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Abstract

BACKGROUND & AIMS: Although the role of gut microbiota in Clostridioides difficile
infection (CDI) has been well established, little is known about the role of mycobiota in CDI.
Here, we performed mycobiome data analysis in a well-characterized human cohort to evaluate the
potential of using gut mycobiota features for CDI diagnosis.

METHODS: Stool samples were collected from 118 hospital patients, divided into three groups:
CDI (n = 58), asymptomatic carriers (Carrier, n = 28) and Control (n = 32). The nuclear ribosomal
DNA internal transcribed spacer 2 was sequenced using the Illumina HiSeq platform to assess the
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fungal composition. Downstream statistical analyses (including Alpha diversity analysis,
ordination analysis, differential abundance analysis, fungal correlation network analysis, and
classification analysis) were then performed.

RESULTS: Significant differences were observed in alpha and beta diversity between CDI
patients and Carrier (P < .05). Differential abundance analysis identified two genera
(Cladosporium and Aspergillus) enriched in Carrier. The ratio of Ascomycota to Basidiomycota
was dramatically higher in CDI patients than in Carrier and Control (P< .05). Correlations
between host immune factors and mycobiota features were weaker in CDI patients than in Carrier.
Using 4 fungal OTUs combined with 6 host immune markers in the random forest classifier can
achieve very high performance (AUC~92.38%) in distinguishing CDI patients from Carrier.

CONCLUSIONS: Our study provides specific markers of stool fungi combined with host
immune factors to distinguish CDI patients from Carrier. It highlights the importance of gut
mycobiome in CDI, which may have been underestimated. Further studies on the diagnostic
applications and therapeutic potentials of these findings are warranted.
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Introduction

Clostridioides difficile (C. difficile) remains the leading cause of healthcare-associated
infectious diarrhea and is responsible for 500,000 illnesses and up to 30,000 deaths annually
in the United States!. Exposure to C. difficile can lead to asymptomatic carriage (presence of
toxinogenic C. difficile in the colon, but no symptoms), or C. difficile infection (CDI) with a
range of clinical presentations (ranging from mild diarrhea to severe colitis and/or death)?.
Asymptomatic C. difficile colonization refers to the shedding of C. difficile in stool but
without diarrhea or other clinical symptoms2. Previous studies revealed that asymptomatic
C. difficile colonized patients in the acute care setting may be protected from progression to
infection since they can mount a humoral immune response to C. difficile toxins*. Toxin-
targeting treatments, such as vaccines and monoclonal antibodies, may protect against CDI
recurrence but are unlikely to prevent asymptomatic colonization with C. difficile> S.
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Currently, no diagnostic method can accurately differentiate CDI from C. difficile
colonization. This constitutes a critical unmet need in clinical care. Literature regarding
colonized patients varies significantly in the patient inclusion criteria, tested material, and
applied diagnostic and gold standard tests. Additionally, various diagnostic screening tests
have been used to detect C. difficile, frequently divided into assays to recognize toxinogenic
or nontoxinogenic strains3. Our previous study also revealed that neither stool toxin
concentration nor nucleic acid amplification testing (NAAT) cycle threshold value can
reliably distinguish a symptomatic CDI patient from a C. difficile colonized patient with
diarrhea due to other causes? /. Therefore, novel diagnostic markers for differentiation of
CDI from asymptomatic carriers (Carrier) are urgently needed.

The human gastrointestinal tract harbors a complex and diverse community of commensal
microorganisms, providing a variety of beneficial effects to the host. They contribute to the
maintenance of intestinal homeostasis and epithelial integrity and exert anti-inflammatory
effects by interacting with the mucosal immune system8. A healthy microbiome, composed
of diverse communities of bacteria, viruses, fungi, protozoa, and archaea, offers colonization
resistance against pathogens through various mechanisms®. Hence, disruption of the
microbiome (a.k.a. microbial dysbiosis) due to immunodeficiency, chemotherapy, antibiotic
use, or other factors, is known to increase the risk of CDI by disrupting the gut
microbiome’s ability to resist pathogen colonization or by weakening the intestinal barrier10,

While growing evidence supports the importance of the gut microbiotall: 12 and
bacteriophages'3 in the pathogenesis of CDI, the potential role of the fungal component of
the gut microbiota, namely the gut mycobiota, in CDI has long been overlooked. A few
existing studies focused on the gut mycobiota comparison between CDI patients and healthy
Control4. There is a paucity of literature studying the gut mycobiota difference between
CDI patients and Carrier. This represents a significant knowledge gap that warrants filling
and can be essential for understanding the overall gut microbiota dysbiosis associated with
CDI.

