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Abstract

Research on the relationship between changes in the gut microbiota and human disease,
including AIDS, is a growing field. However, studies on the eukaryotic component of the
intestinal microbiota have just begun and have not yet been conducted in HIV-infected
patients. Moreover, eukaryotic community profiling is influenced by the use of different
methodologies at each step of culture-independent techniques. Herein, initially, four DNA
extraction protocols were compared to test the efficiency of each method in recovering
eukaryotic DNA from fecal samples. Our results revealed that recovering eukaryotic compo-
nents from fecal samples differs significantly among DNA extraction methods. Subse-
quently, the composition of the intestinal eukaryotic microbiota was evaluated in HIV-
infected patients and healthy volunteers through clone sequencing, high-throughput
sequencing of nuclear ribosomal internal transcribed spacers 1 (ITS1) and 2 (ITS2) ampli-
cons and real-time PCRs. Our results revealed that not only richness (Chao-1 index) and
alpha diversity (Shannon diversity) differ between HIV-infected patients and healthy volun-
teers, depending on the molecular strategy used, but also the global eukaryotic community
composition, with little overlapping taxa found between techniques. Moreover, our results
based on cloning libraries and ITS1/ITS2 metabarcoding sequencing showed significant dif-
ferences in fungal composition between HIV-infected patients and healthy volunteers, but
without distinct clusters separating the two groups. Malassezia restricta was significantly
more prevalent in fecal samples of HIV-infected patients, according to cloning libraries,
whereas operational taxonomic units (OTUs) belonging to Candida albicans and Candida
tropicalis were significantly more abundant in fecal samples of HIV-infected patients com-
pared to healthy subjects in both ITS subregions. Finally, real-time PCR showed the pres-
ence of Microsporidia, Giardia lamblia, Blastocystis and Hymenolepis diminuta in different
proportions in fecal samples from HIV patients as compared to healthy individuals. Our work
revealed that the use of different sequencing approaches can impact the perceived eukary-
otic diversity results of the human gut. We also provide a more comprehensive view of the
eukaryotic community in the gut of HIV-infected patients through the complementarity of the
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different molecular techniques used. Combining these various methodologies may provide
a gold standard for a more complete characterization of the eukaryotic microbiome in future
studies.

Introduction

Infection caused by the human immunodeficiency virus (HIV) remains one of the most wide-
spread infections in the world, with more than 36.9 million infected people reported at the end
0f 2014 [1]. The deterioration in host immunity of patients with HIV makes them more sus-
ceptible to a variety of opportunistic bacteria, fungi and parasites during their lifetime [2,3].
One major health risk in HIV-infected patients is infection by the intestinal eukaryotic popula-
tion (i.e., microbial eukaryotic communities living inside the human gut as commensal flora in
addition to bacteria and archaea), including fungi and parasites [4]. Therefore, understanding
the diversity of these eukaryotes in the gut of healthy individuals as well as in immunocompro-
mised patients is necessary in order to understand their role in both health and disease [5].

Until recently, most if not all studies of the intestinal tract Eukarya in HIV-infected individu-
als have focused on known pathogenic parasites [2, 6-11] and fungi [4, 12, 13]. Indeed, many
studies have used specific PCR-based methods to detect certain parasitic agents such as Ent-
amoeba histolytica (Amoebozoa), Cryptosporidium spp. (Alveolata), Cystoisospora belli (Alveo-
lata) and members of Microsporidia (Fungi) in feces of HIV/AIDS patients [6,14-18]. However,
the development of culture-independent molecular techniques, including direct DNA extraction
from feces followed by clone sequencing, as well as high-throughput sequencing methods, offers
new opportunities to estimate the diversity of eukaryotes in the human gut by providing data on
the entire eukaryotic community, particularly on not-yet-cultured or fastidious organisms in
healthy individuals [5,19-21] and patients with Crohn’s disease, hepatitis B virus (HBV), inflam-
matory bowel disease (IBD), intestinal transplant patients [22-24] and children with Hirsch-
sprung disease [25]. Despite their advantages in understanding the normal diversity of our
eukaryotic gut microbiota, culture-independent approaches face several challenges and pitfalls
associated with the experimental protocol, such as DNA extraction methods, primer choice,
sequencing technologies, bioinformatics analysis of the data and lack of perfect reference data-
bases [26-28].

Regarding DNA extraction, variations in protocol steps or variations between techniques
have a major impact on the assessment of eukaryotic communities in the human gut. Each
method has its individual performance with certain groups of gut eukaryotes [29,30]. Further-
more, the correct choice of the primer binding site is another challenge for better profiling the
eukaryotic gut microbiota. To characterize eukaryotic communities, different regions of the
eukaryotic genome have been targeted, such as the 185 rRNA gene, nuclear ribosomal internal
transcribed spacers (ITS), or the 28S rRNA gene [5,19,31]. The ITS region is the formal bar-
code for fungi nowadays [32], which is useful for genus and species assignment. The 18S or
28S rRNA genes can be used as an alternative to the ITS region, but they often lack discrimina-
tory power at the species level and thus cannot provide accurate taxonomic classifications
[33,34]. Finally, the methodological variation between different approaches, such as the PCR-
cloning library and high-throughput sequencing techniques, represent another challenge
towards true characterization of the eukaryote community composition in the human gut, due
to the fact that no approach can guarantee the assessment of entire eukaryotic components in
the same proportion in which they exist in the gut [5,27,35].

