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Reports on alterations in the oral mycobiome of HIV-infected patients are still limited. This
study was designed to compare the salivary mycobiome between 30 human
immunodeficiency virus (HIV) infections and 30 healthy controls and explore the effect
of antiretroviral therapy (ART) administration on the oral mycobiome of HIV infections.
Results showed that the diversity and richness of salivary mycobiome in HIV-infected
individuals were higher than those of controls (P < 0.05). After ART, the diversity and
richness of salivary mycobiome in HIV-infected patients were reduced significantly (P <
0.05). Candida, Mortierella, Malassezia, Simplicillium, and Penicillium were significantly
enriched in the HIV group and dramatically decreased after ART. While the relative
abundance of Verticillium, Issatchenkia, and Alternaria significantly increased in patients
with HIV after ART. Correlation analysis revealed thatMortierella,Malassezia, Simplicillium,
and Chaetomium were positively correlated with viral load (VL), whereas Thyrostroma and
Archaeorhizomyces were negatively related to VL and positively related to CD4+ T-cell
counts. All results showed that HIV infection and ART administration affected the
composition of salivary mycobiome communities. Furthermore, differences of salivary
mycobiome in HIV infections after ART were complex and might mirror the immune state
of the body.

Keywords: saliva, salivary mycobiome, human immunodeficiency virus, antiretroviral therapy, high-
throughput sequencing
INTRODUCTION

Human immunodeficiency virus (HIV) infection likely results in a progressive decrease in the
number and function of CD4+ T lymphocytes; consequently, patients are susceptible to various
opportunistic infections (Cohen et al., 2011). A high prevalence of HIV infection has been reported.
There were approximately 37.6 million people living with HIV in the world at the end of 2020 and
1.5 million new infections in 2020 (Poole et al., 2013). Opportunistic infections are common among
HIV-infected patients even in the era of antiretroviral therapy (ART) (Leigh et al., 2004; Aberg and
Powderly, 2010). Candidiasis, pneumocystis pneumonia, and cryptococcal infections are frequently
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reported (Patil et al., 2018). Among them, oral candidiasis is the
most common oral infection and could be detected in the early
stage of HIV infection. Moreover, the risk of suffering from oral
candidiasis by HIV-infected individuals, even those who have
higher CD4+ T-cell counts, is higher than that by uninfected
subjects (Owotade et al., 2008; Thompson et al., 2010; Hu et al.,
2018); this finding can serve as a guidance for dentists to find a
suspicious HIV infection (Armstrong-James et al., 2014). Oral
candidiasis may also spread outside the mouth, causing candida
infections in the esophagus or stomach (Hugh, 2014). Evidence
has shown that similar mold and fungal communities are found
in the respiratory tract, gastrointestinal tract, and mouth of HIV-
infected individuals (Lijia et al., 2015; HC and GM, 2018). These
findings suggested that the salivary mycobiome may play an
important role in infectious diseases.

Saliva is a type of body fluid, which is nearly 50% similar to
the blood, easy to collect and store (Pfaffe et al., 2011). Saliva
contains human oral microorganisms, as well as DNA, RNA,
proteins, and other parts, which makes it a good sample to
provide information for clinical diagnosis (Zhang et al., 2016) in
oral cancer (Park et al., 2009; Vidotto et al., 2010), diabetes
mellitus (Abdolsamadi et al., 2014), cardiovascular disease
(Zheng et al., 2014), and viral infections (Nefzi et al., 2015).
Though there is a very diverse environment in saliva, the
diversity of salivary microbiome is similar between individuals
in short- and long-term longitudinal studies (Cameron et al.,
2015; Belstrom et al., 2016; Wang et al., 2020).

