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Abstract: This study aimed to evaluate bacterial and fungal biomarkers to differentiate patients
with inflammatory bowel disease (IBD), predict the IBD prognosis, and determine the relationship
of these biomarkers with IBD pathogenesis. The composition and function of bacteria and fungi
in stool from 100 IBD patients and 97 controls were profiled using next-generation sequencing.
We evaluated the cumulative risk of relapse according to bacterial and fungal enterotypes. The
microbiome and mycobiome alpha diversity in IBD patients were significantly lower and higher than
in the controls, respectively; the micro/mycobiome beta diversity differed significantly between IBD
patients and the controls. Ruminococcus gnavus, Cyberlindnera jadinii, and Candida tropicalis increased
in IBD patients. Combining functional and species analyses revealed that lower sugar import and
higher modified polysaccharide production were associated with IBD pathogenesis. Tricarboxylic
acid cycling consuming acetyl CoA was higher in IBD patients than the controls, leading to lower
short-chain fatty acid (SCFA) fermentation. Bacterial and fungal enterotypes were not associated
with IBD relapse. We found differences in bacterial and fungal species between IBD patients and
controls. A working model for the role of gut bacteria in IBD pathogenesis is proposed, wherein
bacterial species increase modified N-glycan production and decrease SCFA fermentation.

Keywords: microbiome; mycobiome; inflammatory bowel disease; biomarkers

1. Introduction

The pathophysiology of inflammatory bowel disease (IBD) is complex. Although most
studies agree that the gut microbiota plays a crucial role, further research is required. With
advances in next-generation sequencing, numerous studies have recently been conducted
on gut bacteria. However, most studies simply compare gut microbiomes between patients
and healthy controls. This leads to varying results and conflicting inferences [1]. Therefore,
further research is needed to analyze the functional changes and metabolites of gut bacteria,
which may be more crucial than their simple composition [2]. Although microbial biomark-
ers that can distinguish IBD patients from healthy individuals are essential to elucidate
the pathogenesis of IBD, specific gut bacteria or enterotypes that can predict prognosis are
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more useful for clinicians and patient treatment. There are few studies on this topic, most
are retrospective, not adding any value to clinical treatment or patient care [3,4].

To date, gut microbiome analyses have mainly focused on bacteria. However, as
the role of intestinal fungi has recently been highlighted, the mycobiome is also being
emphasized for IBD [5]. In IBD patients, the diversity of intestinal fungi increases compared
to that of intestinal bacteria, and so does the presence of Candida albicans [6,7]. However,
fungi account for a small proportion of intestinal microbes compared to gut bacteria, and
sequencing mycobiomes is challenging. Therefore, studies on the mycobiome in IBD
patients are scarce, and the results vary [8]. In addition, most previous studies were
conducted with <30 patients, overwhelmingly Westerners, which is a very narrow sample
space. Therefore, these studies provide limited value for IBD treatment. In addition, there
are few studies on fungal enterotypes and the effect of mycobiomes on IBD prognosis.

To overcome some of these limitations, we prospectively performed bacterial and fun-
gal metagenomic studies for IBD patients and tried to address the functional implications
of the biomarkers and predictability of IBD relapse.

2. Materials and Methods
2.1. Patients

Stool samples and clinical data were prospectively collected from 100 IBD patients
enrolled in the Seoul National University Bundang Hospital IBD cohort between March
2018 and July 2020. Patients with IBD-unclassified were excluded. Each patient received
the standard treatment for IBD [9,10]. Active disease was defined as a fecal calprotectin
>250 mg/kg on the day of stool collection. Relapse was defined as a composite outcome
of (i) new use of steroids, immunomodulators, and biologics; (ii) a visit to an emergency
department; and (iii) hospitalization. Stool samples for the age- and sex-matched control
group were acquired from the Korean gut microbiome bank study (B-1701-380-304); this
study aimed to evaluate gut microbiome of healthy Korean individuals. Therefore, in-
dividuals with acute or chronic illness, a history of cancer within 5 years, and a history
of antibiotic or probiotic use within 3 months were excluded. Because they were unable
to find age-matched controls for three old patients with ulcerative colitis (UC), a total of
97 control samples were collected. This study was approved by the Institutional Review
Board of Seoul National University Bundang Hospital (IRB No.:B-2106-693-304). All stool
samples were frozen in a —70 °C freezer immediately after collection.