No study has yet been conducted to explore the diversity of eukaryotes in the human gut of
HIV-infected patients. Our study aims to investigate this diversity and the composition of the
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human intestinal eukaryote microbiota in HIV-infected patients. Initially, 4 methods of DNA
extraction were evaluated in 13 patients. Subsequently, the best extraction method was used in
43 individuals, including 31 HIV-infected patients and 12 healthy persons. DNA was analyzed
by both conventional clone sequencing and high-throughput sequencing. Finally, as many
pathogens with low load could be missed in metagenomic analyses, real-time PCR was used to
detect important enteric parasites in the feces of both HIV-infected patients and healthy
volunteers.

Results
DNA extraction methods

To test the efficiency of four DNA extraction methods in recovering eukaryotic DNA from
feces, thirteen stool samples from HIV-infected patients were selected and DNA from each
sample was extracted according to the four methods (E1, E2, E3 and E4) described in the
Methods section. Then, the DNA was amplified by two universal primers targeting the 18S
gene for eukaryotes (Euk 1A and Euk 516r) and ITS sequence for fungi (ITS1F and ITS4R),
followed by cloning and sequencing. Overall, 4,992 clones were analyzed from both PCRs
using 4 different extraction methods (1248 clones/extraction), resulting in the identification of
51 molecular operational taxonomic units (MOTUs) (S1 and S2 Tables). The extraction
method E1 resulted in the greatest yield of unique eukaryotic MOTUs (Fig 1) and was thus
selected and used for downstream analyses. Forty different MOTUs of eukaryotes (78% of the
total recovered MOTUs) were retrieved in both libraries, in which 9 particular MOTUs were
uniquely retrieved with this extraction method (S2 Table, Fig 1). Thirty-four fungal MOTUs
(67%) were detected using the two libraries in extraction method E2. Among these 34
MOTUs, 6 fungal MOTUs were efficiently detected only with this extraction method (52
Table, Fig 1). A total of 28 fungal MOTUs were obtained using extraction method E3 (52
Table, Fig 1). The extraction method E4 was less efficient in extracting eukaryotic DNA from
the feces of HIV-infected patients than the other methods, with only 22 sequences belonging
to fungal MOTUs recovered in both the fungal ITS and 18S rRNA libraries (S2 Table, Fig 1).
Statistical comparison of MOTU richness (Chao-1 index) and alpha diversity (Shannon index)
among the extraction protocols showed significant differences (S1 Fig). The Chao-1 and Shan-
non indices indicated that diversity was significantly higher in the fecal samples extracted
using E1 and E2 methods (with a slight advantage for E1) compared to E3 and E4 extraction
methods (S1 Fig).

Eukaryotic diversity by cloning and sequencing

Among the 33 primer pairs used, positive PCRs were obtained in all HIV-infected patients and
healthy volunteers using only six PCR primer pairs—namely, Eukl1A/Euk 516r, ITS F/ITS-4R,
JVE/DSPR2 and FUNF/FUNR (positive for all samples) and E528F/Univ1492RE and MF/MR
(positive for 35 and 22 samples, respectively), as shown in the S3 Table. Consequently, six clon-
ing libraries were generated from the total DNA community that was amplified by these gen-
eral primers for each sample (S3 Table). A total of 5,328 clones were subjected to sequence
analysis. After excluding plant DNA sequences that were potentially present in human fecal
DNA extractions and amplified by universal primers, a total of 82 eukaryotic MOTUs (80
fungi and 2 stramenopiles) were detected in 31 HIV samples, whereas 37 eukaryotic MOTUs
(35 fungi and 2 stramenopiles) were identified in the feces of 12 healthy control individuals
(54 and S5 Tables). The rarefaction curves of all samples reached a plateau at a minimum cut-
off of 97% (S2 Fig). Most of the MOTUs that were present in fecal samples were fungi (90
MOTUs, 54 and S5 Tables), while only 3 MOTUs belonging to the stramenopiles were
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Fig 1. Comparison of different eukaryotic components extracted in 13 samples from HIV-infected patients using 4 methods of DNA extraction.

https://doi.org/10.1371/journal.pone.0191913.g001

identified. The mean MOTU richness per HIV-infected patient was 8.35 + 2.55 [range 5-14.2]
(considering the results of all positive PCR for the given patient), while the mean MOTU rich-
ness per healthy sample was 6.82 + 3.1 [range 3-13.33]. Samples from HIV-infected patients
had a higher MOTU richness and significant higher Shannon diversity (p = 0.007) compared
to those collected from healthy volunteers (S3 Fig).