We hypothesize that the fecal mycobiota can serve for CDI diagnosis purpose. To test this
hypothesis, we analyzed mycobiota data analysis of 118 hospitalized individuals that consist
of CDI patients (n = 58), antibiotic exposed Carrier (n = 28), and antibiotic exposed
asymptomatic non-carriers (n = 32). In this study, we aimed to profile gut mycobiota using
internal transcribed spacer 2 (ITS2) sequencing of stool samples from these individuals.
Infection with C. difficile leads to both adaptive and innate immune responses!®. Our several
previous studies revealed that adaptive immune responses to C. difficile toxins have been
associated with symptomless carriage!®: 17. Meanwhile, C. difficile and its toxins are potent
activators of innate immune responses in vitro and in vivol8. Our previous study also
showed that specific serum markers of innate and adaptive immunity can distinguish CDI
from Carrier’. Hence, here we also aimed to determine whether these immune factors
combined with specific fungal markers could further increase the discriminative power
between CDI and Carrier.
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Methods

Study participants.

The background and design of this cohort has been detailed in our previous study?: 7.
Concisely, all individuals were adults (age > 18 years old). CDI patients were inpatients with
positive clinical stool NAAT result, new-onset diarrhea, and a decision to treat for CDI. The
diagnostic clinical stool sample was captured as a discarded sample; a discarded serum
sample collected within 1 day of that stool sample was also captured. Patients were excluded
if the diagnostic stool specimen was more than 72 hours old, if they had received CDI
treatment for more than 24 hours prior to stool collection, or if they had a colostomy. Carrier
were admitted for at least 72 hours, had received at least one dose of an antibiotic within the
past 7 days, and did not have diarrhea in the 48 hours prior to stool sample collection, but
had positive NAAT results on stool testing and were not treated for CDI. Patients with 2 or
more loose stools within a 24-hour period were excluded; patients with 1 loose stool were
included only if providers had recently administered a laxative. Patients were excluded if
they had a colostomy; received oral or intravenous metronidazole, oral vancomycin, oral
rifaximin, and/or oral fidaxomicin for more than 24 hours within the prior 7 days; had been
diagnosed with CDI in the past 6 months; or had tested negative for C. difficile within the
past 7 days. Stool samples were collected prospectively under verbal informed consent. A
discarded serum sample from within 1 day of the stool sample was also captured. Control
groups included individuals without diarrhea who had screened as eligible for the
Asymptomatic Carrier group but were NAAT negative on stool testing. Discarded serum
samples were captured within 1 day of the stool sample. Patients who had antifungal
medication 7 days prior to sample collection were excluded.

Serum immune marker measurement

The measurement of host serum cytokines concentrations of IL2, 1L4, IL6, IL8, 1L10, 1L13,
IL15, IL1B, GCSF, MCP1, VEGFA and TNFa was performed using a Milliplex magnetic
bead kit and Luminex analyzer (MAGPIX) (Millipore Sigma, Inc., Burlington, MA) as per
the manufacturer’s instructions. Serum antibody levels against C. difficile toxins A (anti-
toxin A IgA, anti-toxin A 1gG and anti-toxin A IgM) and B (anti-toxin B IgA, anti-toxin B
IgG and anti-toxin B 1gM) were measured by semi-quantitative enzyme-linked
immunosorbent assay (ELISA). All the experimental details have been reported
previously? 7.

Fungal ITS2 sequencing and bioinformatics analysis.

ITS2 sequencing was conducted on an Illumina HiSeq platform (Illumina Hiseq 2500).
Details of fecal DNA isolation, ITS2 sequencing, library preparation, data processing and
bioinformatics analysis are available online as supplementary methods.

