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Abstract

Rationale:Microbiome studies typically focus on bacteria, but
fungal species are common inmanybody sites and canhave profound
effects on the host.Wide gaps exist in the understanding of the fungal
microbiome (mycobiome) and its relationship to lung disease.

Objectives: To characterize the mycobiome at different respiratory
tract levels in persons with and without HIV infection and in HIV-
infected individuals with chronic obstructive pulmonary disease
(COPD).

Methods: Oral washes (OW), induced sputa (IS), and
bronchoalveolar lavages (BAL) were collected from 56 participants.
We performed 18S and internal transcribed spacer sequencing and
used the neutral model to identify fungal species that are likely
residents of the lung. We used ubiquity–ubiquity plots, random
forest, logistic regression, and metastats to compare fungal
communities by HIV status and presence of COPD.

Measurements and Main Results:Mycobiomes of OW, IS,
and BAL shared common organisms, but each also had distinct
members. Candida was dominant in OW and IS, but BAL had 39
fungal species that were disproportionately more abundant than
in the OW. Fungal communities in BAL differed significantly by
HIV status and by COPD, with Pneumocystis jirovecii significantly
overrepresented in both groups. Other fungal species were also
identified as differing in HIV and COPD.

Conclusions: This study systematically examined the respiratory
tract mycobiome in a relatively large group. By identifying
Pneumocystis and other fungal species as overrepresented in the lung
in HIV and in COPD, it is the first to determine alterations in
fungal communities associated with lung dysfunction and/or
HIV, highlighting the clinical relevance of these findings.

Clinical trial registered with www.clinicaltrials.gov (NCT00870857).

Keywords: microbiome; fungi; bronchoalveolar lavage;
COPD; HIV

Culture-independent techniques have been
instrumental in defining the bacterial
microbiome in health and disease. Fungi are

important constituents of the mucosa and
respiratory tract, but fewer culture-
independent datasets regarding these

organisms are available. Whether there
are resident fungal communities in the
respiratory tract of most individuals is
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unknown. The lung has a microbiome that
shifts in health and disease (1–3). Complex
microbial communities affect human
physiology, shape the immune response
(4), and may play an important role in
lung diseases (1, 2). Studies of the lung
microbiome are at an early stage, and
most attention has focused on bacterial
communities; however, the mycobiome—
referring primarily to the fungal biota in
a habitat—is also an important component
of the human microbiome (5). Findings
regarding the lung mycobiome have
been reported for a small number of
individuals after lung transplantation and

in individuals with cystic fibrosis (1, 2).
Whether a distinct lung mycobiome exists
in immunocompetent hosts without
accompanying lung disease is currently
unknown. Alterations associated with
immunosuppression or lung diseases have
also not been explored in depth.

Pulmonary disease, particularly chronic
obstructive pulmonary disease (COPD),
remains a significant problem in HIV-infected
individuals despite availability of antiretroviral
therapy (ART). Causes of COPD in HIV
are poorly understood. Although smoking is
clearly important, it is not the only risk.We see
pulmonary function abnormalities in never
smokers and in animal models without smoke
exposure, and HIV is an independent risk
factor for COPD (6–10). Although there may
be common pathways involved in COPD
in HIV-infected and HIV-uninfected
individuals, underlying triggers of these
pathways may differ. It is likely, given the
multiple microorganisms already implicated
in COPD pathogenesis in the HIV-uninfected
population, that microbial populations may
be related to development of COPD in this
immunocompromised population. Fungal
communities in the respiratory tract of HIV-
infected individuals with and without COPD
have not been examined using next-
generation sequencing techniques. Given the
increased susceptibility to fungal infection
seen in HIV, it is possible that alterations
in these communities are related to
pulmonary disease.

We performed a study of the fungal
communities in the mouth and the lung
in a cohort of healthy individuals with
normal lung function and in HIV-infected
individuals with and without COPD to
determine normal constituents of the
respiratory tract mycobiome and how it
is altered in immunosuppression and in
chronic lung disease. Some of the results of
this study have been previously reported in the
form of unpublished abstracts (11, 12).