In recent years, increasing studies have focused on the
interaction between HIV infection and microorganisms. With
the development of high-throughput sequencing technology,
accumulating results have revealed significant alterations in the
microbiome of the gastrointestinal tract (Ling et al., 2016),
vagina (Cohen, 2016), lung (Twigg et al., 2017), and mouth
(Kistler et al., 2015) in HIV-infected patients. Studies on the
characteristics of the oral microbiome have also been widely
performed, but most studies have focused on changes in oral
bacteria. Besides, most of these studies are cross-sectional studies
(Hegde et al., 2014; Li et al., 2014; Mukherjee et al., 2014; Beck
et al., 2015; Kistler et al., 2015; Noguera-Julian et al., 2017), and
only a few studies have investigated longitudinal variation in oral
bacteria after ART administration (Navazesh et al., 2005; Li et al.,
2014; Presti et al., 2018). Reports on alterations in the oral
mycobiome of HIV-infected patients are still limited, and
longitudinal variations are few.

In this study, next-generation sequencing (NGS) was
conducted to analyze the characteristics of the salivary
mycobiome in HIV-infected individuals and to further explore
the variation in the salivary microbiome of HIV-infected patients
after 6 months of ART administration.
METHODS

Subject Recruitment
Newly HIV-infected patients were recruited from Wuhan
Medical Treatment Center, China, and HIV-uninfected
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2
subjects were enrolled from the Wuhan University, China (this
study was approved by the ethics committee of the School &
Hospital of Stomatology, Wuhan University). HIV-infected
participants were followed up for 6 months during
ART administrations.

The inclusion criteria were as follows: 1) individuals were
diagnosed with HIV in the past 1 year, without receiving
antiretroviral therapy, or individuals were age- and gender-
paired HIV-uninfected subjects; 2) participants aged over 18
years and under 60 years; 3) subjects who could cooperate and
sign the informed consent forms.

The exclusion criteria were as follows: 1) subjects were
diagnosed with HIV more than 1 year or with HIV in the past
1 year but received ART; 2) obvious clinical oral symptoms,
including caries, periodontal disease, mucous disease, and oral
surgical disease; 3) history of dental treatments in the past 6
months; 4) receiving antibiotics, immunomodulators, and
probiotic treatments in the past 3 months; 5) history of
infectious diseases, such as hepatitis B infection, tuberculosis
infection, Treponema pallidum infection, and so on; 6) history of
systemic diseases, such as diabetes, hypertension, and cancer; 7)
history of inherited metabolic diseases and autoimmune diseases.

Sample Collection
Subjects were instructed not to eat or drink within 1 h before
sample collection. At rest, approximately 2 ml non-stimulated
saliva was collected by using a 5-ml saliva collector
(DNAgard®Saliva, Boykyo Pharmaceutical Co. Ltd., Tokyo,
Japan). Then, 1.5 ml of preservation solution was added to
saliva, and they were mixed upside down for 5 s. All samples
were shipped to the laboratory on dry ice and stored in a
refrigerator at -80°C for further use.

Genomic DNA Isolation and
PCR Amplification
The EZNATM Mag-Bind Soil DNA Kit (OMEGA M5635-02,
Norcross, GA, USA) was used to extract DNA, and Illumina nest
PCR was performed to amplify the full-length Internal
Transcribed Spacer (ITS) gene. The first cycling conditions
were as follows: initial denaturation at 94°C for 3 min, five
cycles of denaturation at 94°C for 30 s, annealing at 45°C for 1
min, elongation at 65°C for 30 s, 20 cycles of denaturation at
94°C for 20 s, annealing at 55°C for 20 s, elongation at 72°C for
30 s, and a final extension step at 72°C for 5 min. Then, 20 ng of
the PCR products of each sample were used for the second PCR
amplification with specific primers (ITSF: CTTGGTCA
TTTAGAGGAAGTAA and ITS2R: GCTGCGTTCTTCAT
CGATGC). The second cycling conditions were as follows:
initial denaturation at 94°C for 3 min, five cycles of
denaturation at 94°C for 20 s, annealing at 55°C for 20 s,
elongation at 72°C for 30 s, and a final extension step at 72°C
for 5 min. The PCR products of the second amplification were
purified using Agencourt AMPure XP (Transgen, EC401-03,
Beckman Coulter, Brea, CA, USA) and then were accurately
quantified with a Qubit 3.0 DNA detection kit (Life Q10210,
Carlsbad, CA, USA). Lastly, 20 pmol of PCR products in the
December 2021 | Volume 11 | Article 781246
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second amplification of each sample were used to sequence in
Miseq2000 sequencing platform.

