversity,” Science, vol. 352,
no. 6285, pp. 565–569, 2016.

[77] A. E. Locke, B. Kahali, S. I. Berndt et al., “Genetic studies of
body mass index yield new insights for obesity biology,”
Nature, vol. 518, no. 7538, pp. 197–206, 2015.

[78] H. Youngblood, M. A. Hauser, and Y. Liu, “Update on the
genetics of primary open-angle glaucoma,” Experimental
Eye Research, vol. 188, p. 107795, 2019.

[79] M. Cerna, “Epigenetic regulation in etiology of type 1 diabe-
tes mellitus,” International Journal of Molecular Sciences,
vol. 21, no. 1, p. 36, 2020.

[80] A. Sharma, X. Liu, D. Hadley et al., “Identification of non-
HLA genes associated with development of islet autoimmu-
nity and type 1 diabetes in the prospective TEDDY cohort,”
Journal of Autoimmunity, vol. 89, pp. 90–100, 2018.

[81] R. C. Sharp, M. Abdulrahim, E. S. Naser, and S. A. Naser,
“Genetic variations of PTPN2 and PTPN22: role in the path-
ogenesis of type 1 diabetes and Crohn's disease,” Frontiers in
Cellular and Infection Microbiology, vol. 5, p. 95, 2015.

[82] J. A. Todd, N. M. Walker, J. D. Cooper et al., “Robust associ-
ations of four new chromosome regions from genome-wide
analyses of type 1 diabetes,” Nature Genetics, vol. 39, no. 7,
pp. 857–864, 2007.

[83] L. Zheng and X. L. Wen, “Gut microbiota and inflammatory
bowel disease: the current status and perspectives,” World
Journal of Clinical Cases, vol. 9, no. 2, pp. 321–333, 2021.

[84] M. Blanter, H. Sork, S. Tuomela, and M. Flodström-Tullberg,
“Genetic and environmental interaction in type 1 diabetes: a
relationship between genetic risk alleles and molecular traits
of enterovirus infection?,” Current Diabetes Reports, vol. 19,
no. 9, p. 82, 2019.

[85] B. Yilmaz, M. R. Spalinger, L. Biedermann et al., “The pres-
ence of genetic risk variants within PTPN2 and PTPN22 is
associated with intestinal microbiota alterations in Swiss
IBD cohort patients,” PLoS One, vol. 13, no. 7, article
e0199664, 2018.

[86] S. T. Jerram and R. D. Leslie, “The genetic architecture of type
1 diabetes,” Genes, vol. 8, no. 8, p. 209, 2017.

[87] T. Vang, M. Congia, M. D. Macis et al., “Autoimmune-asso-
ciated lymphoid tyrosine phosphatase is a gain-of-function
variant,” Nature Genetics, vol. 37, no. 12, pp. 1317–1319,
2005.

[88] D. A. Elhag, M. Kumar, and S. Al Khodor, “Exploring the tri-
ple interaction between the host genome, the epigenome, and
the gut microbiome in type 1 diabetes,” International Journal
of Molecular Sciences, vol. 22, no. 1, p. 125, 2020.

[89] J. T. Russell, L. Roesch, M. Ördberg et al., “Genetic risk for
autoimmunity is associated with distinct changes in the
human gut microbiome,” Nature Communications, vol. 10,
no. 1, p. 3621, 2019.

[90] C. J. Stewart, N. J. Ajami, J. L. O’Brien et al., “Temporal devel-
opment of the gut microbiome in early childhood from the
TEDDY study,” Nature, vol. 562, no. 7728, pp. 583–588, 2018.

[91] V. Hyttinen, J. Kaprio, L. Kinnunen, M. Koskenvuo, and
J. Tuomilehto, “Genetic liability of type 1 diabetes and the
onset age among 22,650 young Finnish twin Pairs,” Diabetes,
vol. 52, no. 4, pp. 1052–1055, 2003.