Data analysis.

Alpha (i.e., within-sample) diversity measures: Chaol (estimated richness) and Shannon
diversity of any two groups were compared using Wilcoxon rank sum test!®. Permutational
multivariate analysis of variance (PERMANOVA) was performed with the default 999
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permutations based on the Adonis and the Bray-Curtis and unweighted UniFrac distance2°.
Note that in the PERMANOVA tests, we only included subjects with known information of
age, sex, race and ethnicity. ANCOM was conducted after removing spurious observations
using default parameters with a Benjamini-Hochberg correction significance threshold of
0.0521. The Pvalues of Ascomycota to Basidiomycota ratio was calculated based on
Wilcoxon rank sum test?2, Microbial correlation network was constructed using SparCC23,
Correlated genus pairs were selected if the absolute value of sparse correlation |r| > 0.1 and P
<.05. All statistical analysis was performed using R, except SparCC analysis (based on

python).

Study population.

Fecal samples from our clinical cohorts of 118 patients from Beth Israel Deaconess Medical
Center (BIDMC) were prospectively collected, including 58 stool samples of the CDI
cohort, 28 of Carrier, and 32 stool samples of Control subjects. There was no difference in
clinical characteristics of the participants including sex, age, gender and ethnicity among the
three groups (P> .05, Supplementary Table 1) as described in detail previously’.
PERMANOVA showed that cohorts and clinical characteristics of the participants such as
age, sex, race and ethnicity had no significant effect on the mycobiome composition (P

> .05, Supplementary Table 2).

Characteristics of the sequence datasets.

With fungal 1TS2 region sequencing, the total number of sequences was 7,418,956, with an
average of 62,344 reads per sample, the average length of the reads was approximately 383
bp. Sequences were clustered into 712 OTUs based on their shared sequence similarity at a
97% threshold. Overall, a total of 6 phyla, 26 classes, 74 orders, 165 families, and 279
genera from fungi were identified, while 410 OTUs were identified to the species level.

Ecological features of the fecal fungal communities.

A Shannon-Wiener curves analysis was performed to evaluate whether we obtained
sufficient sequencing sampling reads to perform a meaningful ITS2 analysis. The number of
OTUs plateaued in all samples as the sample sequencing reads increased (Supplementary
Figure 1A), suggesting that we acquired a sufficient number of sequencing sampling reads to
reach plateau levels. All samples had a good depth of coverage as indicated by the Good’s
coverage estimates (>99.98%, data not shown).

The Venn diagram depicts those OTUs that were unique to three cohorts, or shared by them.
Venn diagram showed that 128 of the total 712 OTUs were shared among the three groups,
while 466 of 712 OTUs were unique for three groups (Supplementary Figure 1B).

In order to assess the variations of fungal biodiversity, the Chaol index (estimated richness)
and Shannon diversity were used to compare the three groups at the OTU levels. Compared
with the Carrier and Control groups, the fungal richness and diversity were significantly
decreased in the CDI group (P < .01; Figure 1A and B).

Gastroenterology. Author manuscript; available in PMC 2022 June 01.
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To display fungal community composition among cohorts, we performed Principal
Coordinates Analysis (PCoA) using Bray-Curtis and the unweighted UniFrac distance.
These data indicated that the fungal compositions of CDI patients vary more prominently
than Carrier. As expected, significant differences of fungal compositions were observed
between CDI and Carrier (P < .05) when analyzed by pairwise tests (Figure 1C and D).
Interestingly, no significant difference was observed between Carrier and Control (P> .05;
Figure 1C and D). Meanwhile, by directly comparing the beta diversity of each group, we
found that the CDI group had the largest variability, whereas the Carrier group showed lower
variability (Figure 1E and F), indicating that the fungal compositions of participants within
the CDI group vary more prominently than Carrier.

Taxonomic composition of the gut mycobiota.

