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In the twenty first century, the changing epidemiology of inflammatory bowel disease

(IBD) globally with increasing disease incidence across many countries relates to the

altered gut microbiota, due to a combinatorial effect of environmental factors, human

immune responses and genetics. IBD is a gastrointestinal disease associated with a

gut microbial dysbiosis, including an expansion of facultative anaerobic bacteria of

the family Enterobacteriaceae. Advances in high-throughput sequencing enable us to

entangle the gut microbiota in human health and IBD beyond the gut bacterial microbiota,

expanding insights into the mycobiota, virobiota and helminthes. Caudovirales (viruses)

and Basidiomycota, Ascomycota, and Candida albicans (fungi) are revealed to be

increased in IBD. The deconvolution of the gut microbiota in IBD lays the basis for

unveiling the roles of these various gut microbiota components in IBD pathogenesis

and being conductive to instructing on future IBD diagnosis and therapeutics. Here we

comprehensively elucidate the alterations in the gut microbiota in IBD, discuss the effect

of diets in the gut microbiota in relation to IBD, and illustrate the potential of manipulation

of gut microbiota for IBD therapeutics. The therapeutic strategy of antibiotics, prebiotics,

probiotics and fecal microbiota transplantation will benefit the effective application of

precision microbiome manipulation in IBD.

Keywords: gut microbiota, bacteria, virobiota, mycobiota, helminths, diet, inflammatory bowel disease, fecal

microbiota transplantation

INTRODUCTION

Inflammatory bowel diseases (IBD), including Crohn’s disease (CD) and ulcerative disease (UC),
are proposed to result from an inappropriate immune response to the gut microbes in a genetically
susceptible host. It is a chronic inflammatory disorder of the intestinal tract of an unknown cause.
The incidence of IBD has increased in the western world since the midst of the twentieth century
(Molodecky et al., 2012; Rocchi et al., 2012; Hammer et al., 2016). At the turn of the twenty-first
century, it plateaued in some developed nations with a prevalence of up to 0.5% of the general
population, while it is continuing to rise in developing nations (Benchimol et al., 2009, 2014;
Kaplan, 2015). Etiological studies on IBD have centered on several factors, including host genetics
and immune responses, the gut microbiota, and the importance of environmental stimuli in disease

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2018.02247
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2018.02247&domain=pdf&date_stamp=2018-09-25
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:siewchienng@cuhk.edu.hk
https://doi.org/10.3389/fmicb.2018.02247
https://www.frontiersin.org/articles/10.3389/fmicb.2018.02247/full
http://loop.frontiersin.org/people/613605/overview
http://loop.frontiersin.org/people/139197/overview


Zuo and Ng Gut Microbiota in IBD

pathogenesis (Figure 1). Gut dysbiosis has been consistently
shown to be associated with IBD. Due to the expansion in
application of high-throughput deep sequencing technology in
the past decade, we are able to gradually unveiling the role of
the microbiome in development of IBD. These findings have
improved our knowledge on the functional mechanisms of the
microbiome in the pathogenesis of IBD.

The gut microbiota, comprising bacteria, fungi, viruses, and
other microorganisms, operate as a secondary organ system with
critical functions to the host. IBD is amongst the most extensively
studied of all inflammatory diseases that are closely associated
with the gut microbiome. In this review, we discuss the role of
the gutmicrobiota, including the bacterial microbiota, mycobiota
and virobiota in the development of IBD as well as microbiota-
based therapeutic approaches in the treatment of IBD.

GUT MICROBIOME AND INFLAMMATORY
BOWEL DISEASE (IBD)

Bacterial Microbiota
Bacterial microbiota is the most well-studied component of the
gut microbiota, which inhabit its host in variable concentrations.
In the gastrointestinal (GI) tract, it reaches an upper level in
the colon of 1011 or 1012 cells/g of luminal contents (Dave
et al., 2012). It was estimated that our gut contains ∼1,000
bacterial species and 100-fold more genes than that found
in the human genome (Ley et al., 2006; Qin et al., 2010).
This bacterial community performs a diversity of important
functions in the host, including educating the immune system
(Round and Mazmanian, 2009), secreting enzymes for digesting
substrates inaccessible to the host (El Kaoutari et al., 2013), and
repressing detrimental microorganisms (O’Hara and Shanahan,
2006). Overall, the phyla Firmicutes, Bacteroidetes,Actinobacteria
and Verrucomicrobia are the predominant constituents in
the healthy gut microbiota (Jandhyala et al., 2015). The gut
bacterial microbiome exhibit differences with regard to both the
mucosal-to-luminal and proximal-to-distal gradients, displaying
substantial variations between individuals (Turnbaugh et al.,
2009; Qin et al., 2010; Bäckhed et al., 2012). The gut bacterial
microbiota develops from a low diverse community at birth into
a highly complex community with the introduction of diets by
9–12 months of age (Koenig et al., 2011; Backhed et al., 2015).
The microbiota becomes stable and resilient to environmental
perturbations, such as dietary changes or short-term antibiotic
exposure (Dethlefsen and Relman, 2011; Wu et al., 2011). A
multitude of factors have been shown to intervene with the gut
microbiome, including age, genetics, diet and drugs (Yatsunenko
et al., 2012; Maier et al., 2018; Zuo et al., 2018).