[92] M. J. Redondo, A. K. Steck, and A. Pugliese, “Genetics of type
1 diabetes,” Pediatric Diabetes, vol. 19, no. 3, pp. 346–353,
2018.

[93] W. A. Hagopian, H. Erlich, A. Lernmark et al., “The environ-
mental determinants of diabetes in the young (TEDDY):
genetic criteria and international diabetes risk screening of

14 Advanced Gut & Microbiome Research



421 000 infants,” Pediatric Diabetes, vol. 12, no. 8, pp. 733–
743, 2011.

[94] J. Wang, L. B. Thingholm, J. Skiecevičienė et al., “Genome-
wide association analysis identifies variation in vitamin D
receptor and other host factors influencing the gut microbi-
ota,” Nature Genetics, vol. 48, no. 11, pp. 1396–1406, 2016.

[95] T. T. Lu, M. Makishima, J. J. Repa et al., “Molecular basis for
feedback regulation of bile acid synthesis by nuclear recep-
tors,” Molecular Cell, vol. 6, no. 3, pp. 507–515, 2000.

[96] S. Han and J. Y. Chiang, “Mechanism of vitamin D receptor
inhibition of cholesterol 7α-hydroxylase gene transcription
in human hepatocytes,” Drug Metabolism and Disposition:
The Biological Fate of Chemicals, vol. 37, no. 3, pp. 469–478,
2009.

[97] X. Xie, Q. Shi, P. Wu et al., “Single-cell transcriptome profil-
ing reveals neutrophil heterogeneity in homeostasis and
infection,” Nature Immunology, vol. 21, no. 9, pp. 1119–
1133, 2020.

[98] C. Torp Austvoll, V. Gallo, and D. Montag, “Health impact of
the Anthropocene: the complex relationship between gut
microbiota, epigenetics, and human health, using obesity as
an example,” Global Health, Epidemiology and Genomics,
vol. 5, article e2, 2020.

[99] S. Henikoff and A. Shilatifard, “Histone modification: cause or
cog?,” Trends in Genetics, vol. 27, no. 10, pp. 389–396, 2011.

[100] E. L. Greer and Y. Shi, “Histone methylation: a dynamic mark
in health, disease and inheritance,” Genetics, vol. 13, no. 5,
pp. 343–357, 2012.

[101] C. Ubeda, A. Djukovic, and S. Isaac, “Roles of the intestinal
microbiota in pathogen protection,” Clinical & Translational
Immunology, vol. 6, no. 2, article e128, 2017.

[102] M. Kim, Y. Qie, J. Park, and C. H. Kim, “Gut microbial
metabolites fuel host antibody responses,” Cell Host &
Microbe, vol. 20, no. 2, pp. 202–214, 2016.

[103] M. A. Hullar and B. C. Fu, “Diet, the gut microbiome, and epi-
genetics,” Cancer Journal, vol. 20, no. 3, pp. 170–175, 2014.

[104] A. El-Sayed, L. Aleya, andM. Kamel, “The link among micro-
biota, epigenetics, and disease development,” Environmental
Science and Pollution Research International, vol. 28, no. 23,
pp. 28926–28964, 2021.

[105] P. Louis, K. P. Scott, S. H. Duncan, and H. J. Flint, “Under-
standing the effects of diet on bacterial metabolism in the
large intestine,” Journal of Applied Microbiology, vol. 102,
no. 5, pp. 1197–1208, 2007.

[106] P. Louis, S. I. McCrae, C. Charrier, and H. J. Flint, “Organiza-
tion of butyrate synthetic genes in human colonic bacteria:
phylogenetic conservation and horizontal gene transfer,”
FEMSMicrobiology Letters, vol. 269, no. 2, pp. 240–247, 2007.

[107] J. H. Cummings and H. N. Englyst, “Measurement of starch
fermentation in the human large intestine,” Canadian Jour-
nal of Physiology and Pharmacology, vol. 69, no. 1, pp. 121–
129, 1991.