Methods

Study Participants
Fifty-six participants were recruited at the
University of Pittsburgh, the University of
California San Francisco, and the University
of California Los Angeles (6, 13). Subjects
were outpatients not experiencing an acute
change in respiratory symptoms in the prior
4 weeks and had not received antibiotics in
the previous 6 months. Additional details of

participant recruitment and characteristics
are provided in the online supplement.
All participants signed written informed
consent, and the institutional review boards
of the University of Pittsburgh, the
University of California San Francisco, and
the University of California Los Angeles
approved the study.

Sample Collection
Oral wash (OW), induced sputum (IS), and
bronchoalveolar lavage (BAL) samples were
collected from each subject, per protocols.
Additional details of the procedures are
provided in the online supplement. Clinical
and laboratory data were collected,
including CD4 cell count within 6 months of
BAL, use of ART, and history of cigarette or
marijuana smoking.

Pulmonary Function Testing
Prebronchodilator and post-bronchodilator
(after 400 mg albuterol) spirometry was
performed by trained personnel according
to American Thoracic Society guidelines
(14, 15). The third National Health and
Nutrition Examination Survey equations were
used for spirometry reference values (14).
Participants also performed single-breath
determination of carbon monoxide uptake in
the lungs to measure diffusing capacity of the
lung for carbon monoxide (DLCO) per ATS/
ERS standards (16). DLCO was adjusted for
hemoglobin and carboxyhemoglobin, and
reference values for DLCO used Neas and
Schwartz’s equations (17).

DNA Extraction
Fungal genomic DNA from OW, IS, and
BAL samples, and bronchoscopic control
samples were extracted using the cetyl
trimethylammonium bromide method (18)
without the liquid nitrogen step.

Polymerase Chain Reaction
Amplification
Primer sequences and the polymerase chain
reaction (PCR) protocol for amplifying the
18S and internal transcribed spacer (ITS)
of the rRNA gene were adapted fromDollive
and coworkers (19), using barcoded primer
pair 18S_0067a_deg/NSR399, and ITS1F/
ITS2. Additional details of the method for
amplicon purification are provided in
the online supplement. Both 18S and
ITS amplicons were sequenced on the
Ion PGM Sequencer (Life Technologies,
Carlsbad, CA) using the 400-bp
protocol. Sequencing data were deposited

At a Glance Commentary

Scientific Knowledge on the
Subject: Culture-independent
techniques have been instrumental in
defining the microbiome in health and
disease. Studies of the lung microbiome
are at an early stage, and most attention
has focused on bacterial communities.
The mycobiome, referring primarily to
the fungal biota in a habitat, is also an
important component of the human
microbiome, but little work has been
performed to determine fungal
communities in health and disease.
Wide gaps exist in the understanding of
the mycobiome and its relationship to
lung disease.

What This Study Adds to the
Field: We performed culture-
independent examination of oral wash,
induced sputum, and bronchoalveolar
lavage for fungi in a multicenter cohort
of healthy control subjects and HIV-
infected individuals with and without
chronic obstructive pulmonary disease.
Each specimen type (oral, sputum,
bronchoscopy) had overlapping
communities but also contained
unique fungal species. Pneumocystis
jirovecii was found in greater
abundance in the lungs of HIV-
infected individuals and in those with
HIV infection and chronic obstructive
pulmonary disease. This study is
the largest to date to systematically
investigate the fungal microbiome of
the respiratory tract and to explore the
association of fungal communities to
lung and systemic disease.
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in Sequence Read Archive (accession
number: SRP040237).

Sequence Processing
The QIIME pipeline (20) was used in
demultiplexing and trimming raw
sequences. Additional detail is provided
in the online supplement. Because
Pneumocystis was the most overrepresented
fungus in HIV-infected subjects with or
without COPD, we confirmed its presence
in BAL samples using nested PCR as
previously described (21).

Statistical Analysis
Participant characteristics were summarized
using means or medians. Clinical
characteristics were compared for HIV-
infected and HIV-uninfected individuals
using t tests, rank sum, or chi-square in
R as appropriate. We defined COPD as
a post-bronchodilator FEV1/FVC less than
70%, or diffusing capacity of the lung for
carbon monoxide less than 60% predicted.
These criteria were chosen based on the
Global Initiative for Obstructive Lung
Diseases definition and on our previous
work demonstrating that an impaired
diffusing capacity of the lung for carbon
monoxide is the most common COPD
phenotype in HIV (9, 10). CD4 cell count
was dichotomized as above and below
500 cells per microliter. Marijuana use was
defined as any self-reported use in the
previous 12 months.

