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Blastocystis is the most frequently isolated protozoan from human stool. Its role in
human health is still debated, and a high prevalence was reported in irritable bowel
OPEN ACCESS syndrome (IBS) subjgcts, §uggest|ng a ploten‘ual link W|th mlc.rob|cl>ta. I.n the present
study, we aimed to investigate prokaryotic and eukaryotic microbiota in both IBS-C
o’fdi’;d by:  (constipated) and healthy individuals. We recruited 35 IBS-C patients and 23 healthy
1
New University of usbon?io:ugz subjects, from which 12 and 11 carried Blastocystis, respectively. We performed 16S
Reviewedby: ~ @nd 185 rRNA high-throughput sequencing on feces. Whereas we did not observe
Xiaojun Zhuang, differences between infected and non-infected controls, several phyla were significantly
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modified in IBS-C patients according to the presence of Blastocystis. Tenericutes
phylum and Ruminococcaceae family were especially increased in Blastocystis carriers.
Furthermore, colonization with Blastocystis was associated with discrete changes in the
microbial eukaryome, particularly among the Fungi taxa. Depending on the group of
patients considered, the mycobiota changes do not go in the same direction and seem
more deleterious in the IBS-C group. These results encourage further in vivo and in vitro
investigations concerning the role of Blastocystis in the gut environment.

Keywords: Blastocystis, gut microbiota, irritable bowel syndrome, IBS-C, eukaryome, 16S / 18S ribosomal RNA
gene analysis

INTRODUCTION

Blastocystis is the most prevalent intestinal parasite found in human worldwide, even in
industrialized countries; for example, the prevalence is approximately 17% in France (El Safadi
etal., 2016). Twenty-two subtypes (ST) of the parasite have been described using a 600-bp barcode
sequence of the 18S rRNA encoding gene (Stensvold and Clark, 2020). Among them, ST1 to ST9
and ST12 were identified in human stools, with ST1 to ST4 being the most frequent (Alfellani et al.,
2013; Ramirez et al., 2016). Blastocystis pathogenicity remains debated as most of the colonized
people are asymptomatic. A potential link between Blastocystis and irritable bowel syndrome (IBS),
a functional chronic disorder, was suspected in several studies on the basis of prevalence data and
potential virulence factors produced by the parasite (Poirier et al., 2012; Nourrisson et al., 2014,
2016). Four symptom-based subgroups of IBS can be distinguished according to the predominant
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bowel habit: IBS-C for patients with constipation, IBS-
D for patients with diarrhea, IBS-M for patients with
alternating diarrhea and constipation, and IBS-U for patients
with unsubtyped IBS.

Investigations in asymptomatic subjects carrying Blastocystis
are required, given (i) the large number of colonized people,
and (ii) questions about the infectious risks link with fecal
microbiota transplantation (FMT) and its consequences on the
health of recipients. Indeed, Blastocystis-colonized people should
be excluded from donation, even if they are otherwise in good
health, since the safety of transplanting the parasite has not been
demonstrated (Cammarota et al., 2017).

These concerns have led to the publication of a growing
number of studies on the impact of Blastocystis on the intestinal
microbiota, focusing mainly on its prokaryotic component
(reviewed in Deng et al, 2021). Many studies support that
Blastocystis is associated with higher bacterial diversity and
richness, and that the parasite could be considered as a
commensal of a healthy gut environment. However, the debate
remains wide open since other works identify a decrease of
the abundance of beneficial bacteria such as Bifidobacterium sp.
(Nourrisson et al., 2014). A decrease in Bifidobacterium and
Lactobacillus was also observed in mice infected with ST7 (Yason
etal., 2019). Moreover, Defaye et al. (2020) recently demonstrated
that Blastocystis infection in rat is responsible for microbiota
changes associated with visceral hypersensitivity. These changes
included an increase in the relative abundance of Oscillospira and
a decrease in Clostridium.

Works studying the eukaryotic microbiota are rarer. One
study reported that Blastocystis colonization is associated
with an increase in fungal diversity of intestinal tract
(Nieves-Ramirez et al., 2018).

Facing these contradictory results and the need of additional
data for microbiota modification associated with Blastocystis
colonization, and especially interactions with eukaryotic
microbiota, we conducted in the present work a prospective
study in both healthy and IBS-C subjects.