The two cloning libraries Euk1A/Euk 516r and ITS F/ITS-4R produced more eukaryotic
MOTUs than other libraries for analyzing eukaryotic diversity in the intestinal tract of humans.
Approximately 87.1% of all recovered eukaryotes in this study (a total of 81/93 MOTUs) were
retrieved in these two libraries (54 and S5 Tables), while the 12.9% remaining MOTUs (12/93)
were retrieved with other cloning libraries (54 and S5 Tables). Analysis of the clone library
Euk1A/Euk 516r allowed the identification of 32 different eukaryotic MOTUs, of which 29
MOTUs (90.6%) were found to be of fungal origin, while 3 MOTUs (7.9%) were assigned to the
stramenopiles group. The majority of detected fungi within this library belonged to the three
major fungal taxa: Ascomycota (n = 15/29, 51.7%), Basidiomycota (n = 10/29, 34.5%) and Chy-
tridiomycota (n = 1/29, 3.4%), and unassigned fungi accounted for 10.3% (S4 and S5 Tables).
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The fungal clone library ITS F/ITS-4R allowed for the identification of 61 different fungal
MOTUs. The majority of fungi within this library were assigned to four taxa: Ascomycota
(n =36/61, 59%), Basidiomycota (n = 20/61, 32.8%), Chytridiomycota (n = 1/61, 1.6%) and
unassigned fungi (n = 4/61, 6.6%).
Interestingly, analysis of ITS clone library sequences revealed that MOTU 58 Malassezia
restricta and MOTU 85 Opisthokonta were only retrieved in fecal samples of HIV-infected
patients, regardless of their CD4+ T-cell counts (S5 Table), while no sequences belonging to
these two MOTUs were detected in the feces of healthy volunteers (S5 Table) (p = 0.004).
Although the PERMANOVA (permutational multivariate analysis of variance) test on the

Bray-Curtis dissimilarity matrices showed significant differences in fungal composition

between the two studied groups (p = 0.0007, pseudo-F score = 2.949), no defined clustering of
HIV-infected samples versus healthy samples was found (Fig 2). These results indicate that the
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Fig 2. The distribution of the major eukaryotic MOTUs detected in the fecal samples of HIV-infected patients and healthy subjects using cloning and sequencing
methods. The heatmap shows read counts for the 33 MOTUs identified as contributing most to the variance (up to 86% across all samples) as determined by Similarity
Percentage (SIMPER) analysis. The dendrogram shows the clustering of samples based on Bray-Curtis similarity distance.

https://doi.org/10.1371/journal.pone.0191913.g002
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variation in fungal composition within samples in each group is higher than the variation
between the two groups. Finally, gender (in both groups), CD4+ cell count, viral load and anti-
retroviral treatment (in HIV-infected patients) (S6 Table) had no significant impact on the dif-
ferences in fungal composition of the samples as determined by the PERMANOVA test.

Fungal diversity as assessed through high-throughput sequencing

The fungal populations of 31 fecal samples from HIV-infected patients along with 12 fecal
samples from healthy volunteers were profiled using high-throughput sequencing of both fun-
gal ITS1 and ITS2 regions. A total of 5,699,388 reads from both ITS1 and ITS2 regions were
obtained respectively, using the MiSeq sequencing system. Among these, 4,554,926 reads hav-
ing high quality sequences of ITS1 and ITS2 were selected for analysis. The rarefaction curves
of most samples reached a plateau at a minimum cutoff of 97% (54 and S5 Figs). In total, 45
and 33 operational taxonomic units (OTUs) were obtained by analyzing the ITS1 region of
both the HIV-infected patients and healthy volunteers, respectively (Fig 3, S7 Table), while 44
and 34 OTUs were retrieved from analyzing the ITS2 region of both HIV-infected patients
and healthy individuals, respectively (Fig 4, S7 Table).

The indices of diversity and richness of the fungal component were calculated in the fecal
samples of HIV-infected patients and healthy individuals (S3 Fig). The mean OTU richness
per HIV-infected patient for ITS1 and ITS2 datasets was 7.03 + 4 [range 1-16] and 5.48 + 2.98
[range 1-14] respectively, while the mean OTU richness per healthy sample for ITSI and ITS2
datasets was 7.42 + 4.05 [range 1-14] and 5.83 + 1.93 [range 2-9] respectively. There was no
significant difference in richness (Chao-1 index) between both groups in the ITS1 and ITS2
datasets (S3 Fig). However, in contrast to the results obtained with clone sequences, the
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Fig 3. Abundance and distribution of the fungal OTUs obtained from the amplification of the ITS1 region in the fecal samples of
HIV-infected patients and healthy subjects.
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Fig 4. Abundance and distribution of the fungal OTUs obtained from the amplification of the ITS2 region in fecal samples of

HIV-infected patients and healthy subjects.

https://doi.org/10.1371/journal.pone.0191913.9004

Shannon diversity was significantly higher in healthy volunteers compared to HIV-infected
patients in both ITS1 and ITS2 datasets (p = 0.0034 and p<0.0001, respectively) (S3 Fig).
Ascomycota comprised the largest fraction (64.7%) of the total OTUs analyzed from the
ITS1 dataset from both HIV-infected patients and healthy individuals, followed by Basidiomy-
cota (31.4%). Finally, 2% of the OTUs were assigned to each of Chytridiomycota and unclassi-
fied fungal phyla. The statistical analysis of the fungal ITS1 region revealed that the relative
abundance of 6 fungal OTUs (OTU 5 Ascomycota, OTU 9 Pichia, OTU 21 Candida albicans,
OTU 42 Candida tropicalis, OTU 49 Penicillium brevicompactum and OTU 51 Penicillium)
were significantly different between the groups (p-values < 0.05). The fungal OTU 5, OTU 9,
OTU 49 and OTU 51 were found to be more abundant in the control group, whereas the abun-

dances of OTU 21 and OTU 42 were higher in HIV-infected patients.