18S data were used for operational
taxonomic unit (OTU)-type analysis. The
Principle Coordinate Analysis plot using the
unweighted UniFrac distance metric was
applied to visually display clustering of
samples using QIIME (20, 22). Ubiquity-
ubiquity plots were generated in Corbata,
and quantification of the differences
between two biomes was performed using
the “abundance-weighted” Kolmogorov-
Smirnov statistic in Corbata (23).

The ITS data were used for species-level
analysis. The neutral model was applied
to separate OW, IS, and BAL populations,
and 95% binomial confidence intervals were
constructed as the selection criteria based on
the Wilson method with the binom package
in R (24). To identify species important in
disease status prediction (HIV, COPD) and
associated with specific clinical risk factors
(low CD4 cell count, marijuana use), two
machine-learning classifiers (random forest
and logistic regression with elastic Net)
were applied separately in R packages
randomForest and glmnet (25, 26).
Metastats, an R-based open-source
software, was used to compare divergence
between different populations and to pick
significantly overrepresented fungi
characterized by a q value below 0.05 (27).
Only species identified by all three tests
were kept for downstream analysis. If
logistic regression failed to identify any
species because of unbalanced group sizes,
only species identified by both random

forest and metastats were kept for
downstream analysis. Additional detail is
provided in the online supplement.

Results

Subjects
Fifty-six participants were recruited from
three centers (Table 1). Thirty-two were
HIV infected, and 24 were HIV uninfected.
HIV-infected and HIV-uninfected
participants were similar in age, sex, and
ethnicity. Of those with HIV, 13 had
a CD4 cell count lower than 500 cells per
microliter, but were otherwise similar in
their demographics to those with CD4 cell
counts greater than 500 cells per microliter.
Among the 32 HIV-infected individuals, 10
had COPD. The HIV-infected individuals
with and without COPD were similar in
age, sex, and ethnicity (Table 1).

Distinct Mycobiome in the Lung
To characterize members of the fungal
community in the normal lung, we compared
18S and ITS rRNA sequence data from
OW, IS, and BAL from HIV-uninfected
individuals with normal lung function. In
Principle Coordinate Analysis of 18S data,
BAL samples clustered together with OW;
IS samples overlapped in part with OW
samples, but not with BAL (Figure 1A). A
similar distribution pattern was seen with
the entire cohort including HIV-infected
and HIV-uninfected individuals with or

Table 1. Participant Sociodemographic, Clinical, and Lung Function Characteristics (n = 56)

Characteristic
HIV

Uninfected HIV Infected P Value
HIV Infected,
without COPD

HIV Infected
with COPD P Value

n = 24 n = 32 n = 22 n = 10
Age, mean (SD) 51.8 (9.8) 51.8 (8.0) NS 49.8 (7.0) 55.0 (9.2) NS
Female, n (%) 5 (20.8) 4 (12.5) NS 4 (18.2) 1 (10.0) NS
Race, n (%)
White 15 (62.5) 19 (59.4) NS 12 (54.5) 6 (60.0) NS
Black 8 (33.3) 13 (40.6) NS 9 (40.9) 4 (40.0) NS

Hispanic, n (%) 0 (0) 1 (3.13) NS 1 (4.55) 0 NS
Cumulative pack-years, median (range) 0 (0–54.3) 5.5 (0–75.0) NS 5.49 (0–33.8) 7.5 (0–75) NS
Marijuana use in last year, n (%) 5 (20.8) 15 (46.9) NS 9 (40.9) 6 (60.0) NS
ART use, n (%) NA 29 (90.6) — 20 (90.1) 9 (90.0) NS
Current CD4, cells/ml, median (range) NA 599 (133–1,175) — 533 (208–1,175) 641.5 (133–1,091) NS
CD4, 500 cells/ml, n (%) NA 13 (40.6) — 9 (40.9) 4 (40.0) NS
Current HIV RNA viral load, copies/ml,

median (range)
NA ,50 (,50–88,246) — ,50 (,50–8,770) 102 (,50–88,246) NS

Post-bronchodilator FEV1/FVC,
mean (SD)

0.77 (0.10) 0.78 (0.10) NS 0.82 (0.04) 0.70 (0.13) 0.0115

DLCO percent predicted, mean (SD) 0.82 (0.13) 0.71 (0.13) 0.0026 0.75 (0.09) 0.62 (0.16) 0.0376

Definition of abbreviations: ART = antiretroviral therapy; COPD = chronic obstructive pulmonary disease; DLCO = diffusing capacity of the lung for carbon
monoxide; NS = not significant.
Participant characteristics were summarized using means or medians, and compared using t tests, rank sum, or chi-square in R as appropriate.
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without normal lung function (see Figure E1
in the online supplement).

