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Background: Inflammatory bowel disease (IBD) involves dysregulation of mucosal immunity in response to environmental factors such as the gut
microbiota. The bacterial microbiota is often altered in IBD, but the connection to disease is not fully clarified and gut fungi have recently been suggested
to play a role as well. In this study, we compared microbes from all 3 domains of life—bacteria, archaea, and eukaryota—in pediatric patients with IBD
and healthy controls.

Methods: A stool sample was collected from patients with IBD (n ¼ 32) or healthy control subjects (n ¼ 90), and bacterial, archaeal, and fungal
communities were characterized by deep sequencing of rRNA gene segments specific to each domain.

Results: Patients with IBD (Crohn’s disease or ulcerative colitis) had lower bacterial diversity and distinctive fungal communities. Two lineages
annotating as Candida were significantly more abundant in patients with IBD (P ¼ 0.0034 and P ¼ 0.00038, respectively), whereas a lineage annotating
as Cladosporium was more abundant in healthy subjects (P ¼ 0.0025). There were no statistically significant differences in archaea, which were rare in
pediatric samples compared with those from adults.

Conclusions: Pediatric IBD is associated with reduced diversity in both fungal and bacterial gut microbiota. Specific Candida taxa were found to be
increased in abundance in the IBD samples. These data emphasize the potential importance of fungal microbiota signatures as biomarkers of pediatric
IBD, supporting their possible role in disease pathogenesis.

(Inflamm Bowel Dis 2015;21:1948–1956)
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T he 3 domains of life—bacteria, archaea, and eukaryota—are
all represented in human gut communities.1–5 Numerous

disorders, both intestinal and systemic, have been associated
with alterations in the microbial community structure, termed

“dysbiosis.”6–8 The dysbiotic bacterial microbiota has been exten-
sively characterized for the inflammatory bowel diseases (IBD)
and Clostridium difficile infection, although the composition of
the archaea and eukaryota domains and their interaction with
bacteria have not been studied in detail. The pathogenesis of
IBD is associated with an inappropriate and persistent inflamma-
tory response to the commensal gut microbiota in genetically
susceptible individuals. In animal studies, dysbiosis has been
associated with the development of intestinal inflammation.6,8,9

Many of the genetic risk alleles for IBD involve regulation of
innate immune responses that protect the host from bacterial inva-
sion or that regulate the adaptive immune system (reviewed
in10,11). In Crohn’s disease (CD), the phylum Firmicutes is com-
monly reduced in proportional abundance,12–17 notably Faecali-
bacterium prausnitzii18–20 and members of the Proteobacteria
phylum, such as Enterobacteriaceae,21,22 including Escherichia
coli,7,17,23 are commonly increased.

The importance of fungi in the human gut to health or
disease is not fully understood.2,24 Fungi, such as Aspergillus,
Histoplasma, and Cryptococcus are known to cause pathogenic
intestinal infections. Fungi are also part of the commensal gut
microbiota. Increases in gut Candida species are hypothesized
to cause systemic yeast infections in immunocompromised
patients by translocation through the intestinal barrier.25
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Fungal–bacterial interactions are just beginning to be
described,1,5,6,26–28 and this may be important in IBD.2

Several lines of evidence link fungi and IBD. Innate
immune receptor activation by fungi may augment the develop-
ment of colitis. The main pattern recognition receptors for fungi
include dectin-1, dectin-2, DC-SIGN, mannose receptor, and
mannose-binding lectin.29 Dectin-1 is a C-type lectin receptor,
which recognizes b-glucans in the fungal cell wall. A recent
study30 demonstrated that mice lacking dectin-1 had increased
susceptibility to chemically induced colitis because of their altered
responses to indigenous fungi. A polymorphism in the gene en-
coding dectin-1 (CLEC7A) was subsequently associated with
a severe form of ulcerative colitis (UC) in humans.30 There may
also be a relationship between high dietary concentrations of yeast
and increased disease activity in patients with CD.31 Treatment
with fluconazole, an antifungal, may reduce inflammation in ani-
mal models of colitis and in patients with IBD,32 and elevated
levels of Saccharomyces cerevisiae antibodies are a biomarker for
CD.33 Finally, preliminary studies using denaturing gradient gel
electrophoresis suggest that there may be alterations in gut fungal
populations associated with IBD.25,34