[108] C. Druart, A. M. Neyrinck, B. Vlaeminck, V. Fievez, P. D.
Cani, and N. M. Delzenne, “Role of the lower and upper
intestine in the production and absorption of gut
microbiota-derived PUFA metabolites,” PLoS One, vol. 9,
no. 1, article e87560, 2014.

[109] C. Druart, A. M. Neyrinck, E. M. Dewulf et al., “Implication of
fermentable carbohydrates targeting the gut microbiota on con-
jugated linoleic acid production in high-fat-fed mice,” The Brit-
ish Journal of Nutrition, vol. 110, no. 6, pp. 998–1011, 2013.

[110] E. Hosseini, C. Grootaert, W. Verstraete, and T. Van de
Wiele, “Propionate as a health-promoting microbial metabo-
lite in the human gut,” Nutrition Reviews, vol. 69, no. 5,
pp. 245–258, 2011.

[111] S. H. Duncan, G. Holtrop, G. E. Lobley, A. G. Calder, C. S.
Stewart, and H. J. Flint, “Contribution of acetate to butyrate
formation by human faecal bacteria,” The British Journal of
Nutrition, vol. 91, no. 6, pp. 915–923, 2004.

[112] J. Tan, C. McKenzie, M. Potamitis, A. N. Thorburn, C. R.
Mackay, and L. Macia, “The role of short-chain fatty acids
in health and disease,” Advances in Immunology, vol. 121,
pp. 91–119, 2014.

[113] A. Lan, D. Lagadic-Gossmann, C. Lemaire, C. Brenner, and
G. Jan, “Acidic extracellular pH shifts colorectal cancer cell
death from apoptosis to necrosis upon exposure to propionate
and acetate, major end-products of the human probiotic pro-
pionibacteria,” Apoptosis, vol. 12, no. 3, pp. 573–591, 2007.

[114] G. Jan, A. S. Belzacq, D. Haouzi et al., “Propionibacteria
induce apoptosis of colorectal carcinoma cells via short-
chain fatty acids acting on mitochondria,” Cell Death and
Differentiation, vol. 9, no. 2, pp. 179–188, 2002.

[115] B. Paul, S. Barnes, W. Demark-Wahnefried et al., “Influences
of diet and the gut microbiome on epigenetic modulation in
cancer and other diseases,” Clinical Epigenetics, vol. 7, article
112, 2015.

[116] B. F. Hinnebusch, S. Meng, J. T. Wu, S. Y. Archer, and R. A.
Hodin, “The effects of short-chain fatty acids on human
colon cancer cell phenotype are associated with histone
hyperacetylation,” The Journal of Nutrition, vol. 132, no. 5,
pp. 1012–1017, 2002.

[117] J. Kiefer, G. Beyer-Sehlmeyer, and B. Pool-Zobel, “Mixtures
of SCFA, composed according to physiologically available
concentrations in the gut lumen, modulate histone acetyla-
tion in human HT29 colon cancer cells,” British Journal of
Nutrition, vol. 96, no. 5, pp. 803–810, 2006.

[118] M. Waldecker, T. Kautenburger, H. Daumann et al., “His-
tone-deacetylase inhibition and butyrate formation: fecal
slurry incubations with apple pectin and apple juice extracts,”
Nutrition, vol. 24, no. 4, pp. 366–374, 2008.

[119] I. R. Sanderson, “Short chain fatty acid regulation of signaling
genes expressed by the intestinal epithelium,” The Journal of
Nutrition, vol. 134, no. 9, pp. 2450S–2454S, 2004.

[120] B. Holst and G.Williamson, “A critical review of the bioavail-
ability of glucosinolates and related compounds,” Natural
Product Reports, vol. 21, no. 3, pp. 425–447, 2004.