These clustering patterns point toward
shared and unique taxa in each respiratory
tract level. To identify which species were
likely core taxonomic members of the OW,
IS, and BAL, we plotted prevalence of
specific taxa comparing the ITS data of the
OWwith the BAL (Figure 1B) or with the IS
(Figure 1C) using ubiquity–ubiquity plots
(23). The genus Candida, represented by
more than 90% of the ITS reads, was clearly
dominant in OW compared with BAL
(Figure 1B). There was also a higher
prevalence of Candida in IS as compared
with BAL (Figure 1D). Conversely, there
were fungal species that were predominant

in BAL as compared with OW (Figure 1B),
including Ceriporia lacerata, Saccharomyces
cerevisiae, and Penicillium brevicompactum.
These organisms have been reported to
cause opportunistic lung infection (28–30),
demonstrating that they may be present in
the lungs as commensals. None of these
species were detected in the corresponding
bronchoscopic control samples, indicating
that environmental contamination
is an unlikely explanation for their
overrepresentation in BAL.

Overlap of BAL and OW communities
in healthy hosts suggests that some lung
microbes originate from the mouth, leading
to shared communities between the two
environments. To clarify which fungal

species are likely to be true residents of the
lung, we applied the neutral model of
community ecology to compare fungal
composition of OW and BAL using the ITS
data in our entire cohort. This model
examines whether distribution of organisms
in the lung results from dispersal from
the mouth or from active environmental
selection in the lungs (3, 31). We identified
organisms overrepresented in BAL
(Figure 2A) and IS (Figure 3A) by using
95% binomial confidence intervals as the
criteria. Although most OTUs were shared
between oral and lung communities (falling
between the 95% confidence intervals in
the neutral model), 39 fungal species were
disproportionately more abundant (falling
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Figure 1. Principal coordinate analysis plot and ubiquity–ubiquity plots (U–U plot) of the mycobiome of oral wash (OW), induced sputum (IS), and
bronchoalveolar lavage (BAL) in HIV-uninfected individuals with normal lung function. (A) Principal coordinate analysis plot showing the clustering trend of OW (n =
15), IS (n = 8), and BAL (n = 11) samples (18S data). PCo = principal coordinate. (B–D) U–U plot generated using Corbata (21), comparing the ubiquity of every fungal
species present in two biomes of either OW (n=18), IS (n = 9), or BAL (n = 16) (internal transcribed spacer data). The top five taxa in every biome were labeled,
and the P value showing the significance of difference between two biomes was generated in one-sided “abundance-weighted” Kolmogorov-Smirnov (AWKS)
in Corbata (21). (B) U–U plot comparing the oral mycobiome (OW) with the lung mycobiome (BAL). (C) U–U plot comparing the oral mycobiome (OW) with the lung
mycobiome (IS). (D) U–U plot comparing the lung mycobiome (IS) with the lung mycobiome (BAL). NS=not significant. **P < 0.01; ***P < 0.005.
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Figure 2. Neutral model comparing the lung community (bronchoalveolar lavage [BAL]) with the oral community (oral wash) in the entire cohort and
comparing lung communities in HIV infection and in chronic obstructive pulmonary disease (COPD). (A) In the neutral model plot, the solid line represents
the frequency predicted in the model and dashed lines are 95% binomial confidence intervals. Although most operational taxonomic units (OTUs) were
shared between the oral and lung community (found between the 95% confidence intervals in the neutral model; gray in the plots), 39 fungal species
fell outside the upper confidence interval (red ) and were considered to have a fitness advantage in the lung (those OTUs that were too close to the axis
were omitted for plotting, but a detailed taxonomic list is provided in Table E1). The fungal species that fell below the lower confidence interval (green) did
not have a fitness advantage in the lung. (B) Overrepresented species in BAL from HIV-infected and HIV-uninfected individuals. (C) Overrepresented
species in BAL from HIV-infected individuals with and without COPD. The intersection of the results from three statistical methods (random forest, logistic
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outside the upper confidence interval) in
the BAL and 203 species in the IS, as
compared with the OW (see Table E1).