Alterations in the archaeal microbiota may also be relevant
to IBD. Methane production from archaea has been shown to be
altered in patients with IBD.35 Additionally, the syntrophic inter-
action between archaea and fermentative bacteria leading to the
increase in short-chain fatty acids production36 may have an
impact on mucosal immunity through the impact of short-chain
fatty acids on T regulatory cells and immune tolerance.37 Studies
of a modest number of subjects begin to suggest that fungi may be
dysbiotic in IBD,34 as well as bacteria. In this study, we use deep
sequencing of rRNA gene tags to characterize the composition of
the bacterial, fungal, and archaeal microbiota in pediatric patients
with IBD (n ¼ 32) and healthy controls (n ¼ 90), revealing
a distinctive signature in the mycobiome.

METHODS

Subjects
All subjects studied were from the Philadelphia area and

,21 years of age (see Table, Supplemental Digital Content 1,
http://links.lww.com/IBD/A909). Subjects provided written con-
sent or, when appropriate, assent. Subjects were excluded if they
had been treated with antibiotics or probiotics within the 2
weeks before sample collection, if there was presence of an
ostomy, or if they had been treated with supplemental nutrition
(total parenteral nutrition, enteral nutritional therapy, or other
nutritional supplements) accounting for more than 50% of the
total caloric intake for the 1 week before sample collection.
Pediatric Crohn’s Disease Activity Index38 or Pediatric Ulcera-
tive Colitis Activity Index39 was calculated as described. Stool
samples were collected between February and September 2012
and kept frozen at 2808C until they were processed for DNA
extraction. The sequence samples obtained from the healthy

pediatric and adult subjects and used as controls are described
elsewhere.5,40 Briefly, healthy volunteers were screened to be
free from any chronic disease, to have a normal bowel move-
ment frequency, and to have a body mass index between 18.5
and 35 kg/m2. One stool sample was provided per subject and
kept frozen at 2808C until processed for DNA extraction.

DNA Isolation
DNA was isolated from approximately 200 mg of stool

using the PSP Spin Stool DNA Plus Kit (Cat #10381102; Invitek,
Berlin, Germany) as per the manufacturer’s instructions.

16S rDNA Gene and ITS1 Region
Gene Sequencing

Isolated DNA was quantified using the PicoGreen system,
and 50 ng of DNA was amplified in each polymerase chain
reaction (PCR). Primers were barcoded to label each sample as
described previously.41,42 PCRs were performed in triplicate using
AccuPrime (Invitrogen, Carlsbad, CA). Each reaction contained
50 ng of DNA and 10 pM of each primer. Primers annealing to the
V1V2 region of the 16S bacterial gene were used for amplifica-
tion. The PCR protocol for 16S amplicons was described previ-
ously.43 The development of the archaeal-specific 16S rDNA
primers and ITS1 fungal primers and PCR cycling conditions
are described in Ref. 42. Amplified 16S rDNA and ITS1 frag-
ments were purified using a 1:1 volume of Agencourt AmPure XP
beads (Beckman-Colter Brea, CA). The purified products from the
stool samples were pooled in equal amounts and analyzed by
pyrosequencing using the Roche/454 Genome Sequencer Junior.
DNA pools were separated by the amplicon type. DNA-free water
was subjected to the same amplification and purification proce-
dure, and no DNA product was observed in agarose gels. Sequen-
ces of oligonucleotides used in this study are in Table,
Supplemental Digital Content 2, http://links.lww.com/IBD/A910.

Sequence Analysis
Sequence data were processed using QIIME,44 augmented by

the R package QIIMER (http://cran.r-project.org/web/packages/
qiimer). Taxonomy was assigned to the sequences using Ribosomal
Database Project for 16S45 and the UNITE database for ITS. Fur-
ther information on methods can be found in the Methods, Supple-
mental Digital Content 3, http://links.lww.com/IBD/A911.