Gut microbes were demonstrated to be an essential factor
in intestinal inflammation in IBD (Tamboli et al., 2004; Sartor,
2008). Some studies suggest that dysbiosis occur in IBD
(Frank et al., 2007; Casen et al., 2015; Putignani et al., 2016;
Halfvarson et al., 2017), and a broad microbial alteration
pattern was revealed including reduction in diversity, decreased
abundances of bacterial taxa within the Phyla Firmicutes and
Bacteroides, and increases in the Gammaproteobacteria (Table 1;

Frank et al., 2011; Morgan et al., 2012). In IBD, it has been
consistently shown that there is a decrease in biodiversity,
knowingly α diversity, and in species richness, a measure of
the total number of species in a community. Patients with
CD exhibited a reduced α diversity in the fecal microbiome,
compared with healthy controls (Manichanh et al., 2006), and
similar findings were found in monozygotic twins discordant
for CD (Dicksved et al., 2008). This decreased diversity was
partly linked to the temporal instability of the dominant
taxa in IBD (Martinez et al., 2008). There is also reduced
diversity in inflamed vs. non-inflamed tissues even within the
same patient, and a lower bacterial load was observed at
the inflamed regions in CD patients (Sepehri et al., 2007).
A multicenter study that they investigated >1,000 treatment-
naïve pediatric CD samples collected from multiple concurrent
gastrointestinal locations (Gevers et al., 2014). They found
that changes in bacteria, including increased Veillonellaceae,
Pasteurellacaea, Enterobacteriaceae, and Fusobacteriaceae, and
decreased Bacteroidales, Erysipelotrichales, and Clostridiales,
strongly correlated with disease status. This study also showed
that rectal mucosa-associated microbiome profiling offered a
feasible biomarker for the diagnosis of CD at the early stage of
disease.

Human studies have shown that abundance of specific bacteria
taxa were altered in IBD (Table 1). Enterobacteriacae bacteria
are augmented both in patients with IBD and in mice (Lupp
et al., 2007). Escherichia coli, particularly adherent-invasive E. coli
(AIEC) strains, were isolated from ileal CD biopsies (Darfeuille-
Michaud et al., 2004) and were also found in UC patients
(Sokol et al., 2006). Meanwhile, mucosal samples showed more
pronounced enrichment than fecal samples (Chassaing and
Darfeuille-Michaud, 2011). It indicates that the inflammatory
environment in IBD may favor the growth of this bacterial clade,
Enterobacteriaceae. Anti-inflammatory drug, mesalamine, could
attenuate intestinal inflammation and decrease the abundance of
Escherichia/Shigella in IBD (Benjamin et al., 2012; Morgan et al.,
2012).

Fusobacteria is another clade of adherent and invasive
bacteria. Bacteria of the genus Fusobacterium principally colonize
both the oral cavity and the gut. Fusobacterium species
were present at a higher abundance in the colonic mucosa
of patients with UC compared to healthy controls (Ohkusa
et al., 2002, 2009). When administered by rectal enema
in mice, Fusobacterium varium was able to cause colonic
mucosal inflammation (Ohkusa et al., 2003). The invasive
ability of human Fusobacterium bacteria correlate positively
with host IBD severity (Strauss et al., 2011), indicating that
invasive Fusobacterium species may impact IBD pathology.
Beyond that, Fusobacterium species were documented to be
abundantly present in tumor than in adjacent normal tissue in
colorectal cancer (Castellarin et al., 2012; Kostic et al., 2012;
Yu et al., 2017). Besides, human Fusobacterium isolates were
reported to have a tumorigenesis role in mice (Kostic et al.,
2013).

There are also specific groups of gut bacteria that may play
a protective role against IBD. A range of bacterial species,
most notably the genera Lactobacillus, Bifidobacterium, and
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FIGURE 1 | Gut microbiota alteration and immune responses in IBD. The gut microbes, including bacteria, viruses and fungi, and dysfunctional immune responses,

engaging Tregs, T-helper 1 (Th1), and Th17, are implicated in IBD pathogenesis. During homestasis, gut microbes induce an immune tolerance phenotype in the host,

whilst in inflammatory conditions like IBD, antigens from dysbiotic microbes activate Th1 and Th17 cells, resulting in tissue injury, decreased mucus layer, and

microbial penetration and persistence in the intestinal tissues. This mucosal injury results in further uptake of microbial antigens, TLR ligands, and viable organisms

that perpetuate the immune responses. TGF, transforming growth factor; TGF, transforming growth factor; MMP, matrix metalloproteinase; DC, dendritic cell.