Similar to the ITS1 sequence results, the phylum Ascomycota also constituted the largest
fraction (66%) of the total OTUs obtained from analyzing ITS2 sequences from both HIV-
infected patients and healthy individuals, followed by Basidiomycota (24.5%). Finally, 9.4% of
the OTUs were assigned to unclassified fungal phyla. Analyses of ITS2 showed significant dif-
ferences (p-values < 0.05) in relative abundances for OTU 1 Candida albicans, OTU 13 Alter-
naria, OTU 19 Nakaseomyces and OTU 42 Candida tropicalis. These OTUs were more
abundant in HIV-infected patients, except for OTU 13 Alternaria, which was higher in the

control group.

Similar to the cloning libraries results, the fungal composition of both the ITS1 and ITS2
datasets was significantly different between samples from HIV-infected patients and those
from healthy volunteers (PERMANOVA p = 0.0004; pseudo-F score = 3.275 for ITS1 and
p = 0.0075; pseudo-F score = 2.187 for ITS2). However, this approach did not reveal distinct
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clusters to separate samples of HIV-infected patients from those of healthy volunteers in both
ITS1 and ITS2 sequences (Figs 5 and 6), indicating that sample compositions within each
group were highly heterogeneous. Finally, PERMANOVA tests revealed that clinical character-
istics such as sex, CD4+ cell count, viral load and antiretroviral treatment (S6 Table) did not
significantly contribute to the differences found in fungal composition of the samples.

Real-time PCR targeting unicellular parasites, microsporidia and
helminths

Because unicellular parasites, some fungi (Microsporidia) and helminths cannot be detected
by clone-sequencing or by metagenomic analyses (they are at low levels in the human intesti-
nal tract and only abundant eukarya are typically amplified using universal primers), we used
species-specific real-time PCR to profile human gut parasites [36]. Of the 39 HIV-infected
patients’ fecal samples tested, 11 (28.2%) were positive for Microsporidia. Of these 11 fecal
samples, 8 (20.5%) and 3 (7.7%) were PCR positive for Enterocytozoon bieneusi and Encephali-
tozoon intestinalis, respectively (S8 Table). Moreover, specific amplification products were
seen for Giardia lamblia, Blastocystis and Hymenolepis diminuta and were detected in 3 (7.7%),
2 (5.3%) and 3 (7.7%) of the 39 fecal samples from HIV-infected patients. In contrast, fecal
samples from non-HIV-infected persons showed positive amplification only for Cryptosporid-
ium hominis (n = 1, 8.3%) and Blastocystis (n = 3, 25%), respectively (S8 Table).

Discussion

Human intestinal eukaryotes have traditionally been studied from parasitological and patho-
logical points of view in the gut of HIV-infected patients using either microscopic or culture-
based methods [2,4,6-11,13]. Since eukaryotic components of the human gut microbiome

remain relatively unexplored in these immunocompromised patients by molecular methods,
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Fig 5. The distribution of the major fungal OTUs obtained from the amplification of the ITS1 region in the fecal samples of HIV-infected patients and healthy
subjects. The heatmap shows read counts for the 15 OTUs identified as contributing most to the variance (up to 86% across all samples) as determined by SIMPER
analysis. The dendrogram shows the clustering of samples based on Bray-Curtis similarity distance.

https://doi.org/10.1371/journal.pone.0191913.g005
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Fig 6. The distribution of the major fungal OTUs recovered from the amplification of the ITS2 region in the fecal samples of HIV-infected patients and healthy
subjects. The heatmap shows read counts for the 13 OTUs identified as contributing most to the variance (up to 86% across all samples) as determined by SIMPER
analysis. The dendrogram shows the clustering of samples based on Bray-Curtis similarity distance.