2.2. DNA Extraction and Sequencing for Microbiome and Mycobiome Analysis

For microbiome and mycobiome analysis, total DNA was extracted from stool samples
using a Maxwell RSC PureFood GMO and Authentication Kit (Promega, Seoul, Republic
of Korea). For microbiome analysis, PCR amplification was performed for the V3-V4
regions of the 16S rRNA gene. Sequencing was performed using the MiSeq Sequencing
System (Illumina; San Diego, CA, USA). Primary microbiome analyses were conducted
using previously described procedures [11-13]. Briefly, processing raw reads started with a
quality check and filtering of low-quality reads by Trimmomatic version 0.32. Paired-end
sequence data were merged using VSEARCH version 2.13.4. Primers were trimmed with
the alignment algorithm of Myers and Miller at a similarity cut-off of 0.8. Non-specific
amplicons were detected in HMMER software package version 3.2.1. Unique reads were
extracted, and redundant reads clustered with the unique reads. The EzBioCloud 16S rRNA
database was used for taxonomic assignment, followed by more precise pairwise alignment.
Chimeric reads were filtered using the UCHIME algorithm and the non-chimeric 16S rRNA
database. Reads that were not identified to the species level (with <97% similarity) were
compiled, and the cluster fast command was used to perform de novo clustering to generate
additional operational taxonomic units (OTUs). Finally, OTUs with single reads (singletons)
were omitted from further analysis. The OTU abundance was normalized to a read count
of 10,000.
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For mycobiome analysis, polymerase chain reaction (PCR) amplification was per-
formed using fusion primers targeting the internal transcribed spacer (ITS) 2 region with
the extracted DNA. Sequencing was performed using an Illumina MiSeq Sequencing Sys-
tem. Read pairs on the overlapping regions of sequences were joined using VSEARCH
version 2.13.4 [14]. Reads were quality-checked and filtered by removing low-quality
reads with the FASTX-Toolkit. Unique reads were extracted, and redundant reads were
clustered with the unique reads using VSEARCH version 2.13.4. Short reads (<100 bp)
and singletons were removed before clustering at a user-defined threshold (97% sequence
identity) using VSEARCH. The resulting representative sequences for each cluster were
subjected to chimera detection and filtered using the UNITE UCHIME reference dataset
(UNITE_General_s_01.12.2017) [15]. The input ITS sequences were mapped onto the
chimera-free representative sequences at the defined threshold. These representatives were
taxonomically assigned with the RDP Classifier against the UNITE fungal ITS reference
dataset [16,17]. The OTU abundance was normalized to a read count of 5000.

2.3. Statistical Analyses

Diversity calculation and biomarker discovery were conducted using in-house pro-
grams (CJ] Bioscience, Inc., Seoul, Republic of Korea). For alpha diversity analysis, the
ACE [18], Shannon [19], Simpson [19], and phylogenetic diversity [20] indices were calcu-
lated. For beta diversity analysis, the overall phylogenetic distance between communities
was estimated and visualized using Jensen-Shannon-based principal coordinate analy-
sis [21]. Permutational multivariate analysis of variance (PERMANOVA) was used to
evaluate differences between groups. Linear discriminant analysis effect size (LEfSe) anal-
ysis was conducted to determine the features that most likely explained the differences
between groups by coupling standard tests for statistical significance with additional tests
encoding biological consistency and effect relevance [22]. To predict the functional profiling
of the microbiome, phylogenetic community investigation was performed via unobserved
state reconstruction (PICRUSt) using Kyoto Encyclopedia of Genes and Genomes (KEGG)
orthology [23]. Cluster analysis based on bacterial and fungal species compositions was
performed to classify the subjects into enterotypes [24]. All microbiome and mycobiome
analyses were performed using non-parametric methods, and the results were considered
statistically significant at p-values < 0.05. False discovery rate (FDR)-adjusted p-values
were applied to the LEfSe analyses. All analytics mentioned above were performed in
EzBioCloud (www.ezbiocloud.net (accessed on 7 July 2022)).

We compared the cumulative relapse risk according to bacterial and fungal enterotypes
using Kaplan—-Meier survival analysis and the log-rank test. Cox proportional hazards
regression was performed to evaluate independent predictors of relapse in IBD patients.
Variables with p-value < 0.2 in univariable analysis were included in the multivariable Cox
proportional hazards regression model. All analyses were performed using Stata version
16.0 (StataCorp LLC; College Station, TX, USA). Statistical significance was set at p < 0.05.