MATERIALS AND METHODS

Patient Recruitment

From January 2014 to July 2017, patients suffering from IBS-C
and healthy subjects were recruited in a prospective study. Both
IBS-C (fulfilling the Rome III criteria, Longstreth et al., 2006)
and healthy subjects beneficiated of a medical consultation with a
gastroenterologist in the Gastroenterology unit of the University
Hospital of Clermont-Ferrand (France). All included subjects
were men or women over the age of 18. Subjects who used
antibiotics or probiotics less than 2 months before stool collection
were not included in the study, as are control subjects with
functional digestive disorders or other known intestinal disease.
IBS symptom severity score (IBS-SSS, also known as Francis
score), BMI, sex, and age were collected. This clinical study was
approved by the research ethics committees of the Clermont-
Ferrand Hospital (“Comité de Protection des Personnes Sud-Est
V1,” France) with the reference number 2013-A00031-44.

Stool Samples and DNA Extraction

Stool specimens from included subjects were processed in less
than 4 h after emission. Approximately 200 mg of stools was
mechanically ground with 0.5-mm-diameter glass beads on
Tissue Lyser (Qiagen) during 3 min at 30 Hz/s. Total DNA
extraction was then performed with the QIAamp® DNA Stool
Mini Kit (Qiagen) and eluted in a final volume of 200 .l
according to the manufacturer’s recommendations. DNA extracts
were stored at —80°C until the next steps.

Detection and Subtyping of Blastocystis
Spp.

Specific quantitative PCR (qPCR) to detect and subtype
Blastocystis was carried out using BLI18SPPF1/BL18SR2PP
primers (Supplementary Table 1) that target a conserved region
of the SSU rRNA gene and allow discrimination between subtypes
as previously described (Poirier et al., 2011). Blastocystis subtypes
were assigned with a query coverage > 98% with exact match or
identity > 98%.

16S rRNA and 18S rRNA

High-Throughput Sequencing

Mumina high-throughput sequencing was performed by
MRDNA lab ('Shallowater, TX, United States) on a MiSeq
(Macrogen, Inc.) following the manufacturer’s guidelines. Briefly,
the variable regions V3-V5 of the bacterial 16S rRNA gene were
amplified using the broad-range forward primer 515F and the
reverse primer 909R (Li et al., 2016; Supplementary Table 1).
Similarly, a portion of the sequence of the 18S rRNA gene was
amplified using the primers 515F_Euk and 1119R previously
described (Parfrey et al, 2014; Supplementary Table 1). For
each target, a 28-cycle PCR (5 cycles used on PCR products)
was performed with barcoded forward primers and using the
HotStarTaq Plus Master Mix Kit (Qiagen, Germantown, MD,
United States) under the following conditions: 94°C for 3 min,
followed by 28 cycles of 94°C for 30 s, 53°C for 40 s, and 72°C
for 1 min, after which a final elongation step at 72°C for 5 min
was performed. After amplification, PCR products were checked
in 2% agarose gel to determine the success of amplification
and the relative intensity of bands. Multiple samples were
pooled together (e.g., 100 samples) in equal proportions based
on their molecular weight and DNA concentrations. Pooled
samples were purified using calibrated Ampure XP beads.
Then, Illumina sequencing was performed and DNA libraries
were built according to the Illumina TruSeq DNA library
preparation protocol.

Sequencing Data Quality Control and

Preprocessing

Sequence data were processed using QIIME microbiome analysis
package (Quantitative Insights into Microbial Ecology QIIME,
version 1.8.0%) (Caporaso et al., 2010).

'www.mrdnalab.com

Zhttp://qiime.org/
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16S rBRNA Gene Sequences

In summary, sequences were demultiplexed to remove barcodes
and primer sequences. Sequences < 250 bp or > 600 bp or
with ambiguous base calls were removed. Operational taxonomic
units (OTUs) based on 97% specific 16S rRNA gene sequence
identities were generated with the SILVA database (release 138°)
using uclust, and chimeras were removed using ChimeraSlayer.
Final OTUs were taxonomically classified using BLASTn against
SILVA database. Data sets were filtered to exclude singletons and
mitochondrion and chloroplast sequences. Following filtering, a
cutoff of 650 reads per sample was applied. All 16S rRNA gene
samples passed the cutoff.