https://doi.org/10.1371/journal.pone.0191913.9006

investigating the composition of the human gut eukaryote microbiota through culture-inde-
pendent methods was the main objective of this study. Although molecular methods including
traditional cloning/sequencing and metagenomics have greatly improved our knowledge in
evaluating human gut mycobiome [37], these methods have several limitations with respect to
eukaryotic as compared to bacterial community profiling, including DNA extraction and taxo-
nomic classification challenges, and PCR amplification and sequencing platform biases
[38,39]. Herein, the effect of DNA extraction methods on fecal eukaryota alpha diversity was
assessed based on Chao-1 (MOTU richness) and Shannon H’ diversity. Significant differences
in MOTU richness and Shannon diversity were observed among the 4 extraction methods (S1
Fig). The combination of mechanical, chemical and enzymatic steps in extraction method E1
might significantly improve recovering of relatively higher fungal DNA alpha diversity com-
pared to other methods. Therefore, this method (i.e., E1) was selected for subsequent proce-
dures. Moreover, in this study, we provide a more comprehensive picture of the fungal
community in the gut of HIV-infected patients by using multiple complementary approaches
(traditional cloning/sequencing, high-throughput amplicon-based sequencing, in conjunction
with multiple primer sets) to profile fungal sequences. Considering all stool samples from both
groups, the OTU richness and Shannon diversity significantly varied between techniques (S6
Fig). The cloning/sequencing method applied in this study has the potential to detect greater
fungal diversity, as compared to the high-throughput sequencing method. This could be
explained by the use of multiple universal primer sets in the cloning step which lead to reduced
PCR amplification biases, as well as keeping the rare fungal OTUs in the samples. However, it
is still uncertain how much diversity was missed by this technique, due to the limited number
of clones analyzed. On the other hand, the use of ITS1 or ITS2 sequences to profile fungal com-
munities has been promoted in part because they are amenable to the short read-lengths gen-
erated by most high-throughput sequencing platforms [21,40-42]. However, many studies
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have shown that amplification of ITS1 versus ITS2 is associated with fungal taxonomic biases
[43,44]. Therefore, targeting both the ITS1 and ITS2 regions may provide a more complete
assessment of fungal diversity in environmental samples [45-47]. Surprisingly, there were dif-
ferences in alpha diversity (Chao-1 and Shannon indices) between the 2 groups, depending on
the molecular approach (cloning/sequencing versus high-throughput amplicon-based
sequencing) (S3 Fig). This means that all previous studies based on one molecular approach
(either clone library sequencing or ITS metabarcoding) might not provide the real alpha diver-
sity and richness as we don’t know actually which approach can give the closest results to the
reality. Thus, these disparate results will require careful consideration in the future.

From the 5,328 clone sequences that were collected from HIV-infected patients and control
subjects, a total of 93 eukaryotic MOTUs were detected (80 fungi and 2 stramenopiles were
found in HIV samples and 35 fungal MOTUs, along with 2 MOTU belonging to stramenopiles
identified in the feces of the healthy control individuals). Our results from analyzing the clone
library revealed that M. restricta was abundant in the feces of HIV-infected patients. This lipo-
philic yeast is naturally present on skin and human mucosal sites as either a part of cutaneous
commensal flora or associated with several superficial infections of the skin, such as seborrheic
dermatitis, pityriasis versicolor, atopic dermatitis and psoriasis [48]. Using culture and molec-
ular methods, we have previously documented the presence of several species of Malassezia,
including M. globosa, M. restricta and M. pachydermatis, in the gut of obese and healthy indi-
viduals and from different geographic locations, including France, Senegal, India, Amazonia
and Polynesia [5,49,50]. Furthermore, metagenomic studies have demonstrated that the pres-
ence of Malassezia spp. in children is associated with Hirschsprung disease (HSCR) and
Hirschsprung-associated enterocolitis (HAEC) [25], while Malassezia restricta has been found
in fecal samples of healthy human subjects [51]. We were unable to amplify M. restricta in the
fecal samples of healthy volunteers using a cloning sequencing approach. Their absence could
either be due to the small size of the control samples involved in the experimental study, or
insufficient M. restricta DNA caused by bias in the DNA extraction, amplification and cloning
process. In immunocompromised patients, members of Malassezia are often associated with
several dermatological disorders (such as seborrheic dermatitis and folliculitis) that usually
develop in patients with underlying immunosuppression resulting from acquired immune
deficiency syndrome, organ transplantation and lymphoid malignancies [52]. The increased
incidence of seborrheic dermatitis in HIV-infected patients suggests that the deterioration in
host immunity plays a critical role in the progression of this type of disease [52]. Infrequently,
Malassezia species may also be able to cause a variety of systematic invasive infections, such as
fungemia, peritonitis, pneumonia, osteomyelitis and meningitis [53,54]. In our study, the
increased abundance of M. restricta in the HIV-infected patient fecal samples requires further
investigation, to see whether this fungus can play a potential opportunist role in the gut of
HIV-infected patients.