Faecalibacterium, have been shown to be protective of the host
from mucosal inflammation via several mechanisms, including
the stimulation of the anti-inflammatory cytokine (Sokol et al.,
2008), including IL-10 and down-regulation of inflammatory
cytokines (Llopis et al., 2009). Faecalibacterium prausnitzii, has
been shown to have anti-inflammatory properties and was
undererrepresented in IBD (Sokol et al., 2009). The abundance
of F. prausnitzii is significantly decreased while the abundance
of E. coli is increased in ileal biopsies of CD specimens (Willing
et al., 2009). CD patients with low abundances of F. prausnitzii in
the mucosa are more likely have relapse after surgery (Sokol et al.,
2008). In contrast, restoration of F. prausnitzii after recurrence
is associated with maintenance of clinical remission of UC
(Varela et al., 2013). Epidemiological data in humans suggested
a protective effect of Helicobacter pylori (H. pylori) infection
against the development of autoimmune diseases, including IBD
(Papamichael et al., 2014; Rokkas et al., 2015). Laboratory data
demonstrated that H. pylori could induce immune tolerance and
limit inflammatory responses (Arnold et al., 2011; Oertli and
Müller, 2012; Oertli et al., 2012).

In chemically-induced mice with colitis, the colitis phenotype
is more severe in germ-free mice than in conventionally reared
mice (Kitajima et al., 2001). The commensal microbes protect
the host via colonization resistance, where commensals occupy
niches within the host and prevent invasion by pathogens
(Callaway et al., 2008), outcompete pathogenic bacteria (Kamada

et al., 2012). Commensals have also showed functional effects on
pathogens, such as dampening virulence-related gene expression
(Medellin-Pena et al., 2007). In addition, the gut microbiota can
modulate the host mucosal immune response. Clostridium and
Bacteroides species could induce the expansion of regulatory T
cells (Treg) and to mitigate intestinal inflammation (Atarashi
et al., 2013). Other gut bacterial members can alleviate mucosal
inflammation by regulating NF-κB activation (Kelly et al., 2004).

Some members of the gut microbiota have the ability to
ferment dietary fiber resulting in the production of short-
chain fatty acids (SCFAs), including acetate, propionate, and
butyrate. SCFAs have been shown to exert multiple beneficial
effects on mammalian energy metabolism. They are the primary
energy source for colonic epithelial cells (Ahmad et al., 2000)
and can induce the expansion of colonic Treg cells (Atarashi
et al., 2013; Smith et al., 2013). The butyrate-producing
genus Faecalibacterium, which belonged to Ruminococcaceae, is
decreased in IBD, especially in ileal CD (Sokol et al., 2008, 2009;
Xenoulis et al., 2008; Kang et al., 2010;Morgan et al., 2012). Other
SCFA-producing bacteria, Phascolarctobacterium and Roseburia
are also reduced in CD, whilst Leuconostocaceae is depleted in
UC (Morgan et al., 2012). The gut microbiota co-evolves with
the polysaccharide-rich diet, to synergistically enable the host
efficiently extract energy from dietary fiber and protect them
from inflammation (Willing et al., 2009). Lack of dietary fiber
intake has been associated with the development of IBD (Galvez
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TABLE 1 | Altered gut microbiota in IBD compared to healthy individuals in

humans.

Decreased in IBD Increased in IBD

Microbial

composition

Bifidobacterium sp. Proteobacteria

Groups IV and XIVA Clostridium Escherichia coli,

adherent/invasivea

Faecalibacterium prausnitzii Fusobacterium species

Roseburia species Ruminococcus gnavusa

Suterella species Pasteurellaceae

Bacteroides Veillonellaceae

Saccharomyces cerevisiae Caudovirales

Clavispora lusitaniae

Kluyveromyces marxianus

Candida albicans

Candida tropicalis

Cyberlindnera jadinii

Microbial

function

SCFAs, butyrate

Butanoate and propanoate

metabolism

Amino acid biosynthesis

Auxotrophy

Amino acid transport

Sulfate transport

Oxidative stress

Type II secretion system

Secretion of toxins

et al., 2005; Chiba et al., 2015; Pituch-Zdanowska et al., 2015). In
addition, low fiber diet is associated with a low concentration of
SCFAs (Galvez et al., 2005; Maslowski and Mackay, 2011).

Fungal Microbiota (Mycobiota)
Fungi represent only a minor constituent of the gut microbiota
and account for <0.1% of the total microbes (Qin et al., 2010).
This may be an underestimation due to our current challenge
to annotate fungi as a result of an incomplete fungal genomic
database (Underhill and Iliev, 2014). Nevertheless, target region
sequencing of marker genes, such as internal transcribed spacer
(ITS) and 18S rRNA, mapping to annotated databases has
contributed to an improved understanding of the mycobiota in
the gut (Qin et al., 2010).

Fungi vary in composition at different body sites in humans
(Underhill and Iliev, 2014). The GI tract, urogenital tract and
oral cavity have the largest proportion of the taxa of the
Candida genus which comprises up to 160 species (Soll et al.,
1991; Huffnagle and Noverr, 2013). Species-specific colonization
patterns of Candida are observed in mammals. Candida albicans,
C. parapsilosis and C. blabrata are common in humans whereas
C. tropicalis predominates in mice (Underhill and Iliev, 2014). In
contrary to the relative stability of the bacterial microbiota over
time, the mouse gut mycobiota have been observed to vary over
time among mouse reared in cages suggesting an environmental
influence on the gut fungi (Dollive et al., 2013). Competition
between gut bacteria and fungi was observed. In humans and
mice, a relatively long-term use of antibiotics can promote fungal
overgrowth and infection (Noverr et al., 2004; Dollive et al.,
2013). In line with these findings, antibiotic-induced fungal
overgrowth in the gut predispose the host to the development of
allergic airway in response tomold spore exposures (Noverr et al.,
2004). These observations support a role for the gut mycobiota in
the development of immune-mediated diseases.