Fungal phyla of Ascomycota, Basidiomycota and unclassified fungi, together accounting for
up to 90% of sequences on average, were the three dominant taxa in all three groups
(Supplementary Figure 2). Fungal genera of Saccharomyces, Candida, Nakaseomyces, and
Penicillium were the dominant taxa among these groups (Figure 2). The ternary plot showed
that Carrier shared higher proportions of fungal communities (at the genus level) with
Control subjects than with CDI patients (Supplementary Figure 3A). Further classification at
the genus level, a hierarchical heat map of the relative abundance of top-30 most abundant
fungal genera (Supplementary Figure 3B) indicated that fungal communities of those three
groups were quite unique.

Ascomycota:Basidiomycota ratio.

A previous work revealed that gut mycobiota is dysbiotic in inflammatory bowel disease
patients with much lower Ascomycota:Basidiomycota ratio than that of healthy Control?2,
The prompts us to study the Ascomycota:Basidiomycota ratio in our cohort. Interestingly,
we found that the Ascomycota:Basidiomycota ratio was dramatically higher in CDI than in
Carrier (P< .05, Figure 3). These results suggested that the Ascomycota:Basidiomycota
ratio could represent a fungal dysbiosis index to differentiate CDI from Carrier.

Fungal differential abundance analysis.

When conducting differential abundance analysis, ANCOM detected 2 differentially
abundant fungal genera (Supplementary Table 3; Figure 4), including genera Aspergillus and
Cladosporium. ANCOM also detected 2 differentially abundant fungal OTUs (OTU657:
Aspergillus proliferans, OTU252: unclassified g Cladosporium, an unclassified OTU within
genus Cladosporidium) between CDI and Carrier, also detected 3 differentially abundant
fungal OTUs (OTU252; OTUS84: unclassified g Aspergillus, OTUG87: Candida
aubliniensis) between CDI and Control (Supplementary Table 4; Figure 4). No differentially
abundant fungal genera or OTUs were found between Carrier and Control. These results
suggested that differentially abundant fungal genera or OTUs could be used as potential
biomarkers to differentiate CDI from Carrier.

Gastroenterology. Author manuscript; available in PMC 2022 June 01.
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Fungal correlation networks.

To compare the fungal communities of the three groups at the network-level, we constructed
the fungal correlation network for each group using SparCC23 (sparse correlations for
compositional data). We found that the fungal correlation network of the CDI group has
quite different structure compared to the other two groups. The overall fungal correlations in
the CDI group are much weaker than those in the Carrier group (Figure 5). We also observed
the disappearance of some fungal correlations in CDI compared to Carrier and Control.
Strong positive correlations were found among Aspergillus, Cladosporium, and
Saccharomyces, while Ascomycota and Basidiomycota exhibited the strong negative
correlation in all three cohorts (P <.05, data not shown).

Diagnostic accuracy of CDI classification based on host immune markers and gut

mycobiota.

To illustrate the diagnostic power of fecal mycobiota and immune factors, we constructed a
Random Forest Classifier to distinguish CDI from Carrier or Control. The classification
performance was evaluated by the area under the curve (AUC) of receiver operating
characteristic (ROC). In classifying CDI and Carrier, we found that OTU486
(unclassified_o_Pleosporales) is the top feature with AUC~0.664, and GCSF remains as the
top immune feature as we previously reported’ with AUC~0.820 (Figure 6A). For the
optimal marker sets of OTUs (or immune factors), we achieved AUC~0.818 (or 0.8524),
respectively. Notably, combining features of fungal OTUs with immune factors reached a
superior classification with AUC~0.924. The optimal set of consisted of 4 fungal OTU
(OTU657: Aspergillus_proliferans, OTU35: unclassified fungi, OTU252:
unclassified_g_Cladosporium, and OTU486) and 6 immune markers (GCSF, IL6, 1L8, IL10,
TNFa, and 1L4) (Figure 6C). In classifying CDI and Control, the mean AUC values were
0.751, 0.857, 0.746, 0.955, and 0.950 for the top OTU feature (OTU584:
unclassified_g_Aspergillus), the top immune feature (GCSF), the optimal feature set of
OTUs, the optimal feature set of immune factors, and the optimal combined feature set of
fungal OTUs and immune factors, respectively (Figure 6B). The optimal combined feature
set consisted of 1 fungal OTU (OTU584) and 5 immune markers (GCSF, TNFa, IL6, IL4
and MCP1) (Figure 6D). These results suggested that the random forest classifier based on a
combined feature set of fungal OTUs and immune factors can achieve a powerful diagnostic
performance in differentiating CDI from the Carrier (or Control) group.