We fit a random forest model to predict health versus
disease (IBD) using 16S bacterial operational taxonomic units
(OTUs), ITS fungal OTUs, or a combination both. A total of
1000 bootstrapped iterations were performed to obtain an
estimate of the misclassification rate. The classification error
rate was compared with guessing, e.g., if the data set consisted
of 32 subjects with IBD and 68 healthy subjects, a sample
would be randomly classified as a sample from a subject with
IBD 32% of the time and as a sample from a healthy subject
68% of the time.

Bacterial OTUs with greater than 100 sequences across all
IBD samples (128 OTUs) were correlated with ITS fungal OTUs
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with greater than 100 sequences across all IBD samples (27
OTUs). P values were calculated using a 2-sided Pearson corre-
lation test. Bacterial OTUs with at least 1 correlation to a fungal
OTU producing a Bonferroni-corrected P value less than 0.05
were displayed on the final heatmap.

RESULTS

Patient Cohort Studied
The bacterial component of the microbiome has been

studied extensively in IBD and is known to be dysbiotic.6,8,9,46

Thus, in this study, we sought to assess effects on the fungal
and archaeal components of the microbiome. A cross-sectional
analysis was performed whereby a single stool sample was
obtained from pediatric patients (3–21 years of age) with CD,
UC, or indeterminate colitis (IC) (n ¼ 32). The diagnosis
of IBD was based on endoscopic, radiologic, laboratory, and
clinical findings. Clinical phenotypes of all patients and
their therapies are described in Table, Supplemental Digital
Content 1, http://links.lww.com/IBD/A909. Microbiome
sequencing results for patients with IBD were compared with
results for healthy pediatric and adult subjects studied previ-
ously (n ¼ 90).40

Reduced Richness in the Intestinal Bacterial
Microbiota of Patients With IBD

We first characterized the bacterial composition of the
microbiota by purifying and amplifying DNA using PCR primers
recognizing the V1V2 region of the 16S rRNA gene and
pyrosequencing an average of 2864 reads per sample. We
analyzed fecal samples from 2 patients with IC, 4 with UC, and
26 with CD (see Table, Supplemental Digital Content 1, http://
links.lww.com/IBD/A909). Reads were clustered into OTUs at
97% sequence identity, and representative sequences were aligned
to databases for taxonomic attribution. Comparison of data among
the disease classes revealed few differences among groups (see
Fig., Supplemental Digital Content 4, http://links.lww.com/IBD/
A912). Most samples were dominated with Bacteroides. A few
had Clostridia as the dominant taxon.

We compared a data set from healthy adults and children
with the IBD samples.40 OTU composition was compared in
a pairwise fashion between samples using UniFrac, and healthy
and IBD sample sets were compared with each other using
PERMANOVA. We observed a clear separation between the
IBD and healthy sample sets (P , 0.0001) (see Fig., Supplemental
Digital Content 5, http://links.lww.com/IBD/A913).

We also investigated the diversity of the IBD samples and
healthy controls because, previously, lower diversity in IBD has
been reported in several studies.15 We assessed diversity by calcu-
lating the Shannon Index for each sample and found that the IBD
samples had significantly lower diversity compared with either
healthy adult or pediatric control subjects (P , 0.05) (see Fig.,
Supplemental Digital Content 6, http://links.lww.com/IBD/A914).