In healthy individuals, Saccharomyces, Candida, and
Cladosporium were the most predominate genera (Hoffmann
et al., 2013). Basidiomycota, Ascomycota, and C. albicans have
been shown to be significantly elevated in IBD patients (Ott et al.,
2008; Hoffmann et al., 2013; Sokol et al., 2017). However, until
recently the fungi composition in the mucosa is beginning to be
elucidated. Liguori et al. evaluated the gut fungal composition
in patients with CD and healthy individuals (Liguori et al.,
2016). Saccharomycetes and Tremellomycetes classes, which
belong to the phyla Ascomycota and Basidiomycota, respectively,
are the most abundant taxa in the mucosal samples from
healthy individuals. At a lower taxonomic level, these two
classes can be divided into the genera Candida, Debaryomyces,
Saccharomyces, Malassezia, Sporobolomyces, Trichosporon,
Wallemia, together with a smaller proportion of unidentified
Filobasidiaceae and Xylariales, In samples from CD subjects,
the genus Dioszegia and species Candida glabrata predominate
especially during a disease flare whereas Trichosporon and
Leptosphaeria genera are decreased (Mckenzie et al., 1990;
Standaert-Vitse et al., 2009; Schwiertz et al., 2010; Hansen
et al., 2013; Mukhopadhya et al., 2015; Liguori et al., 2016).
In addition, Filobasidium uniguttulatum and Saccharomyces
cerevisiae were significantly elevated in non-inflamed mucosa,
whereas Xylariales were increased in inflamed mucosa of CD
(Liguori et al., 2016). In contrast with CD patients, UC patients
showed a relatively decreased diversity of fungi. This might
be due to an impairment of the inhibition of antimicrobial
peptides against bacteria in the small bowel and altered bile acid
reabsorption which can benefit the growth of fungi in patients
with CD and not in UC. Overall these preliminary data suggest
that an increased fungal load of Candida species and altered
bacteria diversity may be associated with the pathogenic feature
of CD.

There is also emerging evidence favoring a role for the gut
mycobiota in IBD pathogenesis. A number of studies have
investigated host immune responses against fungal cell wall
derived molecules (Levitz, 2010). The glycoprotein cell wall
components of the fungi, chitin, β-glucans and mannans can
trigger the innate immune response, through receptors, such as
dectin-1 (a C-type lectin receptor), Toll-like receptors (TLR2 and
TLR4), components of the complement system, and members
of the scavenger receptor family (CD5, SCARF1, and CD36).
Activation of these molecules leads to downstream immune
cascades engaging molecules, such as CARD9, IL-17, IL-22,
ITAM, NFAT, and NF-κB (Sartor and Wu, 2017). Colitis in
mouse can be exacerbated due to infiltration of fungi through
disrupted mucosal barrier. Brun et al. and Iliev et al. suggested
that fungi can invade the host by breaking down the mucosal
barrier (Brun et al., 2007; Underhill and Iliev, 2014). Intestinal
epithelial cells (IECs) act as a physical barrier to prevent foreign
pathogens from invading the host. However, in IBD in humans
and mice, prolonged inflammation along with the disruption of
tight junction (TJ) Occludin and ZO-1, leads to loss of integrity
of IECs. Pathogens like fungi and bacteria can therefore penetrate
the mucosal barrier and activate TLRs, Dectin-1 and CARD9 in
the lamina propria resulting into a more severe inflammatory
phenotype (Brun et al., 2007; Iliev et al., 2012).
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Viral Microbiota (Virobiota)
With the thriving of high-throughput sequencing technologies
(Virgin, 2014), the importance of the gut virobiota is being better
appreciated. The virobiota (which is referred to as the viral
component of the microbiota) comprises both eukaryotic viruses
and prokaryotic bacteriophages. They contain more diverse
biological entities than the gut bacterial microbiota (Lecuit and
Eloit, 2013; Ogilvie and Jones, 2015). The gut virome in healthy
humans is characterized predominantly by the bacteriophages
temperate dsDNA Caudovirales and ssDNA Microviridae that
latently infect their bacterial hosts but can generate progenies that
may infect and kill other bacteria when under stress (Reyes et al.,
2010; Minot et al., 2012, 2013; Waller et al., 2014). In health, gut
bacteriophages show intensive variation between subjects while
temporally are stable in each individual (Reyes et al., 2010; Minot
et al., 2013).

Bacteriophages are posited to play a role in IBD, though their
function in disease pathogenesis remains unequivocal (Perez-
Brocal et al., 2013; Norman et al., 2015). Patients with CD
exhibited a lower diversity but higher variability of the gut
virome relative to controls (Perez-Brocal et al., 2013). The
virome richness was increased in CD and UC patients from the
United Kingdom, Chicago and Boston (Norman et al., 2015).
Children with CD have more bacteriophages from the order
Caudovirales in their tissues and intestinal washings compared to
non-inflammatory controls (Wagner et al., 2013). Furthermore,
Caudovirales virions have been obtained from washings of CD
biopsies observed under electron microscopy (Lepage et al.,
2008).