Correlation of the Lung Mycobiome
with HIV Infection, Lung Function, and
Marijuana Use
We then performed similar analyses to identify
taxa representative of disease groups. First,
we determined the impact of HIV infection on
the mycobiome (Figure 4A) and the impact
of a low CD4 cell count in HIV-infected
individuals (defined as CD4 count ,500
cells per microliter). Using our three
statistical methods (random forest, logistic
regression, and metastats), nine species were
overrepresented in BAL of HIV-infected
individuals as compared with HIV-uninfected
individuals (Pneumocystis jirovecii,
Junghuhnia nitida, Phlebia tremellosa,
Oxyporus latemarginatus, Sebacina incrustans,
Ceriporia lacerata, Pezizella discrete, Trametes
hirsute, and Daedaleopsis confragosa)
(Figure 2B). We also looked at the impact
of degree of immunosuppression within the
HIV-infected individuals. Two species were
associated with a CD4 less than 500 cells per
microliter, compared with those with CD4 cell
counts greater than 500 cells per microliter:
Zasmidium nocoxi and Teratosphaeria
jonkershoekensis (see Figure E2A). For all
comparisons, species identified were not
found in bronchoscopic control samples, and
we confirmed presence of P. jirovecii in all
positive samples using nested PCR.

We then compared mycobiome
composition in HIV-infected individuals
with and without COPD (Figure 4B).
Because cumulative pack-years smoking is
a well-established risk factor for COPD and
showed a nonsignificant trend to be higher in
HIV-infected individuals with COPD, we
excluded its direct effects on mycobiome
composition by running statistical methods
twice with and without the features of pack-
years included, and only kept those fungal
species that were selected in both models
as those that were associated with COPD
in HIV infection exclusively. Logistic
regression failed to identify any species
associated with COPD in the HIV-infected
cohort as compared with HIV-infected
individuals with normal lung function.

Random forest and metastats overlapped
in the identification of 12 species
(S. incrustans, J. nitida, P. jirovecii, Phlebia
setulosa, Glomus mosseae, Lachnum
rhytismatis, Hydnobolites cerebriformis,
Rhizoscyphus ericae, Z. nocoxi, C. lacerata,
Steccherinum ochraceum, and Phaeophleospora
eugeniae) (Figure 2C). As in the analyses
of HIV infection, species of interest were
not detected in bronchoscopic control
samples, and Pneumocystis was confirmed
by PCR.

Because marijuana is smoked without
a filter and might contain pathogens that
could enter the lung, we examined the
mycobiome in those who reported smoking
marijuana within the past year versus those
without recent marijuana exposure. In
marijuana smokers, with and without HIV
infection, four species were overrepresented
as compared with individuals who had
not smoked marijuana in the past year:
L. rhytismatis, P. discreta, Phialocephala
virens, and Taphrina tormentillae (see
Figure E2B). The latter two species are
known plant pathogens (32, 33).

We also compared the IS communities
by HIV, CD4, COPD, or marijuana smoking
status. Although there were 225 fungal
species found to be residents of the IS
as compared with the oral community
(Figure 3A), none were overrepresented in
HIV-infected individuals as compared with
HIV-uninfected individuals (Figure 3B).
Lung function, however, did seem to be
associated with six fungal species, based on
the two successful statistical analyses used
both with and without adjustment for pack-
years (Figure 3C). Among these species,
Exophiala oligosperma has been reported
in immunocompromised patients with
respiratory disorders (34). Low CD4 cell
count (see Figure E2C) had no associated
species, whereas marijuana use (see Figure
E2D) had two associated species (Clavispoa
lusitaniae and E. oligosperma).