18S rRNA Gene Sequences

In summary, sequences were demultiplexed to remove barcodes
and primer sequences. Sequences < 200 bp or > 1,200 bp or with
ambiguous base calls were removed. Sequences were clustered in
OTUs using an open reference strategy with the SILVA database
(release 138), and chimeras were removed using ChimeraSlayer.
Final OTUs were taxonomically classified using BLASTn against
SILVA database. Data sets were filtered to exclude singletons and
mammalian and plant sequences. Following filtering, a cutoff of
650 reads per sample was applied.

Functional Bioinformatic Analysis of 16S
rRNA Data

R package Tax4Fun* was used to predict the functional
capabilities of the microbial communities based on 16S rRNA
data (Ahauer etal., 2015). The OTU table generated with QIIME
was imported to Tax4Fun (R version 4.0.3) and the SILVA123
database was used to predict functional capabilities. Briefly,
the linear relationship between the SILVA classification and
Kyoto Encyclopedia of Genes and Genomes (KEGG) database
prokaryotic classification realized the prediction of the microbial
community function. A heat map was built based on gene
abundances of the enzymes of interest extracted from the output
tables of Tax4Fun.

Statistical Analysis

Alpha diversity, i.e., the richness of single microbial taxa within
a sample, was measured using observed OTU, Chao 1, and
Shannon’s and Simpson’s indexes. Observed OTU measurements
were determined with QIIME using an OTU table rarefied at
various depths. Boxplots showing alpha diversity were created
in QIIME. Monte Carlo permutations were used to calculate the
p-values.

Beta diversity, i.e., the variation in microbiota composition
between individual samples, was assessed based on both
weighted and unweighted UniFrac distances metrics between
samples computed with the rarefied OTUs count table. Principal
coordinates analysis (PCoA), generated in QIIME, was used to
further assess and visualize beta diversity. PCoA was created in R
software (4.0.3).

3https://www.arb-silva.de
“http://tax4fun.gobics.de

LefSe (LDA Effect Size) was used to investigate
bacterial members that drive differences between groups
(Segata et al., 2011).

For non-Gaussian data, comparisons were performed by the
non-parametric Mann-Whitney U test (unpaired data). A p-
value < 0.05 was considered statistically significant. All statistical
analyses were conducted in R software (4.0.3).

RESULTS

Thirty-five patients suffering from IBS-C (8 males and 27 females,
sex ratio 0.30) and 23 healthy subjects (10 males and 13
females, sex ratio 0.77) were recruited (Supplementary Table 2).
Blastocystis was detected among 12 patients of the IBS-C group
(34.3%) and among 11 subjects of the control group (47.8%). In
the IBS-C group, the most frequent subtype (ST) was ST4 (n = 4),
followed by ST3 (n = 3), ST2 (n = 3 including one co-infection),
ST1 (n = 1), ST5 (n = 1 co-infection), and ST7 (n = 1). In the
control group, the ST distribution was as follows: 4 ST1, 3 ST3,
3 ST4, and 1 ST7. Body mass index (BMI) was not significantly
different between the two groups (23.4 in the IBS group and 26.2
in the control group, Mann-Whitney test, p = 0.096) or according
to Blastocystis carriage (IBS group: 24.8 in Blastocystis carriers and
23.1 in non-carriers, p = 1.000; control group: 24.0 in Blastocystis
carriers and 28.7 in non-carriers, p = 0.141). In the IBS group,
Francis score was not significantly different between carriers and
non-carriers of Blastocystis (277 and 324, respectively, Mann-
Whitney test, p = 0.270).

We first analyzed the 16S rRNA sequence data set. Our
analyses revealed a significant decrease in bacterial richness
(Chao 1 and observed number of OTUs) in IBS-C compared
with controls (Figures 1A,B). Diversity (Shannon function and
Simpson’s index) was not significantly different between IBS-
C and control groups, but there was a trend to Shannon
diversity decrease, which depends more on less abundant species
than Simpson’s index (Figures 1C,D). There was no significant
difference of alpha diversity metrics within the control and IBS
groups depending on whether Blastocystis was present or not
(Figures 1E-H). However, bacterial richness was significantly
decreased in IBS-C compared to both carriers and non-carriers
in control groups. Interestingly, both bacterial richness and
diversity tend to be increased in IBS-C Blastocystis-positive
subjects compared to -negative subjects, but the difference was
not significant.