Internal Transcribed Spacer rRNA Gene
Sequence Analysis
The raw sequences obtained from this study were deposited into
the NCBI Sequence Read Archive under the accession
number PRJNA626395.

A total of 84 non-stimulated saliva samples were analyzed in
this study. Prinseq (Schmieder and Edwards, 2011) was used to
remove the bases with the read tail values less than 20 in each
sample and cut out the N-containing sequences in reads. Then,
short sequences were removed on the basis of the length
threshold of 100 bp. After quality control (QC), 5,021,621
reads were obtained. The mean number of raw sequences was
59,781 (range: 35,983–78,391). The average sequence length was
240 bp. Filtered reads were processed with usearch (v.10.0)
(Edgar and Flyvbjerg, 2015) in rstudio (v1.1.463) (Loraine
et al., 2015). Unoise 3 (Edgar, 2018) was selected as the
algorithm to remove the error results of PCR and sequencing
and obtain zero-radius operational taxonomic units (zOTUs).
Then, zOTUs were aligned to a reference database of known
UNITE (Nilsson et al., 2015) for further analysis.

Statistical Analysis
Chao1 and Shannon index were used to evaluate the richness and
diversity of the salivary mycobiome in the three groups with the
one-way analysis of variance (one-way ANOVA), and Tukey-
Honestly significant difference (HSD) was used for pairwise
comparisons between two groups. These results were visualized
by using R vegan package (Oksanen J et al.). P < 0.05 was
considered statistically different. The Bray–Curtis distance was
selected to perform principal coordinates analysis (PCoA), and
Adonis was used to assess the difference in shared diversity
among the three groups. Besides, analysis of similarities
(ANOSIM) was performed to test whether the difference
between groups is significantly greater than the difference in
the group. One-way ANOVA and Tukey-HSD were used to
compare differential abundance taxa between groups. Linear
discriminant analysis (LDA) effect size (LEfSe; http://
huttenhower.sph.harvard.edu/galaxy/) was performed to
explore the fungal biomarker in each group (LDA >2). All the
samples in the three groups were fed into a random forest model
to determine the contribution of the salivary mycobiome in
classifying the groups. Correlative analysis with Spearman’s
correlation coefficient was performed to analyze the
relationship between the salivary mycobiome and CD4+ T-cell
counts and viral load (VL) (Xiao et al., 2016).
RESULTS

Subject Characteristics
Thirty newly HIV-infected men and 30 HIV-uninfected men
were enrolled. In this study, 24 HIV-infected participants were
followed up for 6 months during ART administrations. The
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
mean ages in Control and HIV groups were 30.07 (range: 20–45)
and 30.13 (range: 20–45) years, respectively. The mean CD4+ T-
cell count in HIV group was 343.03 cells/µl (range: 20–642 cells/
µl), and the mean VL count was 362,298 copies/ml (range: 867–
8,749,628 copies/ml). After 6 months of ART administrations,
the average of CD4+ T-cell counts in the HIV group increased to
456.92 cells/µl (range: 163–873 cells/µl), and the average VL
count decreased to 121.75 copies/ml. The demographic and
clinical characteristics of the participants are shown in
Supplementary Table 1.

Taxonomy Analysis
After the sequences were normalized sequences, 3,587, 3,333,
and 3,223 zOTUs were obtained in HIV, Control, and ART
groups, respectively (Figure 1A). There were 2,013 zOTUs
detected in HIV and Control group and 1,339 zOTUs detected
in Control and ART group, respectively. Moreover, 1,018 zOTUs
were shared by the three groups. These results indicated that
there were similarities and differences in the composition of
salivary mycobiome among the three groups, but these results
should be further statistically analyzed.