The high-throughput Illumina sequencing approach enabled us to obtain a total of 45 and
33 fungal OTUs by analyzing the ITSI region of both HIV-infected patients and healthy volun-
teers, respectively, and 44 and 34 OTUs by analyzing the ITS2 region of the HIV-infected
patients and healthy individuals, respectively. Of note, ITS1 and ITS2 sequences showed rela-
tively different results for the fungal community structure at the species/genus level. The com-
plementarity of ITS1 and ITS2 datasets suggested that targeting both fungal ITS subregions
might be a useful strategy to ensure that fungal diversity is more completely represented for all
fecal samples. Such complementarity was also detected in fungal diversity analyses of other
environmental samples, including soil samples [47]. Additionally, real-time PCR survey for
detection of enteric parasites was also conducted, to overcome the challenge of low parasite
numbers in fecal samples. Most studies that have used culture-independent approaches to
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investigate eukaryotes in the human gut have shown the dominance of fungi over other
eukaryotes [5,19,20,31,50]. A significant increase in fungal diversity in the gut has been noted
in certain diseases, such as inflammatory bowel disease and hepatitis B virus infection [22,23].
The CD4+ T-cell response is the normal gastrointestinal mucosal defense mechanism against
colonization of the human body by fungi [55]. Therefore, any disturbance or impairment of
this immune response may cause patients with HIV to be more susceptible to fungal diseases
[56,57], particularly in patients with low CD4+ T lymphocyte counts [4]. Our data from ITS1
and ITS2 analyses revealed that C. albicans and C. tropicalis were more abundant in HIV-
infected patients. A similar finding has been reported in the study of Hoarau et al. [58], in
which Crohn’s disease dysbiosis was associated with a significant increase in the abundance of
C. tropicalis. It remains to be determined if the increased abundance of some fungi in the gas-
trointestinal tracts of HIV-infected patients puts them at risk of mucosal and invasive infec-
tions with these same fungi. Other rarely detected human gut fungi retrieved in this study,
such as foodborne, plant pathogens and wood decay fungi, might gain entrance to the human
gut as a reflection of dietary and environmental factors [51,59]. Foodborne fungi such as Wal-
lemia, which was also previously detected in human fecal samples [21], might be present in the
gut via dietary associations. Wood-rotting fungi such as Polyporales and Peniophora, which
have also been detected in healthy human gut and in the lower airways in patients with cystic
fibrosis, respectively [49,60], are thought to be transient fungi in the gut, due to consuming
plant-based foods.

In conclusion, this study describes the first attempt at assessing eukaryotic diversity in the
gastrointestinal tract of HIV-infected patients using complementary molecular techniques.
Further efforts are needed to explore the complex relationships between gut eukaryotic popu-
lations and the human immune system and to investigate the possible role of eukaryotes in
modulating the host’s immune system. Finally, further investigation is needed to learn more
about how the alteration of gut eukaryotes might influence human health.

Methods
Fecal sample collection and demographic data

Forty-three fecal samples were collected in this study; 31 samples were obtained from HIV-
infected patients and 12 fecal samples from healthy volunteers (S6 Table). The age of HIV-
infected patients varied from 29 to 63 years (mean age = 45 years), and in healthy volunteers
varied from 22 to 38 years (mean age = 28 years). The male-to-female ratio (M/F sex ratio) was
1.5 and 1.4 in both HIV-infected patients and healthy subjects, respectively (S6 Table). No
antibiotic, antifungal or anti-parasitic therapy had been administrated to any enrolled subject
at the time of the sample collection or in the previous 2 months. All experiments and methods
were performed in accordance with relevant guidelines and regulations. Written informed
consent was obtained from these patients as well as from healthy volunteers, and these assent
procedures along with the experiments, including any relevant details, were approved by the
Ethics Committee of Institut Hospitalo-Universitaire, Méditerranée Infection, Marseille,
France (agreement number 2016-011). Each fecal sample was preserved as 1g aliquots in ster-
ile micro tubes and kept at —80°C until use.

DNA extraction

In order to verify complete extraction of most eukaryotic gut representative DNA and to mini-
mize the bias generated by DNA extraction, four different types of DNA extraction methods
were applied and tested in this study to detect the eukaryotic communities in the gut of HIV-
infected patients. Thirteen frozen fecal samples from patients with HIV were chosen for testing
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the different DNA extraction methods. To detect any contamination of the fecal samples with
exogenous DNA, distilled water was used instead of stool sample as a negative control in all
DNA extraction steps.

Method E1: Modified Qiagen stool protocol. Total DNA was extracted from the 13 fro-
zen fecal samples of HIV-infected patients using a modification of the Qiagen stool procedure
and the QIAamp® DNA Stool Mini Kit (Qiagen, Courtaboeuf, France) [5]. Briefly, aliquots of
200 mg of feces were added to tubes containing a 200 mg mixture of 0.1, 0.5, and 2 mm zirco-
nium beads and 1.5 ml of ASL buffer (Qiagen). The sample was bead-beaten at 3200 rpm for
90 seconds, followed by heating at 95°C for 10 minutes. The final pellet was suspended in
180 pl of tissue lysis buffer and incubated with proteinase K for 2 hours at 55°C. Then, DNA
was prepared from the solution by using QIAamp spin columns (Qiagen) in an Eppendorf
microcentrifuge, following the manufacturer’s instructions.

Method E2: Modified Qiagen stool protocol + chitinase. In this method, the procedures
are the same as method E1, with only one modification: 0.4 U of chitinase (Sigma) was added
to proteinase K in the digestion step.