Comparison of Archaea in Patients With IBD
and Healthy Controls

We compared the archaeal microbiota composition in the
32 IBD samples with 90 healthy controls by amplification with
PCR primers selective for archaea followed by pyrosequencing
and alignment to databases. Only 3 IBD samples contained
detectable Methanobrevibacter (see Fig., Supplemental Digital
Content 7, http://links.lww.com/IBD/A915), the major archaeal
lineage in healthy adults.5 Six samples had a few reads (,5 reads
each) mostly matching “Unclassified Archaea.” Querying those
reads against the NCBI’s nucleotide database did not provide
clearer taxonomic resolution. We validated these findings by
quantitative PCR targeting Archaea, which confirmed that only
3 IBD samples, Subject004_CD, Subject006_CD, and
Subject037_CD, had detectable archaea. There was a lower recov-
ery of archaeal sequences from pediatric IBD samples compared
with healthy adults (P , 1 · 1026), but pediatric IBD patients
were not significantly different from healthy children (P ¼ 0.128)
(see Fig., Supplemental Digital Content 8, http://links.lww.com/
IBD/A916). This indicates that children have lower archaeal col-
onization than do adults and that alterations in the archaeal colo-
nization of the gut are not related to IBD.

Distinctive Fungal Signature in the Microbiota
of Pediatric Patients With IBD

The fungal representation in the fecal samples was
characterized by amplification of stool DNA with PCR primers
targeting the fungal rRNA ITS region, followed by pyrosequenc-
ing using the 454/Roche platform, formation into OTUs at 95%
sequence identity, and alignment to databases. The ITS amplicon
has been reported to have biases in recovery of certain lineages,47

but it does successfully capture a broad range of taxa.5,26,28 Thirty-
two subjects with IBD were compared with 90 healthy adults and
children.40 IBD samples had significantly lower fungal diversity
than did healthy children (P , 0.05) (Fig. 1).

Ordination analysis based on the presence or absence of
fungal species revealed a separation between healthy and IBD
pediatric subjects (P ¼ 0.004) (Fig. 2). Samples from healthy
adults overlapped with both pediatric groups (data not shown).
Ordination based on the abundance (rather than presence/absence)
of each fungal species also showed separation between healthy
and IBD pediatric subjects (P ¼ 0.044) (see Fig., Supplemental
Digital Content 9, http://links.lww.com/IBD/A917). A focused
analysis of CD only, in which the IC and UC patients were
excluded, also revealed significant separation between healthy
and IBD pediatric subjects (see Fig., Supplemental Digital Con-
tent 10, http://links.lww.com/IBD/A918; P , 0.0001). Next, we
investigated whether fungal representation differed in IBD and
healthy control samples (Fig. 3). The most commonly observed
order was Saccharomycetales, which contains the genus Candida.
IBD samples averaged 2675 Candida sequences (proportionally
72.9%), whereas healthy controls averaged 1320 reads (propor-
tionally 32.9%) (P ¼ 0.0107 based on read counts). Healthy

Chehoud et al Inflamm Bowel Dis � Volume 21, Number 8, August 2015

1950 | www.ibdjournal.org

Copyright © 2015 Crohn’s & Colitis Foundation of America, Inc. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 https://academ

ic.oup.com
/ibdjournal/article/21/8/1948/4602961 by guest on 19 April 2024



adults had slightly higher nonsignificant average proportions of
Candida than did pediatric healthy subjects (1428 reads [37%]
versus 1055 reads [23%]; P ¼ 0.535 based on read counts).

The Candida reads were categorized in 97 different OTUs
with the majority belonging to one OTU (GenBank ID:
KP132001) (Fig. 4A). This OTU annotates as single species,
which has previously been given multiple different names, includ-
ing Pichia jadinii, Candida utilis, Cyberlindnera jadinii, Torula
yeast, and Candida guilliermondii var. nitratophila. This
OTU was significantly enriched in pediatric patients with IBD

(P , 0.01 using raw reads or proportion for both pediatric IBD
versus all healthy [adult and pediatric] and pediatric IBD versus
pediatric healthy). A second Candida OTU (GenBank ID:
EF197997), annotating as Candida parapsilosis, was also more
common in the pediatric IBD samples (Fig. 4B, P , 0.01 based
on the number of reads). A third OTU (GenBank ID: KJ596320),
annotating as Cladosporium cladosporioides, was more common
in healthy subjects (pediatric or adult healthy versus pediatric
IBD, P , 0.01 based on number of reads; Fig. 4C).