Then, taxonomic assignment was performed, and 11 phyla
and 306 genera were obtained. The core mycobiome was
contributed by five phyla: Ascomycota, Basidiomycota,
Rozellomycota, Mortierellomycota, and Chytridiomycota
(Figure 1B). In our study, Aspergillus and Mortierella could be
detected from all the samples. In addition, there were three other
genera with a detection rate of more than 90%, including
Penicillium (96%), Candida (90%), and Issatchenkia (90%)
(Supplementary Figure 1).

Alpha and Beta Diversity Analysis of the
Salivary Mycobiome
Alpha diversity analysis on the zOTU level revealed that the
diversity and richness of the salivary mycobiome in the HIV
group were higher than those in the Control group (P < 0.05)
(Figure 2A). After ART, the diversity and richness of the salivary
mycobiome decreased significantly (P < 0.05) in HIV-infected
individuals and were similar to those in the HIV-uninfected
individuals (P > 0.05) (Figure 2B).

PCoA and Adonis analysis were performed to further
compare the community composition of the salivary
mycobiome in the three groups. Both results revealed the
differences in the mycobiome community composition among
the groups (Figure 2C). Dramatically, the community
composition of the HIV group was significantly different from
that of the HIV group after 6 months of ART (ART group), but
no differences were observed between the Control and ART
groups (Supplementary Table 2). Consistent with the findings of
alpha diversity analysis, these results suggested that ART did
affect the community composition of the salivary mycobiome.

Comparative Analysis of the Salivary
Mycobiome Among the Three Groups
At the phylum level, the abundance of Basidiomycota,
Mortierellomycota, and Chytridiomycota was significantly higher
December 2021 | Volume 11 | Article 781246
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in the HIV group than that in the Control and ART groups, and
Ascomycotawas more abundant in the ART group than that in the
HIV and Control groups (Supplementary Table 3). A total of 22
genera with a detection rate over 20% and relative abundance over
0.5% in one dominant group were selected to perform a
comparative analysis (Supplementary Table 4). Among them,
the relative abundance of Mortierella, Malassezia, Simplicillium,
Penicillium, and Chaetomium was significantly higher in the HIV
group than that in the other two groups (P < 0.05) (Figure 3A).
Moreover, Candida was more abundant in the HIV group than in
the Control and ART groups, although no statistically significant
differences were observed (Figure 3A). In Figure 3B, the relative
abundance of Verticillium, Issatchenkia, and Alternaria
dramatically decreased in the HIV group compared with that in
the Control group (P < 0.05). Interestingly, the three genera were
significantly enriched again in the HIV-infected subjects after 6
months of ART (HIV group vs. ART group, P < 0.05, Figure 3B;
results of the comparative analysis of 11 other genera are shown in
Supplementary Figure 2). These statistical results were also
supported by the results of LEfSe analysis performed in the
three groups (Figure 3C). These findings showed that
Mortierella, Malassezia, Simplicillium, Penicillium, and
Chaetomium were sensitive to HIV infection, and Verticillium
and Alternaria were sensitive to ART.