Method E3: FastDNA® kit. An aliquot of 300 mg of the 13 frozen HIV-infected fecal
samples was suspended in 1 ml of PBS-EDTA and centrifuged at 13,000 rpm for 5 minutes.
The final pellet was suspended in PBS EDTA to obtain approximately 300 pl of solubilized
sample. Then it was added to 1 ml of cell lysis solution-yeast (CLS-Y). The mixture was sub-
jected to bead-beating using a FastPrep BIO 101 apparatus (Qbiogene, Strasbourg, France) for
40 seconds at a speed setting of 6.0. The samples were centrifuged for 5 minutes at 13,000 rpm.
Aliquots of 600 pl supernatants were transferred to a new tube containing 600 pl of binding
matrix, then the mixture was mixed gently and incubated at room temperature for 5 minutes.
The samples were again centrifuged at 13,000 for 1 minute at room temperature and the pellets
were suspended thoroughly by pipetting up and down in 500 pl of a prepared salt/ethanol
wash solution (SEWS-M), followed by centrifugation for 1 minute. The matrices were sus-
pended in 100 pl of DES and incubated at 55°C for 5 minutes. Finally, the samples were spun
at 13,000 rpm for 5 minutes, and eluted DNAs were transferred to a clean microcentrifuge
tube and stored at -20°C for extended periods or 4°C until use.

Method E4: Protocol 5. DNA was extracted using the protocol 5, as previously described
[61]. Briefly, 250 mg of feces were placed in a 2-mL tube containing a mixture of 2 glass beads
of 3 mm and 1.5-mL of lysis buffer (ASL) (Qiagen, Courtaboeuf, France). Mechanical lysis was
performed three times by bead-beating the mixture using a FastPrep BIO 101 apparatus (Qbio-
gene, Strasbourg, France) at maximum speed (6.5) for 30 seconds. Then, an aliquot of 200 pL
was retrieved in a new eppendorf tube and centrifuged at 12,000 rpm for 10 minutes. The ali-
quot of 20 pl of 10X Glycoprotein denaturation buffer EndoHf (New England Biolabs) along
with 180 pl H20 containing 1 glass bead of 2 mm were added into the retrieved supernatant
and heated at 100°C for 10 minutes. Then, 160 pl of sterile water, 40 pl of 10X G5 buffer and
5 uL of both cellulase (SIGMA) and PNGase F (SIGMA P2619) were added to the mixture and
incubated at 37°C for 13 h. Then the EZ1 Qiagen manufacturer’s procedure was applied and
the extracted DNA was stored at —20°C until use.

Primer selection

Thirty-three different published universal eukaryotic or fungal-specific PCR primer sets, as
well as specific primers targeting the 18S rDNA, ITS, 28S rDNA, RUBISCO, and rps11-rp12
sequences, were used, as described previously [5].

Genomic Amplification and cloning procedures and insert amplification were used, as
described previously [5].
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High-throughput sequencing

Amplification and sequencing data preprocessing. DNA products from two different
ITS PCRs (ITS1 and ITS2) for 43 fecal samples were pooled and sequenced using the MiSeq
technology. Briefly, the PCR amplified templates were generated from genomic DNA using
the ITS primers with overhang adapters (S9 Table). Samples were amplified individually for
both ITS regions by Taq Phusion (Thermo Fisher Scientific Inc, Waltham, MA, USA) and
visualized on the Caliper LabchiplI device by a DNA 1K LabChip. After purification on
AMPure beads, the concentrations were measured using high sensitivity Qubit technology
(Beckman Coulter Inc, Fullerton, CA, USA) and then diluted to 0.2ng/pl. Illumina sequencing
adapters and dual-index barcodes were added to each amplicon using a subsequent limited
cycle PCR (8 cycles and according to the PCR conditions described by Illumina’s instructions)
on 1 ng of each PCR product.

The purified libraries were then normalized according to the Nextera XT protocol (Illumina
Inc, San Diego, CA, USA). The multiplexed samples were pooled into a single library for
sequencing on the MiSeq (Illumina). Automated cluster generation and paired-end sequenc-
ing with dual index reads was performed in a single 39-hour run in 2x250 bp. A total of 4.4 Gb
was obtained from a 1130 K/mm? cluster density with cluster passing quality control filters at
37.1% (8,470,000 clusters). Within this run, the index representations for all samples were
determined between 0.1 and 1.69%, with an average of 0.96%. Raw data were configured in
FASTQ files for R1 and R2 reads between 8,139 and 143,181 paired end reads, with an average
of 81,498 paired end reads.

ITS metagenomic analysis pipeline. The bioinformatics analyses were applied as
described by Balint et al. [62]. After the removal of low-quality reads, the generated paired-end
reads by Illumina MiSeq sequencer were assembled after both ends were trimmed using PAN-
DAseq [63], and all sequences containing ‘N’s were filtered out. Reads were then reoriented in
the 5'-3' direction. Demultiplexing was performed with fqgrep (https://github.com/indraniel/
fqgrep). Initial denoising was performed with a 99% similarity clustering with the heuristic
clustering algorithm uclust 2.1, implemented in usearch v.6.0.203 [64]. De novo chimera
detection was performed with the UCHIME algorithm (version 4.2.4) [65]. OTU picking was
performed at 97% sequence similarity with UCLUST (version 2.1). Fungal ITS1 and ITS2
reads were extracted from ITS sequences with ITSx 1.0.11 [66]. The ITS1 and ITS2 sequences
were compared with a BLAST search against the UNITE fungal ITS database (https://unite.ut.
ee/). We parsed the BLAST outputs in MEGAN 6 [67] for initial taxonomic screening (mini-
mum reads: 1, minimum score: 170; and upper percentage: 5) and retained OTUs that
belonged to the fungal kingdom for downstream analysis.