Microbial Signature for Pediatric IBD
Random forest, a supervised machine-learning algorithm,

was used to generate a classifier capable of sorting IBD and
healthy controls based on microbial community composition.
Classifiers were developed comparing pediatric IBD with pediat-
ric healthy (Fig. 5A), and pediatric IBD versus pooled adult, and
pediatric healthy controls (Fig. 5B). Classifiers were compared
that used bacterial 16S rRNA gene data only, fungal ITS sequence
data only, or both.

The models successfully partitioned the pediatric samples
by disease status (Fig. 5A) and partitioned all healthy controls
(children and adults) from IBD children (Fig. 5B). For pediatric
samples, the 16S or ITS OTUs used alone showed a median
accuracy of 90% and 83%, respectively, whereas the combination
of OTUs showed greater than 93% accuracy. The bacterial OTUs
that could best distinguish patients with IBD from healthy con-
trols annotated as Bacteroides, Parabacteroides, and Faecalibac-
terium prausnitzii. For fungi, the classifier was dominated by
OTUs annotating as Pichia jadinii/Candida utilis. The full list
of distinguishing taxa is presented in Tables, Supplemental Dig-
ital Content 11–14, http://links.lww.com/IBD/A919, http://links.
lww.com/IBD/A920, http://links.lww.com/IBD/A921, and http://
links.lww.com/IBD/A922.

Bacterial and Fungal Correlations in IBD
Two-sided, Pearson tests were used to measure the

correlation between bacterial and fungal OTUs across IBD
samples. Of the 128 bacterial OTUs tested, 33 showed Bonferroni-
corrected, significant (P , 0.05), correlation with at least 1 fungal
OTU (Fig. 6). The most commonly found fungal species in IBD
subjects, Candida OTU KP132001, did not correlate strongly with
any bacterial species. Many more significant correlations between
fungal and bacterial OTUs were detected in healthy subjects (see
Fig., Supplemental Digital Content 15, http://links.lww.com/IBD/
A923). Evidently, fungal and bacterial species covary, but this was
not prominently associated with the lineages implicated as important
in IBD in these subjects.

DISCUSSION
We analyzed the composition and diversity of the fungal,

bacterial, and archaeal microbiota in pediatric patients with IBD
compared with healthy controls. In contrast to the many studies of
the bacterial component of the gut microbiota, relatively little is

FIGURE 2. Comparison of pediatric healthy and pediatric IBD subjects’
fungal community composition using principal coordinate ordination.
Principal coordinate analysis was used to depict the relatedness of
fungal communities based on presence or absence. The axes repre-
sent the 2 most discriminating axes using the binary Jaccard index
distance metric. Pediatric healthy subjects are depicted in cyan and
pediatric IBD subjects are depicted in lavender. The 2 groups clustered
separately (P ¼ 0.004).

FIGURE 1. Diversity of fungal communities is decreased in patients
with IBD compared with healthy subjects. The Shannon diversity index
was calculated based on the OTU-level classification tables. The box
plots show the distribution of diversity values for: (1) all healthy
subjects, (2) only the adult healthy subjects, (3) only the pediatric
healthy subjects, and (4) the pediatric IBD subjects. Each black dot
represents a different subject. ***P , 0.0005 on the Wilcoxon test.
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known about the fungal and archaeal microbiota and their roles in
IBD. Fungi and archaea are known to be normal components of
the gut microbiota.1,4,5,48 In this study, we recovered abundant
fungal reads from both patients with IBD and healthy controls.
In contrast, archaea were rare in the pediatric samples. The poten-
tial importance of fungi in IBD is well recognized. Antibodies to
baker’s yeast (S. cerevisiae), termed ASCA, are detected more
frequently in patients with CD than in healthy controls or in
patients with UC (29%–69% of patients with CD33,49–51). The

fungal antigen recognized is thought to be phosphopeptido-
mannan of the S. cerevisiae cell wall.52 ASCA positivity may
precede the development of IBD,53 and ASCA are found more
commonly in healthy relatives of patients with CD.54 The differ-
ence in ASCA prevalence raises the possibility of a differential
fungal microbiota in patients with CD versus healthy individuals,
and our data document such a difference.