3. Results
3.1. Comparison of Stool Microbiomes between IBD Patients and Healthy Controls

Sixty-seven patients with UC and 33 patients with Crohn’s disease were enrolled in
this study. The characteristics of IBD patients and the control group are shown in Table S1.
The median age of IBD patients and the controls was 38 and 36 years old, respectively.
Males constituted 77.0% and 76.3% of IBD patients and controls, respectively.

The taxonomic composition of the stool microbiome of patients with IBD and controls
is shown in Figure 1. Based on LEfSe analysis, the abundance of Bacteroidetes (35.56% vs.
12.92%, p = 1.86 x 10’8), Proteobacteria (4.22% vs. 1.57%, p = 0.00685), and Fusobacteria
(0.004% vs.<0.001%, p = 0.00039) significantly increased, while that of Firmicutes (53.95% vs.
73.46%, p = 6.00 x 10~8), Actinobacteria (5.83% vs. 10.62%, p = 0.00023), and Verrucomicrobia
(<0.001% vs. 1.15%, p = 1.86 x 10~®) significantly decreased in IBD patients compared to
the controls.


www.ezbiocloud.net

Microorganisms 2023, 11, 2882

4 of 14

1.00- 1.00-

ETC Eubacterium_g5
—1 923
steptococcus [l Escherichia

Ruminococcus_gs Dorea

us_g4 [ oavister
s,

°

0.75-

ETC.
Proteobacteria

0.50- Firmicutes

Bacteroidetes

Actinobacteria

| NN

F €

Rel. Abundance

i a
Prevotella Il siidobacterium

Megamonas Bacteroides

o
Rel. Abundance
° o
g

Lactobacillus I | Anaerostipes

Faecalibacterium

0.00- 0.00-

Control IBD 1BD

Group Group

Figure 1. Taxonomic composition of the stool microbiome of patients with inflammatory bowel
disease and healthy controls (left: phylum level, right: genus level).

We identified 48 species as biomarkers for differentiating IBD from controls (Table S2).
Compared to the control group, the abundance of 10 species increased in IBD patients
while that of 38 species decreased. The prevalence of pathobionts such as Escherichia coli
and Ruminococcus gnavus increased, while that of beneficial bacteria such as Akkermansia
muciniphila and the Bifidobacterium groups decreased in patients with IBD.

The microbiome alpha diversity in IBD patients was significantly lower than that in
the controls (Figure 2a). Moreover, beta diversity significantly differed between the two
groups (Figure 2b).

3.2. Functional Analysis of the Stool Microbiome between IBD Patients and Healthy Controls

Having explored the species characteristics of IBD, we investigated the functional
aspects of the species using PICRUSt analysis. Three and one functional pathways were
predicted to significantly increase and decrease in patients with IBD compared to the
controls, respectively (Table 1).

In the KEGG pathways, “KO01100 metabolic pathways” indicates that there were
broad metabolic differences. Specifically, the 00520 “amino sugar and nucleotide sugar
metabolism” pathway involves the synthesis of uracil-diphosphate-glucose and N-acetyl
muraminic acid from monosaccharides, such as glucose. This pathway generates amino
or nucleotide sugars used for membrane glycosylation or polymeric glycosides, such
as peptidoglycans, in the bacterial membrane [25-27]. An increase in this metabolism
may lead to higher monosaccharide consumption for polymeric glycosides synthesis, and
this process may increase glycosylated membrane components [28]. The “00511 other
glycan degradation” pathway involves N-glycan and glycolipid biosynthesis in the KEGG
pathway annotation. This metabolic pathway is consistent with the above “00520 amino
sugar and nucleotide sugar metabolism” pathway, in that both work together to generate
glycosylated polymers, typically found in the cell wall components of bacteria such as
peptidoglycan and lipid A [27,28]. Additionally, it may be involved in the synthesis of
glycoproteins secreted from cells. Notably, this suggestion is supported by the “M00060
lipopolysaccharide biosynthesis, KDO2-lipid A” module (Table S3). For “02010 ABC
transporters”, to interpret the metabolic steps is challenging, since they involve many
different transporters, including sugar molecule importers [29]. Nevertheless, decreased
“M00196 raffinose/stachyose/melibiose transport system” module activity correlates with
the decrease in the number of sugar molecules in the bacterial cells.
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Figure 2. Alpha-diversity (a) and beta-diversity (b) of the stool microbiomes of patients with inflam-

matory bowel disease and healthy controls.
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Table 1. Functional pathways showing a significant difference in expression in the stool microbiome
between patients with inflammatory bowel disease and healthy controls.