The expansion in bacteriophages in IBD could arise from
commensal microbes entering lytic cycles or from new viruses
introduction from the surrounding environment. Meanwhile,
alteration in bacteriophage composition might have further
impact on the bacterial microbiota ecology. Bacteriophages are
shown to be primary drivers of bacterial fitness and diversity
(Brüssow et al., 2004). Moreover, the gut microbiome is prone
to be affected by bacteriophage invasion, resulting in changes in
the bacterial abundance of specific species (Reyes et al., 2013).
In the GI tract, bacteriophages engage in the horizontal transfer
of genetic elements between bacterial populations, including
those for antibiotic resistance and disease pathogenesis (Maiques
et al., 2006; Zhang and LeJeune, 2008; Reyes et al., 2013).
Hence, increased virome richness with widespread bacteriophage
acquisition in IBD, potentially from external sources, could
effectively change bacterial fitness. In mice, western diet could
induce an expansion of Caudovirales (Kim and Bae, 2016),
implicating a role for diet in altering the gut virome.

One potential role of enteric bacteriophages in IBD might be
their direct interaction with the mammalian host. Bacteriophages
can translocate from the GI lumen to systemic sites in murines
(Górski et al., 2006), patients with CD and healthy controls
(Parent and Wilson, 1971). They can also induce humoral
immune responses (Uhr et al., 1962). Altogether, bacteriophages
may act as immune ligands or antigens that boost host immunity
and inflammation. On the other hand, some viruses, such
as norovirus, can functionally replace the beneficial effect of
commensal bacteria, ameliorating intestinal abnormalities in

germ-free mice and diminishing susceptibility to intestinal
damage caused by chemical injury and bacterial infection
(Kernbauer et al., 2014). Beyond that, viruses attached to the
mucosa could protect the epithelium against bacteria invasion,
through binding interactions between Ig-Iike proteins exposed
on the phage capsid and mucin glycoproteins on the mucosal
surface (Barr J. et al., 2013; Barr J. J. et al., 2013).

There is also compelling evidence frommice showing that gut
viruses play a causal role in chronic GI inflammation (Cadwell
et al., 2010). Mice with a mutation in the gene ATG16L1 (an
autophagy gene), which in humans predisposes to CD, are
developed without symptom. However, gut norovirus infection
led to the manifestation of the disease, although solely harboring
the susceptible allele or having the virus alone did not produce
the disease, suggesting the combinatorial effect of susceptibility
gene and virus in disease pathogenesis and/or progression. In
a chemically induced colitis mouse model, the beneficial effect
of the gut virome on the gut mucosal immune homeostasis was
demonstrated (Yang et al., 2016). Mice, administered a cocktail
of anti-viral drugs followed by dextran sulfate sodium (DSS),
had more severe colitis than animals treated with DSS alone,
along with greater reduction in colon length and weight loss.
The observed protective effects of the gut viruses were mediated
synergistically by TLR3 and TLR7, but not individually. In favor
of this, patients carrying mutations in both TLR3 and TLR7
have been shown to have higher rates of hospitalization when
compared with IBD patients without mutations (Yang et al.,
2016).

Helminths
Gut helminthes are also considered to be one important gut
microbial component coexisting in the gut with gut bacteria,
fungi and viruses. The hygiene hypothesis suggests that a lack
of early childhood exposure to symbiotic microorganisms and
helminthic parasites increases susceptibility to immunemediated
diseases in later life. Autoimmune and other immunologic
diseases, such as IBD are highly prevalent in developed countries.
However, with urbanization and environmental changes toward
a more hygienic status, the uprising incidence of IBD appears to
conincide with a diminished prevalence of helminth colonization
in the host (Weinstock and Elliott, 2009).

Helminths are worm-like parasites, some of which have the
potential to inhabit the GI tract and other regions of the body.
Improvement in living standards in industrialized countries
brings about environmental changes, which disrupt helminthic
life cycles and lead to de-worming in humans. Before the
twentieth century, every individual was likely to have at least
one helminthic infection, mostly during early childhood, but this
universal exposure has become rare in the twenty-first century
(Elliott and Weinstock, 2012).

Helminths play an important immunoregulatory role in
the host, and a lack of their presence has been associated
with IBD development (Weinstock et al., 2002; Weinstock and
Elliott, 2009; Ramanan et al., 2016). It was demonstrated by
Ramanan et al. that helminths Trichuris muris andHeligmosoides
polygyrus protected NOD2-deficient mice against intestinal
inflammation, through inhibiting inflammatory Bacteroides
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species. This protective effect could be attributed to the functional
influence of certain helminths on host physiology, exemplified
by Trichinella spiralis (Motomura et al., 2009; Yang et al., 2014)
and Schistosoma mansoni (Ruyssers et al., 2009) modulating
Treg expansion, Trichuris trichiura (Broadhurst et al., 2010)
upregulating Th22 response, and Heligmosomoides polygyrus
(Elliott et al., 2008; Hang et al., 2013) down-regulating Th17
responses while expanding Treg population.