Although the ASCA epitope is associated with S. cerevi-
siae, it is also associated with Candida albicans55 and potentially

FIGURE 3. Taxonomic heatmap of fungal community members in healthy and IBD subjects. Proportions of fungal OTUs in adult healthy, pediatric
healthy, and IBD subjects. The color bar on the top indicates the health status of each subject. Each column indicates a different subject. The color
bar on the right side indicates the average relative abundances of these genera in each subject.

FIGURE 4. Abundance of selected fungal OTUs. Bar charts showing the number of reads from 3 selected fungal OTUs: (A) Candida (accession
KP132001), (B) Candida (accession EF197997), and (C) Cladosporium (accession KJ596320). Adult healthy subjects, pediatric healthy subjects, and
pediatric IBD subjects are shown in red, blue, and purple, respectively. A negative control sample (NC) that was processed alongside the samples is
shown at the right in green. No reads matching any of the 3 lineages mentioned above were found in the negative control sample.
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other related yeasts. Candida colonization has been associated
with multiple diseases of the gastrointestinal tract including CD,
UC, esophagitis, oral mucositis, and even gastric ulcers.56 Can-
dida strains colonize gastric ulcers, particularly when the ulcers
are large or perforated56 and Candida esophagitis responds to
antifungal therapy demonstrating the role of Candida colonization
in the pathogenesis of inflammatory processes. Increased coloni-
zation with Candida in IBD might be a consequence of mucosal
or immune system alterations and the use of antibiotics.28 The
health consequences are unknown but may be adverse.

We found 3 fungi with differential abundance in patients
with IBD versus healthy controls. Fungal phylogeny is in a state
of transition, so species level attributions are not fully secure. For
example, until recently, sexual forms (teleomorphs) were com-
monly placed in separate genera from asexual forms (anamorphs)
of the same fungal organisms.57 We found one Candida OTU
(GenBank ID: KP132001) that was more abundant in patients
with IBD, which has been associated with 5 named species,
including Pichia jadinii, Candida utilis, Cyberlindnera jadinii,
Torulopsis utilis, and Torula utilis,58 illustrating the challenges
of current fungal taxonomy. A common name for this group is

Torula yeast. In its inactive form, Torula yeast is widely used as
a flavoring that imparts a savory taste to soups, sauces, and snack
products.59 Possibly, the pediatric subjects with IBD were eating
diets more enriched in Torula yeasts, although there is no univer-
sal diet for patients with IBD, so this seems unlikely. Patients with
IBD frequently identify dietary components that cause increased
symptoms and so follow restricted diets when the disease is
active, but most subjects studied here had relatively low disease
activity scores and were therefore not expected to be on special-
ized diets. Also, a review of dietary records kept by the patients in
our study did not reveal an obvious bias toward the consumption
of foods rich in Torula yeast (data not shown). The second expla-
nation is that there is truly increased Torula yeast colonization in
patients with IBD, which at present seems more likely. Members
of the fungal genus Pichia can be pathogenic to humans, espe-
cially in immunocompromised hosts.60 Pichia species may also
lead to enteritis in animals,61,62 and pathogenesis by Candida
species is well described. Further studies are needed to clarify
whether colonization is related to disease pathogenesis or whether
it is a consequence of gut inflammation or immune suppressive
therapy.

FIGURE 5. Random forest classification accuracy for healthy and IBD subjects. A random forest classifier was used to group samples into either
healthy or IBD categories. Random forest accuracy (red) was compared with random guessing (blue) with the misclassification rate indicated on
the y-axis. The classifier was run using 16S bacterial OTUs, ITS fungal OTUs, and the combination of both bacterial and fungal OTUs. Results were
also compared using (A) pediatric healthy and pediatric IBD subjects or (B) both adult and pediatric healthy subjects and IBD subjects.
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We found a second Candida OTU (GenBank ID: EF197997)
that was more abundant in patients with IBD, and a Cladosporium
cladosporioides OTU (GenBank ID: KJ596320) that was more
abundant in healthy controls. All of the patients with IBD in our
cohort were undergoing various therapies, so it is not clear whether
these taxonomic changes were associated with IBD itself or were
a consequence of treatment, for example immunosuppression.63

Other Candida yeasts, in contrast, are used as probiotics,64 raising
the possibility that the yeast lineages present contribute a mixture of
positive and negative influences.