LDA Effect FDR Adjusted

KEGG Pathway Definition Size * p-Value
Increased in IBD
compared to the control
KO01100 Metabolic pathways 3.490 <0.001
KO00511 Other glycan degradation 3.062 <0.001
Amino sugar and
KO00520 nucleotide sugar 3.047 <0.001
metabolism
Decreased in IBD
compared to the control
KO02010 ABC transporters 3.194 <0.001

FDR, false discovery rate; IBD, inflammatory bowel disease; KEGG, Kyoto Encyclopedia of Genes and Genomes;
LDA, linear discriminant analysis. * Only taxa showing LDA effect size >3.0 are presented.

Other PICRUSt (module) analyses also showed interesting metabolic behaviors, such
as increased “M00011 citrate cycle, second carbon oxidation, 2-oxoglutarate a oxaloacetate”
and “M00620 incomplete reductive citrate cycle, acetyl coenzyme A (acetyl-CoA) a oxoglu-
tarate.” These two modules essentially refer to the two irreversible steps of the tricarboxylic
acid (TCA) cycle [30]. An increase in these steps would enhance the overall activity of the
TCA cycle. Combining the two modules yields an increase in the overall consumption of
acetyl-CoA through acetyl-CoA a oxoglutarate a oxaloacetate metabolism [30,31]. This has
a crucial effect on short-chain fatty acid (SCFA) fermentation as butyrate is produced from
two acetyl-CoA molecules [32]. Therefore, acetyl-CoA consumption through the TCA cycle
should decrease SCFA generation, leading to lower SCFA levels [33-35]. This suggestion
is supported by an increase in the “M0144 NADH: quinone oxidoreductase, prokaryotes”
module, because the enhanced TCA cycle generates NADH, which should be reduced by
NADH oxidase rather than by SCFA fermentation. The overall metabolic changes and
specific KEGG modules relevant in IBD are described in Figure 5 (see Figure 5 below).

3.3. Comparison of the Stool Mycobiome between IBD Patients and Healthy Controls

The sequencing yield of the mycobiome was lower than that of the microbiome;
successful sequencing was possible in 58% and 41% of patients with IBD and the control
group, respectively. The taxonomic composition of the stool mycobiome of patients with
IBD and the control group is shown in Figure 3.
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Figure 3. Taxonomic composition of the stool mycobiome of patients with inflammatory bowel
disease and healthy controls (left: phylum level, right: genus level).
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There was no phylum that showed significantly different abundance between IBD
patients and the control group. Based on LEfSe analysis, the abundance of Cyberlindnera
jadinii, Candida tropicalis, and Saccharomycetes sp. strain KP196597 significantly increased in
IBD patients compared to the control group (Table 2).

Table 2. Taxa showing a significant difference in abundance in the stool mycobiome between patients
with inflammatory bowel disease and healthy control (species level).

Taxon Name LDA Effect Size FDR Adjusted
p-Value
Species more abundant in IBD
than in controls
Cyberlindnera jadinii 3.305 0.006
Candida tropicalis 2.832 0.049
Saccharomycetes sp_KP196597 2.718 0.028

FDR, false discovery rate; IBD, inflammatory bowel disease; LDA, linear discriminant analysis.

Among the alpha diversity indices, the ACE index and phylogenetic diversity of
the mycobiome were significantly higher in patients with IBD than in the control group
(Figure 4a). Moreover, beta diversity significantly differed between the groups (Figure 4b).

3.4. Comparison of the Stool Microbiome and Mycobiome According to the Disease Activity of IBD

IBD patients were divided into two groups: active disease (N =49) and inactive disease
(N =51). When we compared the stool microbiome (Figure S1) and mycobiome (Figure S2)
of these two groups, there were no differences in the alpha or beta diversities. In addition,
no microbiome or mycobiome was differentially expressed according to the disease activity
on LEfSe analysis.

3.5. Enterotypes Based on the Stool Microbiome and Mycobiome, and Relapse Risk Factors for
IBD Patients

Using cluster analysis, IBD patients were divided into two enterotypes based on
their stool microbiome (enterotype 1: N = 80, enterotype 2: N = 20) (Figure S3a). Clinical
characteristics such as age, sex, smoking status, disease duration, fecal calprotectin, and ex-
posed medications did not differ between bacterial enterotypes (data available on request).
The IBD patients were followed up for a median of 33 months. There was no significant
difference in relapse risk between enterotypes 1 and 2 based on the stool microbiome
(Figure S3b). In multivariable analysis, an elevated fecal calprotectin (>250 mg/kg) was
the only significant risk factor associated with relapse (Table S4).