At the phylum level, the Firmicutes/Bacteroidetes ratio was
decreased in the IBS-C group (Figure 2A). Firmicutes were
significantly decreased in IBS-C subjects (Mann-Whitney
test, p = 0.012), whereas Proteobacteria and Verrucomicrobia
were significantly increased (Mann-Whitney test, p = 0.046
and 0.035, respectively). Moreover, f-diversity analyses
confirmed differences between bacterial communities of
IBS-C and controls at the OTU level (based on Bray-Curtis
dissimilarities, Figure 2B). The Firmicutes/Bacteroidetes ratio
tended to be increased in Blastocystis carriers from both IBS-C
and control groups when compared to non-carrier groups
(Mann-Whitney test, p = 0.085 and p = 0.449, respectively,
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Figure 3A). Interestingly, whereas no phylum was significantly
different between Blastocystis-negative and -positive controls
(Table 1), significant differences were observed within IBS
subjects. Tenericutes phylum was significantly expanded among
Blastocystis carriers of the IBS-C group (Figure 3B). In the
Blastocystis-positive control group, a trend to an increase of
Tenericutes was also observed (Figure 3B). Enrichment and
depletion of several bacterial taxa were further confirmed by
LEfSe (linear discriminant analysis effect size) analysis (p < 0.05,
LDA > | 2|; Figures 3C,D and Supplementary Figure 1).
Interestingly, Ruminococcaceae were enriched in the control
group when subjects were positive for Blastocystis (Figure 3C). In
IBS-C patients, Lactobacillus were decreased when subjects were
colonized with Blastocystis (Figure 3D). The PCoA based on
Bray-Curtis dissimilarities and unweighted or weighted Unifrac

distances showed a modest clustering of the samples from
IBS-C according to Blastocystis carriage, but not for controls
(Figures 3E,F).

To further explore the impact of microbiota differences, a
functional prediction of the microbial capabilities within each
group was conducted in silico. An important difference was
observed between IBS patients and healthy subjects, where two
major categories of functional groups emerged. Cluster I fitted
with a functional enrichment increase in IBS group, whereas in
cluster II, there was a decrease in enrichment (Figure 4). Genes
concerning metabolism of cofactors and vitamins, or amino acid
metabolism were found in both clusters. There were a number
of genes annotated to functions involved in the metabolism
of complex carbohydrates, most of these are in Cluster I, but
genes implicated in glycolysis/gluconeogenesis were identified in
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cluster II. Genes linked with lipid metabolism such as glycerolipid ~ according to the presence of Blastocystis in a same group (IBS
metabolism and fatty acid biosynthesis were only present in vs. healthy) concerns glycerolipid metabolism among healthy
Cluster I. The only significant difference in functional capabilities  subjects (1.027 for Blastocystis carriers vs. 0.964 for non-carriers,
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TABLE 1 | Relative abundances of bacterial phyla.

IBS group Control group
Phyla Blastocystis No Blastocystis p-value Blastocystis No Blastocystis p-value
Actinobacteria 0.006 0.004 0.548 0.002 0.006 0.090
Bacteroidetes 0.366 0.468 0.046 0.340 0.412 0.347
Epsilonbacteraeota 0.009 452 x 107° <0.001 7.40 x 10°° 5.29 x 107° 0.740
Firmicutes 0.429 0.382 0.595 0.479 0.498 0.880
Fusobacteria 0.013 714 x 107° 0.018 9.39 x 107° 8.77 x 107° 0.976
Lentisphaerae 0.002 0.003 0.771 0.005 0.004 0.525
Proteobacteria 0.094 0.105 0.986 0.039 0.055 0.525
Spirochaetes 0 0 / 2.24 x 107° 0 0.148
Synergistetes 0.002 8.64 x 1076 0.037 1.70 x 105 3.16 x 1074 0.610
Tenericutes 0.036 0.013 0.049 0.108 0.008 0.059
Verrucomicrobia 0.040 0.005 0.046 0.002 0.001 0.786

For statistical analysis, Mann-Whitney test was performed.
Significant p-values appeared in bold.

Students t-test p = 0.032). No difference was observed for
this pathway in the IBS group according to carriage or not of
Blastocystis (p = 0.919).

In the 18S rRNA sequence data set, 13 samples had fewer
than 650 sequences per sample after applying filtering steps,
which prompted their removal from the data set. Thus, 45
samples (25 IBS and 20 controls) were retained for ecological
analysis of eukaryotes.