Compared with helminth-negative individuals, helminth-
colonized subjects displayed higher gut bacterial diversity, in
an indigenous Malaysian cohort (Lee et al., 2014). Orang
Asli of the Temuan subtribe are helminthes-positive and they
predominantly formed a cluster driven by the gut bacteria
Faecalibacterium and Prevotella, compared with subjects in Kuala
Lumpur (Ramanan et al., 2016). Those residing in the city in
Kuala Lumpur clustered into another group characterized by
Bacteroides (Ramanan et al., 2016). The concurrent disparity
in helminth prevalence and microbiome configuration between
rural and urban dwellers favors a linkage between helminth
presence and bacterial microbiome structure, implicating a
potential protective role for helminths in rural dwellers against
IBD microbiota.

Helminth infections could cause increases in mucus and water
secretion into the gut lumen, as measures for anti-inflammatory
responses in the host (Stepek et al., 2002; Harnett and Harnett,
2006). In clinical trials of IBD, Trichiuris suis or pig whip worm
were shown to be efficacious in patients with CD and UC
(Summers et al., 2005a,b; Velthuis et al., 2010; Helmby, 2015).

DIET AND THE GUT MICROBIOME

Diet is among the most important factors influencing the gut
microbiota (Albenberg and Wu, 2014). Western diet is shown
to predispose individuals to diseases including IBD, diabetes,
obesity, hypercholesterolemia, and cardiovascular disease (Ley
et al., 2008; Turnbaugh et al., 2008; Conlon and Bird, 2015;
Agus et al., 2016; Carrillo-Larco et al., 2016). However, what
or how certain diets protect against IBD is unclear, considering
that urbanization is a significant risk factor for IBD (Soon
et al., 2012). Study has shown that long-term diet can influence
the composition and function of the gut microbiota (Muegge
et al., 2011; Wu et al., 2011). Similarly, short-term diet can
rapidly and reproducibly alter the gut microbiota (David et al.,
2014). Compared to westerners on a western diet, inhabitants
consuming a rural agrarian diet in rural areas and hunter–
gatherers times showed a substantial higher diversity of the gut
microbiota (De Filippo et al., 2010; Yatsunenko et al., 2012;
Schnorr et al., 2014; Martínez et al., 2015; Obregon-Tito et al.,
2015).

A western diet is associated with a decreased ratio of
Bacteroides to Firmicutes and enhanced susceptibility to an
increased presence of Adherent-Invasive E. coli (AIEC) infection
(Agus et al., 2016). A recent review assessing the relationship
between global IBD incidence and regional diets showed
significant correlations between increased incidence of CD and
increased consumptions of animal products, beer, honey, animal

fats, and ghee, typical constituents of western diets. In contrast,
an increased incidence of UC correlated with an increased
consumption of pineapples and coffee products (Shivashankar
et al., 2017). How these dietary products influence the gut
microbiota and predispose individuals to IBD remains to be
determined. Diet low in fiber was shown to be associated with
a depletion of the microbial ecosystem in mice; this microbial
extinction became irreversible and aggressive in the offspring
over generations (Agus et al., 2016). The taxa driven to low
abundances due to low-level intake of dietary microbiota-
accessible carbohydrates were inefficiently transferred to the
progeny (El Kaoutari et al., 2013). Mice transplanted with
microbiota from humans on a typical unrestricted American
diet (AMER) responded incompletely to plant-rich, calorie-
restricted diet with optimized nutrient intake (CRON), while
those transplanted with microbiota from CRON-consuming
individuals responded strongly to both CRON and AMER diets
(Griffin et al., 2017). These data imply that western diet may
foster an irreversible microbial dysbiosis. In addition, a low-
fiber diet was shown to exacerbate colitis and the expansion and
activity of colonic mucus-degrading bacteria (Desai et al., 2016).
Neither purified prebiotic fibers nor time-to-time diet oscillations
between fiber-rich and fiber-deprived diet alleviate mucus layer
degradation (Desai et al., 2016).

Specific types of diet are associated with alteration in the
Prevotella to Bacteroides ratio. For instance, high consumption
of amino acids, cholesterol, lipids and dairy products were
shown to increase Bacteroides (Wu et al., 2011), while increase
in Prevotella is boosted by consumption of sugar and other
complex carbohydrates (De Filippo et al., 2010; Wu et al., 2011;
Schnorr et al., 2014). The increased Alistipes and Bilophila were
also linked to an animal-based diet (Wu et al., 2011; David
et al., 2014). Vegans from non-westernized societies displayed an
under-representation of Bifidobacterium (Wu et al., 2011), which
might be ascribed to the absence of dairy products on their diet
(Schnorr et al., 2014).

Diet has also been shown to impact on the gut mycobiota.
In humans, increased Candida abundance is associated with diet
high in carbohydrates, but not with diets high in protein, fatty
acids and amino acids (Hoffmann et al., 2013). Consistently, in
controlled feeding human study,Candida species in fecal samples
were reduced in subjects consuming an animal-based diet and
increased in subjects on a plant-based diet (David et al., 2014).
The effects of diet on gut virobiota were also shown in humans
and mice. In humans, dietary intervention was associated with a
change in the virome to a new profile, in which individuals on the
same diet converged (Minot et al., 2011). In mice, “western diet”
could significantly enrich temperate bacteriophage Caudovriales
both in the mucosa and luminal content (Kim and Bae, 2016).
Interestingly, the community alteration of the virobiota occurred
to a greater extent in the mucosa than in the lumen. Overall, diet
has an impact on the gut mycobiota and virobiota. However, data
and mechanistic study are still lacking, especially the associations
among diet, mycobiota, virobiota and IBD.