Correlation between serum biomarkers and mycobiota features.

To reveal the interplay between the gut mycobiome and the host immune system, we
calculated the correlations between fungal compositions (at the genus level) and the
circulating levels of host immune markers. A total of 20 serum immune factors were
measured for correlation with mycobiota features (Figure 7). Overall, the three groups have
quite different correlations between gut fungal genera and host immune factors. More
strongly positive associations between gut fungal genera and host immune factors were
found in Carrier than in CDI. For example, in each group, we focused on the correlations
among two main different genera (Saccharomyces and Aspergillus) with host immune
factors. In the CDI group we observed negative associations between Saccharomyces and

Gastroenterology. Author manuscript; available in PMC 2022 June 01.
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IL6, GCSF. In the Carrier group, we observed positive associations between Aspergillus and
IL1B, IL8 and TNFa, positive associations between Saccharomyces and MCP1, negative
associations between Saccharomyces and anti-toxin B IgA and anti-toxin A IgM. In the
Control group, Saccharomyces was significantly positively associated with IL4. These
results indicated that the correlations between gut fungal genera and host immune factors
can be very sensitive to the colonization/infection status.

Discussion

Our study is the first to report a diagnostic model using fecal fungal OTUs and serum
immune markers with a powerful diagnostic potential to differentiate CDI patients from
Carrier. We found that fungal alpha diversity (richness and diversity) and beta diversity were
significantly lower in the CDI group compared to the Carrier group; and the abundance of
several fungi at the phylum and genus levels between these two groups significantly differed.
The Ascomycota:Basidiomycota ratio could represent a fungal dysbiosis index to
differentiate CDI from Carrier and Control. The marked differences in the associations
between mycobiome features and serum cytokines in the three different cohorts suggests
interactions between the host systemic immune response and the gut mycobiome.

Comparisons between healthy and diseased cohorts have highlighted the importance of class
discovery (detecting novel subtypes of a disease) and class prediction (forecasting the
disease subtype of an individual or group)14 24-26_ Previous studies revealed that host
inflammatory markers (including serum cytokines, calprotectin, and fecal lactoferrin) have
diagnostic potential; however, they are not disease specific in CDI, and therefore are
imperfect biomarkers?”. Our classification analysis based on the optimal fungal OTU
features achieved a powerful classification potential for distinguishing CDI from
Asymptomatic Carrier (AUC~0.818). As we integrated gut fungal OTUs and host immune
markers, we identified a specific immune-mycobiota signature for CDI that further enhances
the classification performance in differentiating CDI from Asymptomatic Carrier
(AUC~0.924). Our previous study found that serum GCSF concentration alone can achieve
AUC~0.842 in discriminating CDI from Carrier’. Hence, the addition of gut fungal OTUs
further enhance the discriminative power of GCSF.

We found that fecal fungal richness and diversity were significantly decreased in CDI
compared to Carrier and Control groups. This is consistent with previous findings
comparing CDI with healthy Control'4. Beta diversity was significantly different between
CDI and Carriers, which is also consistent with previous reports where PCoA revealed
significant clustering of samples between CDI and non-CDI24 25, These results indicate a
significant global shift in gut mycobiota between Carrier and CDI, suggesting that an altered
fungal community might play a role in CDI pathogenesis. Thus, greater diversity or richness
in the fungal community is a sign of a relatively healthy gut mycobiota, even in patients
receiving antibiotics.

Our current study showed that phyla of Ascomycota and Basidiomycota were the two
dominant taxa in the three groups, which is consistent with a previous study2®. The most
commonly reported fungi found in the human gastrointestinal tract include members of the
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genera Candida, Saccharomyces, Penicillium, Aspergillus, and Cladosporiunt?®.
Accordingly, our study found genera Saccharomyces and Candidato be the two dominant
taxa in all three cohorts. Furthermore, we also observe that the abundance of phyla
Ascomycota has a strongly negative correlation with that of Basidiomycota. Thus, the
Ascomycota:Basidiomycota ratio was higher in CDI patients than in Asymptomatic Carrier,
suggesting this imbalance between Ascomycota and Basidiomycota may be correlated with
CDI pathobiology, and could be used as biomarker to differentiate CDI from Carrier.