In the cluster analysis of the stool mycobiome, the Calinski-Harabasz index was the
highest and the second highest when IBD patients were divided into 20 and 19 clusters,
respectively (Figure S4a). However, dividing 100 patients into 19-20 enterotypes is not
clinically practical. Therefore, we selected the third highest Calinski-Harabasz index,
dividing the IBD patients into three enterotypes (Figure S4b). There was no significant
difference in relapse risk between enterotypes (log-rank test, p = 0.435) (Figure S4c). In the
multivariate analysis, there were no significant risk factors associated with relapse (data
available on request).
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4. Discussion

We identified microbial, mycotic, and functional biomarkers to differentiate IBD
patients from healthy controls. Combining functional and species analyses, we suggest two
metabolic features for the role of gut bacteria in IBD pathogenesis. However, bacterial and
fungal enterotypes cannot be used to predict relapse in IBD patients. In future studies, deep
analyses of the stool microbiome and mycobiome, up to the strain level, using shotgun
sequencing are needed to elucidate the true value of bacterial and fungal enterotypes in the
prediction of relapse in IBD patients.

The decrease in beneficial bacteria, such as A. muciniphila and the Bifidobacterium
groups, along with the increase in pathobionts, such as E. coli and R. gnavus, observed in
this study are consistent with previous studies [36-39]. In addition, the decrease in the
alpha diversity of the microbiome in IBD patients and the difference in the beta diversity
between them and the controls are also well known [40]. Notably, species such as Collinsella,
Prevotella, and Gemmiger, belonging to genera abundant in rural Chinese people, decreased
in IBD patients, while E. coli, which is abundant in urban people, increased [41]. In addition,
the prevalence of Proteus mirabilis increased in IBD patients. Proteus mirabilis plays a crucial
role in the pathogenesis of IBD [42] and is increased in people who consume substantial
amounts of polysorbate-80, an emulsifier commonly used to make processed foods [43].
Furthermore, the abundance of Bifidobacterium groups that have an anti-inflammatory role
in the human gut [44] decreases in IBD patients, while that of R. gnavus, which has a pro-
inflammatory role, increases [45]. These two bacterial species are known to be abundant in
unprocessed and ultra-processed foods, respectively. Taken together, these results suggest
that the change in gut microbiota following urbanization and increased consumption of
processed foods in Asian countries may be related to the rising incidences of IBD [46].

Notably, the consistent themes of the PICRUSt analyses suggest an increase in modified
polysaccharides and a decrease in SCFAs. In terms of IBD pathogenesis, these metabolic
features can be interpreted in two ways: first, an increase in modified polysaccharides,
particularly lipid A or cell wall peptidoglycan, can contribute to higher bacterial immuno-
genicity in the IBD group. Second, a decrease in unmodified sugar molecules and SCFAs
could lead to different host immune responses and enterocyte energy metabolism [47]. For
the analysis of bacterial species, we observed an increase in the abundance of R. gnavus
in IBD patients. Notably, a recent study showed that these bacteria secrete glucorhamnan
polysaccharide, which induces TNF-« secretion from host dendritic cells, thereby eliciting
an immune response [48]. As glucorhamnan polysaccharide is a modified polysaccharide,
this microbial analysis is consistent with our PICRUSt results suggesting higher levels of
modified polysaccharides in IBD patients. As this previous study was performed in vitro,
our results support this finding through the functional analysis of metagenomic data from
IBD patients. Combining these functional and species analyses, we suggest a working
model through which bacteria modulate host immunity during IBD pathogenesis (Figure 5).

In the gut of IBD patients, bacteria have low sugar import and high modified polysac-
charide levels that can directly generate higher immunogenicity. In addition, an increased
TCA cycle consumes more acetyl-CoA, leading to lower SCFA fermentation and subsequent
host immune modulation. It should be noted that our discussion on SCFA is based on our
PICURSt analysis, and it warrants further experimental validation, i.e., measurements of
SCFA from fecal samples, for confirmation.