[121] L. Elfoul, S. Rabot, N. Khelifa, A. Quinsac, A. Duguay, and
A. Rimbault, “Formation of allyl isothiocyanate from sinigrin
in the digestive tract of rats monoassociated with a human
colonic strain of Bacteroides thetaiotaomicron,” FEMS
Microbiology Letters, vol. 197, no. 1, pp. 99–103, 2001.

[122] J. Chen, J. Douglass, V. Prasath et al., “The microbiome and
breast cancer: a review,” Breast Cancer Research and Treat-
ment, vol. 178, no. 3, pp. 493–496, 2019.

[123] L. Serfaty, “Chemoprevention of colorectal cancer with urso-
deoxycholic acid: pro,” Clinics and Research in Hepatology
and Gastroenterology, vol. 36, Supplement 1, pp. S53–S60,
2012.

[124] L. Serfaty, M. Bissonnette, and R. Poupon, “Ursodeoxycholic
acid and chemoprevention of colorectal cancer,” Gastroenter-
ologie Clinique et Biologique, vol. 34, no. 10, pp. 516–522,
2010.

15Advanced Gut & Microbiome Research



[125] D. S. Alberts, M. E. Martínez, L. M. Hess et al., “Phase III trial
of ursodeoxycholic acid to prevent colorectal adenoma recur-
rence,” Journal of the National Cancer Institute, vol. 97,
no. 11, pp. 846–853, 2005.

[126] T. L. Weir, D. K. Manter, A. M. Sheflin, B. A. Barnett, A. L.
Heuberger, and E. P. Ryan, “Stool microbiome and metabo-
lome differences between colorectal cancer patients and
healthy adults,” PLoS One, vol. 8, no. 8, article e70803, 2013.

[127] M. F. Fernández, I. Reina-Pérez, J. M. Astorga, A. Rodríguez-
Carrillo, J. Plaza-Díaz, and L. Fontana, “Breast cancer and its
relationship with the microbiota,” International Journal of
Environmental Research and Public Health, vol. 15, no. 8,
p. 1747, 2018.

[128] H. Tuominen, J. Rautava, K. Kero, S. Syrjanen, M. C. Collado,
and S. Rautava, “HPV infection and bacterial microbiota in
the semen from healthy men,” BMC Infectious Diseases,
vol. 21, no. 1, p. 373, 2021.

[129] F. Perrone, L. Belluomini, M. Mazzotta et al., “Exploring the
role of respiratory microbiome in lung cancer: a systematic
review,” Critical Reviews in Oncology/Hematology, vol. 164,
article 103404, 2021.

[130] A. Thomas, A. Necchi, A. Muneer et al., “Penile cancer
(Primer),” Nature Reviews: Disease Primers, vol. 7, no. 1, 2021.

[131] M. Dimri, P. V. Bommi, A. A. Sahasrabuddhe, J. D. Khande-
kar, and G. P. Dimri, “Dietary omega-3 polyunsaturated fatty
acids suppress expression of EZH2 in breast cancer cells,”
Carcinogenesis, vol. 31, no. 3, pp. 489–495, 2010.

[132] L. A. Davidson, N. Wang, M. Shah, J. R. Lupton, I. V. Ivanov,
and R. S. Chapkin, “n-3 polyunsaturated fatty acids modulate
carcinogen-directed non-coding microRNA signatures in rat
colon,” Carcinogenesis, vol. 30, no. 12, pp. 2077–2084, 2009.

[133] A. Cortés-Martín, R. García-Villalba, A. González-Sarrías
et al., “The gut microbiota urolithin metabotypes revisited:
the human metabolism of ellagic acid is mainly determined
by aging,” Food & Function, vol. 9, no. 8, pp. 4100–4106,
2018.

[134] X. Y. Wen, S. Y. Wu, Z. Q. Li et al., “Ellagitannin (BJA3121),
an anti-proliferative natural polyphenol compound, can reg-
ulate the expression of MiRNAs in HepG2 cancer cells,” Phy-
totherapy Research : PTR, vol. 23, no. 6, pp. 778–784, 2009.