Although Candida was among the most abundant genera in CDI, it is not identified to be
differentiating CDI from Carrier in our study. This may be due to the high heterogeneity
within the Candida genera and to the difficulty in identifying fungi at the species level using
our sequencing approach. Several previous studies have evaluated the relation between CDI
and Candida colonization and/or disease, and both positive and negative associations have
been reportedl4 29-32|n this study, the fungal genus Saccharomyceswere found to be
depleted in CDI, suggesting a potential beneficial role of Saccharomycesabundance in the
gut, consistent with our previous studies?? 33-36_Interestingly, Saccharomyces abundance
had a strong negative correlation with IL6 in the CDI cohort. Previous observations
described the serum 1L6 concentration correlating with CDI severity and mortality37: 38,
Though the directionality of these correlations is unclear, a previous study found that
Saccharomyces cerevisae inhibits the transcription and translation of 1L6 in enterocytes3®,
The differential abundance analysis of fungal taxonomic composition, as conducted by
ANCOM in this study, detected two differentially abundant genera between CDI and Carrier
(or Control): Aspergillus and Cladosporium. The decrease of Aspergillus and Cladosporium
in CDI compared to Carrier (or Control) may suggest a beneficial role of these fungi in
patients at risk for CDI. Another study suggested that Aspergillus penicillioides was more
enriched in healthy individuals than in CDI; treating CDI patients with fecal microbiota
transplantation restored the abundance of this species'®. The present study is the first to
report increased abundance of Cladosporium in Carriers/Control compared to CDI. Thus,
Cladosporium could perhaps play a protective role in patients at risk for CDI. Network
analyses established strong fungal abundance correlations in the Carrier/Control groups,
which were absent in the CDI group. Furthermore, the fungal correlations in the CDI group
were weaker than those in the Carrier/Control group. This could be interpreted as CDI being
a state in which physiological fungal correlations are disrupted. The absence of these
correlations may reflect mycobiota-immune cross-talk that could mediate disease
susceptibility, the directionality of these interactions remains to be further studied.

In conclusion, we describe previously unknown characteristics of the gut mycobiota in the
C. difficile colonization-infection continuum, pinpoint fungal taxonomic units that may play
key roles in CDI pathogenesis and, identified specific fungal markers with promising
diagnostic features. Gut mycobiota-targeted biomarkers together with immune factors could
become potential diagnostic tools to discriminate CDI from Carrier. However, studies with
larger cohorts need to be done to further validate the findings before this test can be used in
the clinical diagnostic settings. Systematic investigation of the key fungal genera or OTUs
by metagenomic sequencing may further improve the diagnostic value of these markers for
CDI. Nonetheless, a method simpler and cheaper than sequencing of the mycobiome will
need to be further developed.
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What you need to know:
Background and Context:

It is an existing challenge for clinicians who care for patients with C. difficile infection
(CDI) to distinguish active infection from C. difficile carriage. Little is known about the
role of mycobiome in CDI.

New findings:

Mycobiota appears to be an important component of microbial dysbiosis associated with
CDI. Fungal OTUs combined with host immune factors provide high power for
distinguishing CDI from Carrier.

Limitations:

This was a cross-sectional study of 58 patients with CDI, 28 Carrier and 32 Control from
a single hospital. Further studies are needed in other geographical regions and larger
populations to validate these findings.

Impact:

Fecal mycobiota combined with host immune factors may be useful biomarkers to
distinguish CDI from Carrier.

Lay Summary:

Incorporating both gut mycobiota and host immune factors into classification models can
better distinguish CDI from Carrier.
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Figure 1. Alpha and beta diversities, and ordination analysis of the gut mycobiota with three

distinct phenotypes: Control, Carrier and CDI.