Collectively, emerging animal and epidemiological studies
have highlighted the necessity of preserving a diversified
microbiome via diet.

Frontiers in Microbiology | www.frontiersin.org 6 September 2018 | Volume 9 | Article 2247

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Zuo and Ng Gut Microbiota in IBD

MANIPULATION OF THE MICROBIOTA IN
IBD THERAPEUTICS

Antibiotics, Probiotics and Prebiotics
Antibiotics, probiotics and prebiotics have been utilized to
treat IBD with varying results. Antibiotics have a modest effect
in CD but data for probiotics and prebiotics are generally
disappointing (Sartor and Wu, 2017). Single antibiotics could
ameliorate Crohn’s colitis and septic complications, and prevent
post-resection recurrence, but has not been shown to be effective
in patients with UC. Combinations of antibiotics might improve
outcomes (Ohkusa et al., 2010; Turner et al., 2014) but the long-
term use of antibiotics may induce development of antibiotic
resistance in gut microbes.

Traditional probiotics have demonstrated limited effect in
treating UC, the probiotic combination VSL#3 however (a
probiotic preparation of eight live freeze-dried bacterial species,
including Lactobacillus casei, L. delbrueckii subsp. Bulgaricus, L.
acidophilus, L. plantarum, Bifidobacterium longum, B. infantis, B.
breve, and Streptococcus salivarius subsp. Thermophiles; Bibiloni
et al., 2005) and E. coli Nissle were shown to reduce active
inflammation and sustain remission (Wehkamp et al., 2004;
Schultz, 2008). Contrarily, they do not benefit patients with
CD. F. prausnitzii may have a protective effect on the intestine
by producing barrier-enhancing and immunosuppressive
SCFAs, stimulating Tregs to produce IL-10 thereby inhibiting
exaggerated immune responses in IBD. In multiple mouse
models, F. prausnitzii, Clostridia strains, and B. fragilis could
reduce the severity of colitis (Sokol et al., 2008; Round et al.,
2011; Atarashi et al., 2013). These beneficial microbes and their
metabolites should be explored as therapeutic agents in treatment
of IBD. Although the idea of providing dietary substrates, such
as oligosaccharides and fiber, as a prebiotic means to selectively
increase the abundance of SCFA-producing commensals is
tantalizing, results to date have been not satisfactory (Sartor and
Wu, 2017). Alternatively, it is feasible to block AIEC epithelial
adherence, invasion and translocation via use of antibodies to
flagellin and of antagonists to glycopolymers or FimH (Yan
et al., 2015; Chassaing et al., 2016). Blocking the protease activity
of E. faecalis or protease receptor binding has been shown to
inhibit mucosal permeability (Steck et al., 2011; Maharshak
et al., 2015). Thus, selectively blocking the virulence products
of pathogenic microbes or their activity may diminish the
dysbiotic bacteria in the gut in IBD. Recently, it is shown that
precision editing of the gut microbiota by tungstate ameliorates
colitis in mice (Zhu et al., 2018). Tungstate treatment could
prevent gut inflammation as well as the dysbiotic expansion
of Enterobacteriaceae by selectively inhibitting molybdenum-
cofactor-dependent microbial respiratory pathways, while
causing minimal changes in the microbiota composition under
homeostatic conditions (Zhu et al., 2018).

Microbial markers have been shown to help in predicting
which subset of patients are likely to have a positive response
to treatment or who may undergo an aggressive disease
course. Studies have shown that prognostic biomarkers from
microbial profiling are instrumental to personalized therapy.
For instance, microbial structure data, combined with level of

apolipoprotein A1, can predict steroid-free remission in children
newly diagnosed with CD (Haberman et al., 2014). Risk for
post-operative recurrence of CD is linked to preoperative ileal
concentrations of F. prausnitzii (Sokol et al., 2008). Risks for
pouchitis post-colectomy in patients with UC can be predicted
by the bacterial configuration (Machiels et al., 2017). In addition,
microbial signatures correlate with response to therapy (Shaw
et al., 2016) and dysbiosis is associated with relapse in patients
after cessation of infliximab (Rajca et al., 2014).

There are a multitude of modern lifestyle associated factors
that potentially associate with alterations of the gut microbiota
(Table 2, any of these exposures may occur early in life). Studies
from the West have shown that exposure of infants to antibiotics
increases their risk for developing IBD (Patwa et al., 2011; Brito
and Alm, 2016). More compelling evidence has been derived
from humanmigration studies where migrants showed increased
risks for IBD after migrating from developing to developed
countries adopting an urbanized lifestyle (Probert et al., 1992;
Barreiro-de Acosta et al., 2011). In a Canadian population-based
inception and birth cohort study, rural residence in the first 1–5
years of life was associated with a lower risk of IBD (Benchimol
et al., 2017). Early life colonization of microbes plays an essential
role in the host immune system development (Gensollen et al.,
2016). Further comprehensive appreciation of the underlying
mechanisms would provide insights into the role of gut microbes
in childhood in IBD pathogenesis.