[135] C. J. Green, P. de Dauwe, T. Boyle, S. M. Tabatabaei,
L. Fritschi, and J. S. Heyworth, “Tea, coffee, and milk con-
sumption and colorectal cancer risk,” Journal of Epidemiol-
ogy, vol. 24, no. 2, pp. 146–153, 2014.

[136] G. Yang, X. O. Shu, H. Li et al., “Prospective cohort study of
green tea consumption and colorectal cancer risk in women,”
Cancer Epidemiology Biomarkers & Prevention, vol. 16, no. 6,
pp. 1219–1223, 2007.

[137] C. L. Sun, J. M. Yuan, W. P. Koh, H. P. Lee, and M. C. Yu,
“Green tea and black tea consumption in relation to colorec-
tal cancer risk: the Singapore Chinese Health Study,” Carci-
nogenesis, vol. 28, no. 10, pp. 2143–2148, 2007.

[138] Y. Suzuki, Y. Tsubono, N. Nakaya, Y. Suzuki, Y. Koizumi, and
I. Tsuji, “Green tea and the risk of breast cancer: pooled anal-
ysis of two prospective studies in Japan,” British Journal of
Cancer, vol. 90, no. 7, pp. 1361–1363, 2004.

[139] K. Nakachi, S. Matsuyama, S. Miyake, M. Suganuma, and
K. Imai, “Preventive effects of drinking green tea on cancer
and cardiovascular disease: epidemiological evidence for
multiple targeting prevention,” BioFactors, vol. 13, no. 1-4,
pp. 49–54, 2000.

[140] L. Arab and D. Il'yasova, “The epidemiology of tea consump-
tion and colorectal cancer incidence,” The Journal of Nutri-
tion, vol. 133, no. 10, pp. 3310S–3318S, 2003.

[141] H. H. Chow and I. A. Hakim, “Pharmacokinetic and chemo-
prevention studies on tea in humans,” Pharmacological
Research, vol. 64, no. 2, pp. 105–112, 2011.

[142] A. M. Davila, F. Blachier, M. Gotteland et al., “Intestinal
luminal nitrogen metabolism: role of the gut microbiota
and consequences for the host,” Pharmacological Research,
vol. 68, no. 1, pp. 95–107, 2013.

[143] S. Bishu, “Sensing of nutrients and microbes in the gut,” Cur-
rent Opinion in Gastroenterology, vol. 32, no. 2, pp. 86–95,
2016.

[144] M. T. Shanahan, I. M. Carroll, and A. S. Gulati, “Critical
design aspects involved in the study of Paneth cells and the
intestinal microbiota,” Gut Microbes, vol. 5, no. 2, pp. 208–
214, 2014.

[145] P. Fan, P. Liu, P. Song, X. Chen, and X. Ma, “Moderate die-
tary protein restriction alters the composition of gut microbi-
ota and improves ileal barrier function in adult pig model,”
Scientific Reports, vol. 7, no. 1, article 43412, 2017.

[146] L. He, M. Han, S. Qiao et al., “Soybean antigen proteins and
their intestinal sensitization activities,” Current Protein &
Peptide Science, vol. 16, no. 7, pp. 613–621, 2015.

[147] J. Zhao, X. Zhang, H. Liu, M. A. Brown, and S. Qiao, “Dietary
protein and gut microbiota composition and function,”Current
Protein & Peptide Science, vol. 20, no. 2, pp. 145–154, 2018.

[148] X. Dong, Q. Xu, C. Wang, X. Zou, and J. Lu, “Supplemental-
coated zinc oxide relieves diarrhoea by decreasing intestinal
permeability in weanling pigs,” Journal of Applied Animal
Research, vol. 47, no. 1, pp. 362–368, 2019.

[149] P. J. Turnbaugh, M. Hamady, T. Yatsunenko et al., “A core
gut microbiome in obese and lean twins,” Nature, vol. 457,
no. 7228, pp. 480–484, 2009.