Real-time PCR Assay for the detection of human intestinal parasites

Primers and probes specific to human enteric pathogens were used as described in the S10
Table. The real-time PCR reactions were conducted using 25 pL total volumes and analyzed
for 44 cycles using a CFX96™ real-time PCR Detection System (BIO-RAD, Life Science,
Marnes-la-Coquette, France) following the method recommended by the manufacturer.
Amplification reactions were done as follows: 95°C for 15 minutes, 60°C for 0.5 minute, and
72°C for 1 minute.

Nucleotide sequence accession numbers

All clone sequences obtained in this work have been deposited in the GenBank database with
the accession numbers KP974154-KP974247. The sequence data from Illumina MiSeq were
submitted to the NCBI Sequence Read Archive (SRA) under accession number SRP078312.
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BLAST results of both clone libraries and ITS1/ITS2 sequences against the GenBank database
and UNITE, respectively, are available in the S11, S12 and S13 Tables.

Statistical analysis

The differences in the intestinal flora obtained by using different molecular tools between
HIV-infected patients (n = 31) and the control group (n = 12) were tested using the statistical
software SPSS version 22 (https://www.ibm.com/us-en/marketplace/spss-statistics). In order
to address the discrepancy in the number of subjects compared between the 2 groups, 12 HIV-
infected patients were selected randomly (according to the computational procedure in SPSS
software) and re-analyzed. The results showed no difference between the two analyses (data
not shown). Two sided statistical tests were used; the Chi-2 test for dichotomous or multino-
mial qualitative variables and the Kruskal-Wallis test to compare more than two means; a p-
value < 0.05 reflects a significant difference. Alpha, beta diversity and PERMANOVA tests on
Bray-Curtis matrices and SIMPER analysis were calculated by using the PAST (version 3.15)
software package (https://folk.uio.no/ohammer/past/). Statistical analyses of alpha diversity
were performed using GraphPad Prism version 7.00 for Windows (GraphPad Software, Cali-
fornia, USA).

Supporting information

S1 Fig. Fungal alpha diversity (Chao-1 richness and Shannon index H’) following extrac-
tion using four different methods: E1, E2, E3 and E4 (see Materials and Methods).
(TIF)

S2 Fig. Rarefaction curves for eukaryotic clone sequences demonstrating the sequence cov-
erage in each fecal sample. The curve shows the number of MOTUs observed at different
sequencing depths, where the x-axis is the number of sequences and the y-axis is the number
of MOTUs obtained in each sample.

(TIF)

S3 Fig. Fungal alpha diversity (Chao-1 richness and Shannon index H’) of fecal samples from
HIV-infected patients (HIV) and fecal samples from healthy volunteers (HV) following clone
libraries analysis (A and B), ITS1 high-throughput sequencing (C and D) and ITS2 high-
throughput sequencing (E and F).

(TIF)

S4 Fig. Rarefaction curves for the ITS1 region demonstrating fungal sequence coverage in
each fecal sample. The curve shows the number of OTUs observed at different sequencing
depths, where the x-axis is the number of sequences and the y-axis is the number of OTUs
obtained in each sample.

(TIF)

S5 Fig. Rarefaction curves for the ITS2 region demonstrating fungal sequence coverage in
each fecal sample. The curve shows the number of OTUs observed at different sequencing
depths, where the x-axis is the number of sequences and the y-axis is the number of OTUs
obtained in each sample.

(TIF)

S6 Fig. Fungal alpha diversity (Chao-1 richness and Shannon index H’) of all fecal samples
(HIV-infected patients and healthy volunteers) following clone libraries analysis, ITS1 and
ITS2 high-throughput sequencing.

(TTF)
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S1 Table. Gut eukaryotes retrieved using four different extraction protocols.
(XLSX)

$2 Table. Comparison of different eukaryotic components extracted using four different
extraction protocols.
(XLSX)

S3 Table. PCR amplifications obtained using different universal eukaryotic primer sets.
(XLSX)

$4 Table. List of eukaryotic components detected in different cloning libraries in the fecal
samples of both HIV-infected patients and healthy volunteers.
(XLSX)

S5 Table. List of eukaryotic components detected in cloning libraries (combined of differ-
ent PCR results in each sample) in the fecal samples of both HIV-infected patients and
healthy volunteers.

(XLSX)

$6 Table. Demographic factors and characteristics of HIV-infected patients and healthy
subjects.
(XLSX)

S7 Table. List of fungal OTUs and number of reads obtained from the amplification of
ITS1 and ITS2 regions in the fecal samples of HIV-infected patients and healthy subjects.
(XLSX)

S8 Table. Enteric parasites detected in the fecal samples of both HIV-infected patients and
healthy volunteers using RT PCR.
(XLSX)

§9 Table. Primers and adaptors used for high throughput sequencing.
(XLSX)

$10 Table. Primers and probes used for real-time PCR.
(XLSX)

S11 Table. BLAST results of clone sequences against the GenBank database.
(XLSX)

S12 Table. BLAST results of ITS1 sequences against UNITE.
(XLSX)

S$13 Table. BLAST results of ITS2 sequences against UNITE.
(XLSX)
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