As expected, the Fungi class accounted for the largest fraction
of the eukaryotic microbiota in IBS-C and control groups (75
and 64%, respectively, Figure 5). Blastocystis was obviously the
most abundant protist as we selected carriers for the study.
Other protists identified in our study were Dientamoeba fragilis
(Parabasalia class) and Entamoeba sp. (Entamoeba class). We
further conducted an analysis of the Fungi class after filtering
all the others eukaryota. Then, 14 more samples had fewer than
650 sequences per sample, which prompted their removal from
the data set. Thus, 31 samples (17 IBS and 14 controls) were
retained. Alpha diversity metrics were not significantly different
between IBS and controls (Figures 6A-D). Blastocystis carriage
had no impact on alpha diversity (Figures 6E-H). At the family
level, Dipodascaceae, Aspergillaceae, and Saccharomycetaceae
were the most abundant (64, 17, and 16% in the IBS group,
and 31, 41, and 18% in controls, respectively; Figure 7A).
Within the two groups of patients, Dipodascaceae were increased
among Blastocystis carriers, while Aspergillaceae were decreased
(Figure 7A; Table 2). Saccharomycetaceae were more than
twofold higher in controls carrying Blastocystis compared to
controls not colonized (39 and 15%, respectively). Considering
the 10 most prevalent families, Aspergillaceae tended to be
increased among controls not carrying Blastocystis compared to
positive controls (Table 2). Metschnikowiaceae were increased
among IBS subjects carrying Blastocystis compared to non-
carriers (Table 2). Geotrichum, Aspergillus, Saccharomyces, and
Yarrowia were the most abundant genera (51, 16, 9, and 13% in
the IBS group, and 23, 38, 17, and 8% in controls, respectively;
Figure 7B). Clavispora relative abundance was significantly
decreased among IBS patients compared to healthy subjects

(1.47 x 107> and 2.52 x 1073, respectively, Mann-Whitney test,
p = 0.031). In the same way, there was also a decrease close
to significance of Penicillium relative abundance (6.04 x 1073
and 3.09 x 1072, respectively, Mann-Whitney test, p = 0.063).
The relative abundance and p-values of the most abundant
genera in our study and of the genera of the core mycobiota
are reported in Table 2. Considering the relative abundance,
Penicillium were significantly reduced in Blastocystis carriers of
the control group. Clavispora and Trichosporon were significantly
increased in Blastocystis carriers of the IBS group (Table 2).

DISCUSSION

Our study was motivated by the literature of the last decade
reporting high prevalence of Blastocystis in IBS patients, the
concerns about the risk associated with Blastocystis in fecal
microbiota transplantation, and recent studies in animal models
(Nourrisson et al., 2014; Terveer et al., 2019; Defaye et al., 2020).
Recent works have studied the impact of Blastocystis in IBS-D
patients, but none in IBS-C (Nagel et al., 2016). As each type of
IBS is considered to be profoundly different from each other, we
decided to focus on IBS-C patients. So, our data are the first to
describe both prokaryotic and eukaryotic microbiota in IBS-C
patients colonized with Blastocystis.

Classical IBS-C symptoms were described by patients, mostly
female as expected with IBS, whether or not they were carriers
of Blastocystis. Particularly, severity, based on Francis score,
was not different according to Blastocystis carriage. All patients
consume conventional treatments (antispasmodic, laxatives,
transit accelerators, anti-bloating, etc.), periodically or over the
long term, so it was difficult to compare them with each
other. Taking probiotics was a non-inclusion criterion in order
not to induce bias during the study of the microbiota. Thus,
patients enrolled in this study are permitted to constitute
comparable groups.

As previously reported, we observed a decrease in the
prokaryotic microbiota richness of IBS-C subjects. Decrease in
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FIGURE 4 | Heat map illustrating changes in functional capabilities in the four groups of patients. The color scale ranges from light yellow to dark red: light yellow
indicates a low functional enrichment, and dark red indicates a high functional enrichment of the averaged individual KEGG function.
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FIGURE 5 | Comparison of the fecal eukaryotic microbiota composition between controls and IBS subjects at the class level. IBS/B-: Blastocystis-negative IBS
patients; IBS/B + : Blastocystis-positive IBS patients; Control/B-: Blastocystis-negative control subjects; Control/B + : Blastocystis-positive control subjects.
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