[150] A. Nowak and Z. Libudzisz, “Influence of phenol, p-cresol
and indole on growth and survival of intestinal lactic acid
bacteria,” Anaerobe, vol. 12, no. 2, pp. 80–84, 2006.

[151] Y. Furusawa, Y. Obata, S. Fukuda et al., “Commensal
microbe-derived butyrate induces the differentiation of
colonic regulatory T cells,” Nature, vol. 504, no. 7480,
pp. 446–450, 2013.

[152] K. Atarashi, T. Tanoue, T. Shima et al., “Induction of colonic
regulatory T cells by indigenous Clostridium species,” Science,
vol. 331, no. 6015, pp. 337–341, 2011.

[153] D. Fan, L. A. Coughlin, M. M. Neubauer et al., “Activation of
HIF-1α and LL-37 by commensal bacteria inhibits Candida
albicans colonization,” Nature Medicine, vol. 21, no. 7,
pp. 808–814, 2015.

[154] I. I. Ivanov, K. Atarashi, N. Manel et al., “Induction of intes-
tinal Th17 cells by segmented filamentous bacteria,” Cell,
vol. 139, no. 3, pp. 485–498, 2009.

[155] T. Zelante, R. G. Iannitti, C. Cunha et al., “Tryptophan catab-
olites from microbiota engage aryl hydrocarbon receptor and
balance mucosal reactivity via interleukin-22,” Immunity,
vol. 39, no. 2, pp. 372–385, 2013.

[156] M. Y. Zeng, D. Cisalpino, S. Varadarajan et al., “Gut
microbiota-induced immunoglobulin G controls systemic
infection by symbiotic bacteria and pathogens,” Immunity,
vol. 44, no. 3, pp. 647–658, 2016.

[157] Y. Shao, Z. Wang, X. Tian, Y. Guo, and H. Zhang, “Yeast β-d-
glucans induced antimicrobial peptide expressions against

16 Advanced Gut & Microbiome Research



Salmonella infection in broiler chickens,” International Jour-
nal of Biological Macromolecules, vol. 85, pp. 573–584, 2016.

[158] A. Gruden-Movsesijan, M. Petrovic, and L. Sofronic-Milosavl-
jevic, “Interaction of mannan-binding lectin with Trichinella
spiralis glycoproteins, a possible innate immune mechanism,”
Parasite Immunology, vol. 25, no. 11-12, pp. 545–552, 2003.

[159] X. Xu, X. Xu, Y. Qiao et al., “Inhibitory effects of YCW and
MOS from Saccharomyces cerevisiae on Escherichia coli and
Salmonella pullorum adhesion to Caco-2 cells,” Frontiers in
Biology, vol. 12, no. 5, pp. 370–375, 2017.

[160] M. S. Desai, A. M. Seekatz, N. M. Koropatkin et al., “A dietary
fiber-deprived gut microbiota degrades the colonic mucus
barrier and enhances pathogen susceptibility,” Cell, vol. 167,
no. 5, pp. 1339–1353.e21, 2016.

[161] S. Winarsih, T. Kosasih, M. A. Putera et al., “β-Glucan of
Candida albicans cell wall extract inhibits salmonella typhi-
murium colonization by potentiating cellular immunity
(CD8+ and CD4+ T cells),” Revista da Sociedade Brasileira
de Medicina Tropical, vol. 52, article e20180254, 2019.

[162] A. Gallo, G. Passaro, A. Gasbarrini, R. Landolfi, and
M. Montalto, “Modulation of microbiota as treatment for
intestinal inflammatory disorders: an uptodate,” World Jour-
nal of Gastroenterology, vol. 22, no. 32, pp. 7186–7202, 2016.

[163] S. Alavi, J. D. Mitchell, J. Y. Cho, R. Liu, J. C. Macbeth, and
A. Hsiao, “Interpersonal gut microbiome variation drives
susceptibility and resistance to cholera infection,” Cell,
vol. 181, no. 7, pp. 1533–1546.e13, 2020.