Random Forest Analysis
Random forest classification was analyzed to further investigate
the contribution of the salivary mycobiome in classifying HIV
infection and ART administration. It revealed that the most
important salivary mycobiome for categorizing HIV infection
was Mortierella (Figure 4A), and Verticillium was the most
important fungi to categorize ART state (Figure 4B), which
was also in line with the results of the comparative analysis.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
Correlation Between the Salivary
Mycobiome and CD4+ T-Cell Counts,
Viral Load
The increased CD4+ T-cell counts and decreased VL counts were
predominant features of immunologic reconstitution in HIV-infected
individuals after ART (Tiba et al., 2012). Correlation analysis by
Spearman’s correlation coefficient was performed to further analyze
the relationship between salivary mycobiome and CD4+ T-cell
counts, VL counts (Figure 5). We found that Mortierella,
Malassezia, and Simplicillium were positively correlated with VL,
and Verticillium, Alternaria, and Issatchenkiaetc were negatively
correlated with VL. Archaeorhizomyces and ThyrostromaIt were
positively correlated with CD4+ T-cell counts and negatively
correlated with VL. It suggested that the community structure of
saliva mycobiome of HIV-infected people had a relationship with
CD4+ T-cell counts and VL in the blood. It suggested that the salivary
mycobiome of HIV-infected people was related to CD4+ T-cell
counts and VL in the blood.
DISCUSSION

Our study reported the differences in the composition of the
salivary mycobiome between patients with HIV and HIV-
uninfected subjects and the effect of 6 months of ART on the
salivary mycobiomes.

Previous oral mycobiome studies mainly relied on traditional
isolation and culture methods (Diaz et al., 2017). However,
studies have shown that less than 1% of microorganisms,
including fungi, can be cultivated under laboratory conditions
(Rappe and Giovannoni, 2003). Therefore, using traditional
isolation and culture methods to study the relationship
A B

FIGURE 1 | Taxonomy analysis of the salivary mycobiome structure among the Control, HIV, and antiretroviral therapy (ART) groups. (A) Venn diagram showed the
number of zero-radius operational taxonomic units (zOTUs) among the three groups. (B) Bar chart described the phylum distribution of the salivary mycobiome
among the three groups.
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between mycobiome and diseases may leave some biases.
Microbial detection methods based on molecular biology
techniques have emerged and expanded our understanding of
oral mycobiome (Chiu and Miller, 2019).

In 2010, Ghannoum et al. (2010) used 454 pyrosequencing to
analyze oral flushing samples from 20 healthy individuals and
found 101 fungal genera, including 11 non-cultivable genera.
Four common pathogenic fungi, including Candida, Aspergillus,
Fusarium, and Cryptococcus were detected in more than 20% of
subjects in this study, and these mycobiomes were also detected
in our study. Apart from these fungi, Malassezia was a common
fungus in the oral mycobiome of healthy subjects in another
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
study (Dupuy et al., 2014). This finding was consistent with our
result, too.

Mukherjee et al. (2014) used the 454 pyrosequencing to
compare the oral core fungal flora of 12 HIV-infected patients
and 12 HIV-uninfected individuals and found that the oral core
fungi were different between the two groups (the “core” flora
were microorganisms detected in more than 20% of the subjects).
Interestingly, Candida and Penicillium were common in the two
groups in this study. While Aspergillus and Mortierella were
detected in all the samples in our study. Besides, the frequency of
Candida, Epicoccum, and Alternaria was much higher in the HIV
group than that in the healthy group (Mukherjee et al., 2014), but
A B

C

FIGURE 2 | Alpha and beta diversity analyses of the salivary mycobiome among the three groups. (A) Chao1 index and (B) Shannon index showed the richness
and evenness in the HIV, antiretroviral therapy (ART), and Control groups. (C) Principal coordinates analysis (PCoA) and Adonis analysis revealed the differences in
the salivary mycobiome among the three groups. Blue represented the Control group, red indicated the HIV group, and green denoted the ART group. **P < 0.01;
ns, no significant.
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the relative abundance of Mortierella, Malassezia, and
Penicillium was much higher in the HIV group than that in
the other group in our study. Dramatically, Alternaria was
enriched in the control group in our study. Furthermore, only
two of 22 dominant genera were not significantly different in our
comparison analysis. Some differences were observed between
our study and the research conducted by Mukherjee et al. (2014)
because of the following: 1) the race and age of the included
subjects were different; 2) the sequencing methods were different;
3) the samples were different, that is, mouth wash samples and
non-stimulated whole saliva samples were selected in the two
studies; 4) most of all, the characteristics of the included HIV-
infected subjects were different. HIV-infected patients were
newly infected within 1 past year in our study, and the body’s
immune system might not be severely damaged at this moment;
as such, patients could not easily suffer from secondary infection.
This condition was the main reason why the most common
infecting genus in patients with HIV—Candida—was not more
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
enriched in HIV group compared with Control group in
our study.