An increase in C. tropicalis in IBD patients has been previously reported [49,50]. How-
ever, the fact that C. jadinii, previously known as Candida utilis, exhibited the largest increase
in abundance in IBD patients is interesting. One study also suggested an increase in this
fungus in pediatric patients with IBD [51]. Cyberlindnera jadinii has been widely used as a
flavoring additive in processed foods. Excessive consumption of processed foods is closely
associated with low consumption of microbiota-accessible carbohydrates [52], and these
might lead to the development of IBD. Whether the increase in C. jadinii in IBD patients is
related to an increased intake of processed foods or whether actual colonization affects host
immunity is unclear. Cyberlindnera jadinii is negative for the crab-tree effect and has one of
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Sugar import in gut bacteria

|

the highest respiratory capacities among the characterized yeast species [53]. Therefore,
this fungus prefers respiration to fermentation to generate energy. Blooms of this fungus
may also contribute to a decrease in the fermentation of indigestible fiber and a consequent
decrease in SCFA production in IBD patients.
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Green : expected phenomenon
Blue: species with reported activities
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Figure 5. Working model for the role of the microbiome in the pathogenesis of inflammatory bowel
disease through which bacteria modulate host immunity.

However, whether the gut microbiome differs depending on the degree of disease
activity remains controversial [54,55]. In this study, there was no difference in the alpha
and beta diversity of the microbiome and mycobiome according to the disease activity of
IBD patients, despite evaluating disease activity using fecal calprotectin, which is highly
sensitive in detecting inflammation in the gut. Inversely, since there was no correlation
between disease activity and the micro/mycobiome, we expected it to be very useful if
enterotypes could independently predict prognosis in IBD patients. However, bacterial and
fungal enterotypes were not significantly associated with clinical relapse in IBD patients.
Several studies have investigated whether the gut microbiome can predict clinical relapse
in IBD; however, the findings are varied [56,57]. Very few studies have attempted to predict
clinical relapse in IBD patients using microbial or fungal enterotypes. Regarding the gut
mycobiome, it is difficult to define the enterotypes themselves. The reason for this issue
is that the composition of fungi is more varied and unstable than that of bacteria [58]. In
addition, many factors affect the clinical outcomes and relapse of IBD. Taken together,
at present, clinical factors such as fecal calprotectin levels are still more powerful than
complex microbiomes and mycobiomes in predicting clinical relapse.

This study has several strengths. First, because the results of functional and compo-
sition analyses in the microbiome were consistent and agreed with each other, we could
generate a working model for the role of microbes in IBD pathogenesis. The results of
fungal analysis further supported our hypothesis. Second, to our knowledge, this is the first
study to predict the prognosis of patients with IBD using fungal enterotypes. In addition,
important clinical factors that affect the course of IBD were prospectively collected from a
well-established cohort. The sample size was larger than that in previous studies, and the
patients were followed up for years.

However, this study has limitations. First, PICRUSt only predicts metagenome func-
tional content. Therefore, the changes in the metabolic pathways in this study need to be
further validated. Second, functional analysis of the mycobiome could not be performed
because the bioinformatics platform used did not support this analysis. In addition, the
yield of fungal DNA extraction for mycobiome analysis was low both in IBD patients and
the controls, which may have led to a lower verification power for survival analysis. The
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low fungal yield in stool is not a problem in our experimental technique but is an inherent
difficulty in fungal analysis. To proceed with next-generation sequencing, a certain amount
of DNA must be secured in samples. However, the number of fungi present in the stool is
small compared to that of bacteria [59]. In addition, the cell wall of fungi is harder than
that of bacteria, so it is not easily broken. Third, the heterogeneity of the patients was large
compared to the number of patients. Therefore, we could not evaluate the microbiome and
mycobiome according to specific disease phenotypes, such as disease behavior in Crohn’s
disease (CD) and disease extent in UC. When IBD patients were divided into the UC
and CD groups and compared with the controls, we found that the bacterial composition
of UC was between that of CD and the control in the principal coordinate analysis plot.
However, the difference was not statistically significant (data available on request). Fourth,
the information about diet, lifestyle, and genetic risk factors for IBD was not collected in
IBD patients and the controls. Data about the use of antibiotics in IBD patients is missing.
All these factors can affect gut microbiota and are associated with the development of
IBD. Finally, we used stool samples in this study. The stool is a mixture of the distal gut
microbiota and is not fully representative of the gut microbiota specific to a particular
region. Therefore, fecal microbiota may differ from mucosa-associated microbiota acquired
from tissue samples. This might have contributed to the absence of Malassezia species,
reported to be associated with CD [60].

5. Conclusions

In conclusion, bacterial and fungal dysbiosis was observed in the stool of IBD patients.
We identified microbial, mycotic, and functional biomarkers for differentiating IBD patients
from healthy controls and suggested a working model for the metabolic role of gut bacteria
in IBD pathogenesis. In contrast, the fecal microbiome and mycobiome were not found to
be associated with IBD relapse.
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