Discussion

We investigated the mycobiome at various
levels of the respiratory tract in healthy
individuals and in those with HIV infection

and with COPD. Although there was
significant overlap between oral and lung
fungal communities, we found distinct
differences between the mouth and lung
fungal populations in both healthy subjects
and in the cohort overall. Candida was
the most common species in the mouth
with other species, such as Saccharomyces,
overrepresented in the lung. We also found
significant alterations in the fungal lung
populations in those who were HIV
infected compared with HIV uninfected,
and in HIV-infected individuals with low
CD4 cell counts. HIV-infected individuals
with COPD had different fungal lung
populations compared with HIV-infected
individuals with normal lung function;
those who smoked marijuana in the past
year differed from those who had not
reported marijuana use, regardless of
HIV status.

Bacterial communities in the lung
largely resemble those in the mouth, likely
from microaspiration (3, 35). We also
found that fungal communities in the lung
resembled those in the mouth, which may
also occur from microaspiration that occurs
even in an immunocompetent host without
accompanying lung disease. The overlap
seen in this study could be caused, at
least in part, by contamination during
bronchoscopy when the instrument passes
through the oral cavity to the bronchi, or by
detection of lung organisms in the mouth
that arise via coughing or exhalation.
The neutral model clearly indicates that
there are also organisms overrepresented in
the lung compared with the mouth, and
detection of organisms, such as P. jirovecii,
a known lung pathogen not part of the
oral flora, provides strong evidence that
a mycobiome specific to the lung does
indeed exist.

HIV infection has profound effects on
systemic and lung immunity. Alterations
in inflammation and immune function
persist despite effective ART and may
impact the mycobiome. In bacterial studies
of BAL, certain species, such as Tropheryma
whipplei, are overrepresented in HIV-
infected individuals compared with HIV-
uninfected control subjects (36). In our
mycobiome study, two fungal species that

Figure 2. (Continued). regression, and metastats) (adjusted for multiple t tests) was colored in the plot. Only random forest and metastats results are
colored for COPD species in C because logistic regression failed to identify any species. Red-labeled species are overrepresented in the disease group
compared with the control group, and the blue-labeled species are found to be dominant in the control group. The ranking by importance in the
group classification is based on the output from the random forest classifier (internal transcribed spacer data, n = 53 oral wash, 44 BAL).
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Figure 3. Neutral model comparing the lung communities in induced sputum (IS) with the oral community (oral wash) and comparing lung communities in
HIV infection and in chronic obstructive pulmonary disease (COPD) using IS. (A) In the neutral model plot, the solid line represents the frequency predicted
in the model and dashed lines are 95% binomial confidence intervals. Although most operational taxonomic units (OTUs) were shared between the
oral and lung community (found between the 95% confidence intervals in the neutral model; gray in the plots), 225 fungal species fell outside the upper
confidence interval (blue) and were considered to have a fitness advantage in the lung (those OTUs that were too close to the axis were omitted for
plotting, but a detailed taxonomic list is provided in Table E1). The fungal species that fell below the lower confidence interval (green) did not have a fitness
advantage in the lung. (B) Overrepresented species in IS from HIV-infected and HIV-uninfected individuals. (C) Overrepresented species in IS from HIV-
infected individuals with and without COPD. The intersection of the results from three statistical methods (random forest, logistic regression, and
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were overrepresented in HIV were
known lung pathogens associated with
immunosuppression (P. jirovecii and
C. lacerata) (28, 37). Pneumocystis is a leading
cause of pneumonia in HIV-infected and
other immunocompromised individuals
(38), and low levels of the organism have
previously been detected in the respiratory
tract of HIV-infected individuals using
targeted PCR (39). Other species that were

overrepresented in the lungs in HIV
infection or associated with a low CD4 cell
count have been either poorly studied or
reported strictly as plant pathogens.

Chronic lung diseases, such as COPD,
have long been postulated to have an
infectious component. COPD is an
important cause of respiratory impairment
in HIV-infected persons, and HIV infection
is an independent risk factor for COPD

(6, 13, 40). Pulmonary infections could
stimulate replication of HIV in the lungs,
augment pulmonary inflammation, and
cause lung destruction by release of
proteases, thereby leading to or worsening
COPD (41). Previous studies examined
the bacterial lung microbiome in HIV-
uninfected individuals with advanced
COPD and found profound changes in
the microbiome associated with lung