Fecal Microbiota Transplantation
Fecal microbiota transplantation (FMT), a highly effective
therapy for recurrent Clostridium difficile infection (CDI)
(Kassam et al., 2013), has gained substantial interest as a novel
treatment for inflammatory bowel disease (IBD). The success
of FMT in treating CDI is ascribed to restoration of the
gut microbial homeostasis in patients with dysbiosis (Khoruts
and Sadowsky, 2016). This approach was later extended to
studies of other diseases, such as IBD (Borody et al., 2003)
and metabolic syndrome (Vrieze et al., 2013). The evidence
for the efficacy of FMT in treating IBD is equivocal. A
systematic analysis of 18 studies that included 122 patients
with IBD found that around 36–45% of patients achieved
clinical remission during follow-up (Colman and Rubin, 2014).
Subgroup analyses demonstrated a pooled estimate of clinical
remission rate of 22% for UC and 61% for CD (Colman and
Rubin, 2014).

Two placebo-controlled trials of FMT on patients with UC
have shown conflicting results with one study demonstrating the
importance of the donor effect. It was documented that some
patients with UC experienced fevers and increased levels of C-
reactive protein post-FMT (Angelberger et al., 2013). Disease
flares in patients with UC or CD after FMT were also observed in
the treatment of CDI (De Leon et al., 2013; Kelly et al., 2014a,b).

A recent multicenter, double-blind, randomized, placebo-
controlled trial showed that intensive-dosing, with multidonor
FMT induces clinical remission and endoscopic improvement in
active ulcerative colitis and is associated with distinct microbial
changes related to the outcome (Paramsothy et al., 2017). The
primary outcome was achieved in 11 (27%) of 41 patients
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TABLE 2 | Factors associated with modern lifestyle that is potentially associated

with alterations of the gut microbiota.

Modern lifestyle Often live in an urban setting, surrounded by

concrete

Increased urbanization and migration to urban

areas

Birth in a hospital; increasing rate of cesarean

delivery

Small family size

Sanitation of living spaces: environment

colonized by resistant microorganisms

(including resistant bacteria, fungi, and acari)

Antibiotic usage early in life

Frequent body wash with hot water and soap

Low rate of Helicobacter pylori colonization

Decline in endemic parasitism

Food conserved by refrigeration

Consumption of processed foods and food

additives

Increased pollution in developing nations

Traditional lifestyle Vaginal delivery at home

Large family size, crowding

Livingin a rural setting in contact with soil

microorganisms

Ancestral colonization of the living environment

No antibiotics in infant life

Limited access to hot water and soap

High rate of Helicobacter pylori colonization

Parasitic worms common

Food conserved by microbial fermentation

Consumption of natural foods

allocated to FMT compared with 3 (8%) of 40 subjects who
were assigned to placebo (risk ratio 3.6, p = 0.021). Importantly,
the microbial diversity increased and persisted after FMT
(Paramsothy et al., 2017). These data are consistent with a more
recent study showing the low intensity pooled donor FMT is also
effective in active UC (Costello et al., 2017).

It has been reported that 30–50% of the donor’s bacterial
microbiota persist in the recipient after FMT (Li et al., 2016).
Two studies have shown bacteriophage transfer from donor to
recipient (Chehoud et al., 2016; Zuo et al., 2017) and in a
pilot study donor virome richness is associated with the efficacy
of FMT (Zuo et al., 2017). When donor Caudovirales virome
richness was higher than that of the recipient, the recipient was
more likely to be cured after FMT treatment (Zuo et al., 2017).
Patients with IBD have been shown to harbor significantly higher
virome richness than healthy household controls (Norman et al.,

2015), which may account for the higher failure rate of FMT in
treating IBD than in treating CDI (De Leon et al., 2013; Colman
and Rubin, 2014; Kelly et al., 2015). These data highlights the
importance of donor selection, where inclusion of a donor with
high virome richness or pooled multiple donors is preferred.

The long-term consequence of FMT in treating diseases
remains unclear. In the future, FMT will be likely substituted by
the use of defined microbial consortia. It was proven in animals
that such an approach was feasible and effective for the treatment
of IBD (Atarashi et al., 2013).

PERSPECTIVES

Efforts to date have effectively characterized the diverse
constituents of the human gut microbiota in health and
IBD. Bacterial microbiota is the most studied gut microbiota
component though the function and strain-level resolution
studies are still lacking. Beyond that, the under-studied gut
microbiota components, viruses and fungi, and their inter-
kingdom interactions with gut bacteria may have high impact
in human health and IBD. These studies are still in its
infancy. In summary, understanding the complexity of this gut
ecosystem will require thorough mechanistic studies involving
sophisticated molecular microbiologic techniques and animal
studies to better define the role of different gut microbes in IBD
pathogenesis and disease evolution. Precise interpretation of the
cause and consequence of these microbial alterations will also
require integration with host genetic polymorphisms and gene
expression to allow proper comprehension of microbial-host
interaction. Although microbe-based therapeutics is appealing,
effective application of probiotics, prebiotics, antibiotics and
FMT will require a personalized approach to identify defined
subsets of patients that will benefit most from such a
strategy.
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