In addition, we explored the effect of ART on the composition
of the salivary mycobiome and found that the richness and
diversity of salivary mycobiome decreased after ART
administration. Moreover, the composition of the salivary
mycobiome in the ART group was similar to that in the
Control group. Furthermore, Verticillium, Archaeorhizomyces,
and Thyrostroma were negatively correlated with VL and
positively correlated with CD4+ T-cell counts. By comparison,
Saccharomyces was positively correlated with VL and negatively
correlated with CD4+ T-cell counts. These results indicated that
ART administration could affect the composition of the salivary
mycobiome in HIV-infected patients, and some fungi were
sensitive to the changes in CD4+ T-cell counts and VL in
the blood.

Our study had some limitations. First, the saliva samples
collected from the subjects before acquiring HIV were the best
A B

C

FIGURE 3 | Taxon comparative analysis of the salivary mycobiome among the three groups at the genus level. (A, B) Histogram based on the results of Tukey-HSD
showed the significantly different genera among groups. **P < 0.01, *P < 0.05 (mean ± SEM). (C) Linear discriminant analysis effect size (LEfSe) cladogram identified
differently abundant taxa in each group. Red represented the antiretroviral therapy (ART) group-enriched taxa, blue indicated HIV group-enriched taxa, and green
denoted Control group-enriched taxa.
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control. This study was limited by ethics and difficulties in
collecting the samples, so saliva was obtained from HIV-
uninfected subjects as the control. Second, the follow-up
period was cut short because of coronavirus disease 2019
(COVID-19). Third, the sample size was not large enough.
Fourth, many sequences could not be classified and annotated
with the incomplete fungal ribosome database. Fifth, specific
species were not detected because of the difficulties in generating
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
similarity thresholds to define species-level operable taxonomic
units. Therefore, more cohort studies with a long follow-up
period and a large sample size should be performed to further
analyze the characteristics of the salivary mycobiome in HIV-
infected subjects. Besides, more research is needed to improve
the fungal ribosome database that should be completed. Standard
methods to explore human fungal microorganisms also need to
be improved.
A B

FIGURE 4 | Random forest analysis. Random forest analysis classification of the ranked importance of the mycobiome for classifying the samples in HIV category
(patients with and without HIV infection) (A) and in the antiretroviral therapy (ART) category (ART or not) (B). OOB, out-of-box error rate.
FIGURE 5 | Correlation analysis between the salivary mycobiome and CD4+ T-cell counts and viral load (VL) in the blood. Diagram showed Spearman’s correlation
coefficient (|rho| >0.3) with the P < 0.05. The significance are shown as flow: *P < 0.05, **P < 0.01, ***P < 0.001.
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CONCLUSIONS

In this study, we found that HIV infection and ART administration
might affect the composition of the salivary mycobiome.
Furthermore, differences in the salivary mycobiome in HIV
infections after ART were complex and might mirror the
immune state of the body. In the future, studies should be
performed on the salivary mycobiome with a large sample size
and long follow-up time.
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Tiba, F., Nauwelaers F,, Traoré, S., Traoré S,, Coulibaly, B., Coulibaly, B., et al. (2012).
Immune Reconstitution During the First Year of Antiretroviral Therapy of HIV-1-
Infected Adults in Rural Burkina Faso. Open AIDS J. 6(1874-6136 (1874-6136
(Electronic), 16–25. doi: 10.2174/1874613601206010016

Twigg, H. L.3rd, Weinstock, G. M., and Knox, K. S. (2017). Lung Microbiome in
Human Immunodeficiency Virus Infection. Trans. Research: J. Lab. Clin. Med.
179, 97–107. doi: 10.1016/j.trsl.2016.07.008