Studies in animal models suggest a functional role for fungi
in intestinal inflammation. Mice lacking the dectin-1 receptor,
a pattern recognition receptor known to identify fungi, were more
susceptible to colonic inflammation in a dextran sodium sulfate

colitis model.30 Administration of Candida tropicalis resulted in
a more severe dextran sodium sulfate–induced colitis in this
model, and treatment with fluconazole, an antifungal agent,
reduced disease.30 Another PRR, SIGNR3, was recently found
to be involved in recognizing fungal commensals. Mice lacking
SIGNR3 also exhibit increased intestinal inflammation on expo-
sure to dextran sodium sulfate.65 Additional investigation is
needed in humans to determine the mechanisms responsible for
the observed alterations in the fungal microbiota in patients with
IBD and the role they may play in disease pathogenesis through
pattern recognition receptors.

To probe distinctive lineages in health and disease and to
develop noninvasive biomarkers, we developed a random forest
classifier to sort patients with IBD versus healthy controls. Using

FIGURE 6. Correlations between bacterial and fungal OTUs in pediatric IBD. The Pearson correlation coefficient between fungal and bacterial OTUs
in pediatric patients with IBD was calculated. OTUs were included in this heatmap if they had greater than 100 sequences in pediatric patients
with IBD. OTUs were included if they significantly correlated with at least 1 other OTU (2-sided correlation, in which the P value exceeded 0.05 after
Bonferroni correction).
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a combination of bacterial and fungal OTUs allowed greater than
93% accuracy in distinguishing samples. The currently available
biomarkers focus on the evaluation of patients already diagnosed
with IBD such as differentiating CD from UC, differentiating
quiescent from active disease, and predicting disease course.66 Drug
levels and antidrug antibodies are also used as biomarkers.66 Unfor-
tunately, the biomarkers currently used to evaluate patients with
symptoms of IBD, such as C-reactive protein, erythrocyte sedimen-
tation rate, and fecal calprotectin, are not specific to IBD. Addi-
tionally, methods are needed to establish early diagnosis of at-risk
individuals, such as asymptomatic family members of patients with
IBD. It will be useful to evaluate the performance of the assay
targeting both bacteria and fungi described here in these settings.

In a recently described analysis of the archaeal microbiome
of healthy human subjects, approximately 45% of subjects were
found to have archaea present in the stool.5 The majority of se-
quences annotated as Methanobrevibacter.5 In our study, we
found only 3 pediatric patients with IBD with detectable Metha-
nobrevibacter. The previous literature has been inconsistent, with
some studies reporting increased prevalence of methanogens or
decreased methane production in patients with IBD67–70 and other
studies demonstrating increased methane production in patients
with IBD.71 The low number of pediatric IBD subjects found to
have archaeal species from the stool in our study is consistent with
a report of increase in methane production with aging.72 Thus, our
data suggest that archaeal colonization may be more characteristic
of the adult gut microbiota.

In conclusion, we report that pediatric IBD was associated
with decreased fungal diversity and also altered taxonomic
composition. We found an increased proportion of 2 Candida
OTUs in patients with IBD. The fungal microbiota may be impor-
tant in IBD given the increased prevalence of ASCA and the more
recent work suggesting a relationship between fungal pattern rec-
ognition receptors and IBD in mice. We also report a compositional
signature elucidated in the random forest analysis that may be use-
ful in diagnosing patients with IBD. Thus, these findings (1) clarify
the existence and nature of fungal dysbiosis in pediatric IBD, (2)
pose the question of whether specific yeast lineages may be more
proinflammatory or colonize associated with inflammation, (3)
motivate the investigation of fungal blooms in response to treat-
ment of IBD, and (4) provide a signature of dysbiosis in pediatric
patients potentially useful in individualized molecular diagnosis.
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