[164] P. A. Lawson and S. M. Finegold, “Reclassification of Rumi-
nococcus obeum as Blautia obeum comb. nov,” International
Journal of Systematic and Evolutionary Microbiology, vol. 65,
Part 3, pp. 789–793, 2015.

[165] A. Hsiao, A. M. Ahmed, S. Subramanian et al., “Members of
the human gut microbiota involved in recovery from Vibrio
cholerae infection,” Nature, vol. 515, no. 7527, pp. 423–426,
2014.

[166] E. Deriu, J. Z. Liu, M. Pezeshki et al., “Probiotic bacteria
reduce salmonella typhimurium intestinal colonization by
competing for iron,” Cell Host & Microbe, vol. 14, no. 1,
pp. 26–37, 2013.

[167] M. C. Rea, A. Dobson, O. O'Sullivan et al., “Effect of broad-
and narrow-spectrum antimicrobials on Clostridium difficile
and microbial diversity in a model of the distal colon,” Pro-
ceedings of the National Academy of Sciences, vol. 108, Sup-
plement 1, pp. 4639–4644, 2011.

[168] N. A. Olasupo, D. K. Olukoya, and S. A. Odunfa, “Studies on
bacteriocinogenic Lactobacillus isolates from selected Nige-
rian fermented foods,” Journal of Basic Microbiology,
vol. 35, no. 5, pp. 319–324, 1995.

[169] S. R. Spelhaug, S. R. Spelhaug, S. K. Harlander, and S. K. Har-
lander, “Inhibition of Foodborne Bacterial Pathogens by Bac-
teriocins from Lactococcus lactis and Pediococcus
pentosaceous,” Journal of Food Protection, vol. 52, no. 12,
pp. 856–862, 1989.

[170] A. Y. Teo and H. M. Tan, “Inhibition of Clostridium perfrin-
gens by a novel strain of Bacillus subtilis isolated from the
gastrointestinal tracts of healthy chickens,” Applied and Envi-
ronmental Microbiology, vol. 71, no. 8, pp. 4185–4190, 2005.

[171] A. Zipperer, M. C. Konnerth, C. Laux et al., “Human com-
mensals producing a novel antibiotic impair pathogen colo-
nization,” Nature, vol. 535, no. 7613, pp. 511–516, 2016.

[172] M. Yang, Z. Liu, C. Hughes et al., “Bile salt-induced intermo-
lecular disulfide bond formation activates Vibrio cholerae vir-
ulence,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 110, no. 6, pp. 2348–2353,
2013.

[173] V. Bachmann, B. Kostiuk, D. Unterweger, L. Diaz-Satizabal,
S. Ogg, and S. Pukatzki, “Bile salts modulate the mucin-
activated type VI secretion system of pandemic Vibrio cho-
lerae,” PLOS Neglected Tropical Diseases, vol. 9, no. 8, article
e0004031, 2015.

17Advanced Gut & Microbiome Research


	Gut Microbiome: An Intersection between Human Genome, Diet, and Epigenetics
	1. Introduction
	2. Human Genome and Microbiome Interaction
	2.1. MHC Gene Variants
	2.2. NOD2 Variants
	2.3. ATG16L1 Variants
	2.4. SLIT3 Variants
	2.5. MUC Genes
	2.6. Other Genes
	2.7. Nonimmune System-Mediated Genes

	3. Diet and Microbiome Interaction
	3.1. Dietary Carbohydrates
	3.2. Fat Diet
	3.3. Phytochemicals
	3.4. Protein Diet

	4. Gut Microbiome and Immunity
	4.1. Host Immune System-Mediated Protection
	4.2. Microbiome-Specific Immune Protection
	4.3. Future Perspective

	5. Conclusion
	Conflicts of Interest
	Authors’ Contributions