Vidotto, A., Henrique, T., Raposo, L. S., Maniglia, J. V., and Tajara, E. H. (2010).
Salivary and Serum Proteomics in Head and Neck Carcinomas: Before and
After Surgery and Radiotherapy. Cancer Biomark. 8 (2), 95–107. doi: 10.3233/
CBM-2011-0205

Wang, J., Jia, Z., Zhang, B., Peng, L., and Zhao, F. (2020). Tracing the
Accumulation of In Vivo Human Oral Microbiota Elucidates Microbial
Community Dynamics at the Gateway to the GI Tract. Gut 69 (7), 1355–
1356. doi: 10.1136/gutjnl-2019-318977

Xiao, C., Ye, J., Esteves, R. M., and Rong, C. (2016). Using Spearman’s Correlation
Coefficients for Exploratory Data Analysis on Big Dataset. Concurrency
Comput: Pract. Experience 28 (14), 3866–3878. doi: 10.1002/cpe.3745

Zhang, C. Z., Cheng, X. Q., Li, J. Y., Zhang, P., Yi, P., Xu, X., et al. (2016). Saliva in
the Diagnosis of Diseases. Int. J. Oral. Sci. 8 (3), 133–137. doi: 10.1038/
ijos.2016.38

Zheng, H., Li, R., Zhang, J., Zhou, S., Ma, Q., Zhou, Y., et al. (2014). Salivary
Biomarkers Indicate Obstructive Sleep Apnea Patients With Cardiovascular
Diseases. Sci. Rep. 4, 7046. doi: 10.1038/srep07046

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Chang, Guo, Li, Ji, Jiang, Ruan and Du. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
December 2021 | Volume 11 | Article 781246

https://doi.org/10.1128/JCM.02954-13
https://doi.org/10.1007/978-1-4939-2444-8_24
https://doi.org/10.1371/journal.ppat.1003996
https://doi.org/10.1016/j.tripleo.2004.10.011
https://doi.org/10.1002/jmv.24059
https://doi.org/10.1264/jsme2.ME14121
https://doi.org/10.1097/MD.0000000000005821
https://cran.r-project.org/package=vegan
https://doi.org/10.1111/j.1601-0825.2007.01407.x
https://doi.org/10.1158/1078-0432.CCR-09-0736
https://doi.org/10.3389/fmicb.2018.00980
https://doi.org/10.1373/clinchem.2010.153767
https://doi.org/10.3233/JAD-121918
https://doi.org/10.1097/QAD.0000000000001811
https://doi.org/10.1097/QAD.0000000000001811
https://doi.org/10.1146/annurev.micro.57.030502.090759
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1016/j.tripleo.2009.11.026
https://doi.org/10.2174/1874613601206010016
https://doi.org/10.1016/j.trsl.2016.07.008
https://doi.org/10.3233/CBM-2011-0205
https://doi.org/10.3233/CBM-2011-0205
https://doi.org/10.1136/gutjnl-2019-318977
https://doi.org/10.1002/cpe.3745
https://doi.org/10.1038/ijos.2016.38
https://doi.org/10.1038/ijos.2016.38
https://doi.org/10.1038/srep07046
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Comparative Analysis of Salivary Mycobiome Diversity in Human Immunodeficiency Virus-Infected Patients
	Introduction
	Methods
	Subject Recruitment
	Sample Collection
	Genomic DNA Isolation and PCR Amplification
	Internal Transcribed Spacer rRNA Gene Sequence Analysis
	Statistical Analysis

	Results
	Subject Characteristics
	Taxonomy Analysis
	Alpha and Beta Diversity Analysis of the Salivary Mycobiome
	Comparative Analysis of the Salivary Mycobiome Among the Three Groups
	Random Forest Analysis
	Correlation Between the Salivary Mycobiome and CD4+ T-Cell Counts, Viral Load

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