A,B: The alpha diversity analysis was based on: Chaol index (A) and Shannon index (B).
C,D: Principle Coordinate Analysis (PCoA) of the fungal compositions at the operational
taxonomic unit (OTU) level based on the Bray-Curtis dissimilarity (C) and unweighted
UniFrac distance (D). The ellipses represent the 95% of the samples belonging to each
group. Dissimilarity was analyzed using Adonis statistical tests with 999 permutations based
on Bray-Curtis dissimilarity: CDI vs Carrier (R? = 0.0299, £=.032), CDI vs Control (R? =
0.0121, P=.337) and Carrier vs Control (R? = 0.0147, P=.491). Similar analysis based on
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unweighted UniFrac distance yielded: CDI vs Carrier (R? = 0.0363, A= .001), CDI vs
Control (R% = 0.0361, A= .001) and Carrier vs Control (R? = 0.0118, P=.957). E,F: The
beta diversity analysis was based on Bray-Curtis dissimilarity (E) and unweighted UniFrac
distance (F). ns: P> .05, *P< .05, **P< .01, ***P< .001.
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Figure 2. Genus-level taxonomic profiles of the gut mycobiota from three distinct phenotypes:
Control, Carrier and CDI.

Only genera with = 1% abundance in at least one sample were depicted. Otherwise, they
were included in the category “others”.
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Figure 3. The relative abundance and ratio of Ascomycota to Basidiomycota of gut mycobiota
from three distinct phenotypes: Control, Carrier and CDI.

(A) Ascomycota, (B) Basidiomycota, (C) Ascomycota to Basidiomycota ratio. Data are
presented as median and 95% CI with P values based on Wilcoxon rank sum test. ns: P
> .05, *P< .05, **P< .01, ***P< .001.
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Figure 4. Differentially abundant fungal taxa among the three phenotypical groups: Control,
Carrier and CDI.

Differentially abundant genera (A-B) and OTUs (C-F) were found using ANCOM. Note that
for a taxon that is absent in most subjects, the interquartile range (difference between first
quartile and third quartile) will be extremely small. ns: > .05, *P< .05.

Gastroenterology. Author manuscript; available in PMC 2022 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Caoetal. Page 19

A Control B Carrier
brius ric) Rpa .

‘‘‘

N

X)

> Sy

7z

q

ST
A S
“ - —y
i
7 A’

XN

— AwAW

@ Ascomycota
@ Basidiomycota

W
2
&

A/

. Mucoromycota

mmmm Positive
= \egative

\/
TR
CrAN)
Yy \ 17
N

2
1L 2

W

7/

$)

-

L

Wi
7

Figure 5. Fungal correlation networks of the three phenotypical groups: Control (A), Carrier (B)
and CDI (C).

Nodes represent genera and are colored based on their phylum. Edges represent fungal
correlations: green/red means positive/negative correlations, respectively. Edge thickness
indicates the absolute value of correlation coefficient, and only the high confidence
interactions (P < .05) with high absolute correlation coefficients (> 0.1) were presented.
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Figure 6. Classification analyses based on random forest models.
A,C: CDI vs. Carrier. B,D: CDI vs. Control. For each classification analysis, we tried

different types of features: best OTU, best immune factor, all OTUs, all immune factors, all
OTUs and immune factors. The receiver operating characteristic (ROC) curves were shown
in A and B. The top features ranked based on their mean decrease accuracy were shown in C
and D. The lengths of the bars in the histogram represent the mean decrease accuracy, which
indicates the importance of features (OTUs and immune factors) for classification. OTU657:
Aspergillus_proliferans, OTU35: unclassified fungi, OTU252:
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unclassified g Cladosporium, OTUA486: unclassified o Pleosporales, OTU584:
unclassified g Aspergillus.
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Figure 7. Spearman correlations between fungal abundances in stool samples and the circulating
levels of host immune markers in serum samples from the three phenotypic groups: Control (A),
Carrier (B) and CDI (C).

For each heat map, rows correspond to fungal taxa at the genus level, columns correspond to
immune factors. Red and blue represents the positive and negative correlations, respectively.

The intensity of the colors denotes the degree of correlation between the genera abundances
and the circulating levels of host serum immune factors. *£P< .05, **P< .01, ***P < .001.
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