Figure 3. (Continued). metastats) (adjusted for multiple t tests) was colored in the plot. Only random forest and metastats results are colored for
COPD species in C because logistic regression failed to identify any species. Red-labeled species are overrepresented in the disease group compared
with the control group, and the blue-labeled species are found to be dominant in the control group. The ranking by importance in the group classification
is based on the output from the random forest classifier (internal transcribed spacer data, n = 53 oral wash, 30 IS).
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Figure 4. Ubiquity–ubiquity plots (U–U plot) comparing the ubiquity of every fungal species present in two disease groups. The top five taxa in every biome were
labeled, and the P value showing the significance of difference between two biomes was generated in one-sided “abundance-weighted” Kolmogorov-Smirnov
(AWKS) in Corbata (21). (A) U–U plots comparing HIV-infected individuals with HIV-uninfected individuals in oral wash (n = 53), induced sputum (n = 30), and
bronchoalveolar lavage (BAL) (n = 44) samples. (B) U–U plots comparing HIV-infected individuals with or without chronic obstructive pulmonary disease (COPD) in
oral wash (n = 31), induced sputum (n = 19), and BAL (n = 26) samples (internal transcribed spacer data). NS= not significant. **P < 0.01; ***P < 0.005.
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dysfunction (42, 43). No previous studies
have examined the role of the microbiome
or mycobiome in HIV-associated COPD.
We postulated that the respiratory
mycobiome in COPD may play a role in
HIV-associated COPD given the increased
susceptibility to fungal infection seen even
in treated HIV.

The primary fungus enriched in the
lungs of individuals with HIV and COPD
was Pneumocystis. Pneumocystis detection
was previously reported in both HIV-
infected and HIV-uninfected individuals
with COPD in studies using PCR (21, 39,
44). Pneumocystis also results in COPD-like
changes in rodent and nonhuman primate
models (8, 45). Pneumocystis colonization
has been postulated to contribute to
COPD by stimulating inflammation and
release of matrix metalloproteases, which
can damage the lung (8, 39). The current
findings, using novel technology and
analysis methods, provide additional
support of the role of Pneumocystis in
HIV-associated COPD.

Our findings also suggest that
Pneumocystis is not the sole fungus
involved in HIV-associated COPD, but that
fungal communities are altered. Other
fungal species overrepresented in the BAL
of HIV-infected individuals with or without
abnormal lung function have not yet
been reported to be associated with human
disease. Some of these fungi, including
half of those associated with smoking
marijuana, are regarded as purely plant
pathogens, but hold potential as
opportunistic microbes. C. lacerata, for
example, now known to be an opportunist
basidiomycete causing pneumonia, was
once regarded solely as an agent of white
rot on wood (28), and plant pathogenic
fungi, such as Aspergillus flavus, can result
in a life-threatening infection in animals,
including humans (46).

The overrepresented fungal species in
our cohort may have clinical significance
that is not yet realized, but implications
of these findings for clinicians are not yet
established. It is possible in the future
that these types of culture-independent
techniques could be widely applied both in
pneumonia and in chronic diseases, such as
COPD, but further study of the impact of
these techniques on patient care is needed.
Those individuals who smoke marijuana
may be at increased risk of colonization with
plant pathogens, but effects on lung health
are not currently known.

The use of IS has been proposed as an
alternative to the more invasive BAL, but no
studies have directly compared the results
of IS with either BAL or OW in the
mycobiome. Interestingly, we found that IS
shared little similarity with BAL. Even when
we performed this analysis with our entire
cohort including HIV-infected and HIV-
uninfected individuals with and without
COPD, we observe the same distribution
pattern. These data demonstrate that,
although there is some overlap with both
the OW and the BAL, IS has a distinct
community structure. IS and BAL are
collected using different methods and may
reflect different features of the lower
airways. Sputum induction results in
a sample from a larger region of the lung as
compared with BAL, which only samples
a subsegment. In addition, IS may include
material from larger airways than BAL and
may contain a higher biomass because it is
not diluted by saline. IS may also contain
a higher proportion of contamination from
the mouth. The question of which sample is
most appropriate for use depends on the
question to be answered, but the samples do
not seem to be interchangeable.

We detected fewer fungal reads and
fewer fungal genera in the 18S data
compared with the ITS data. The eukaryotic
rRNA gene consists of 18S, 5.8S, and 28S
ribosomal subunits, separated by two ITSs,
named ITS1 and ITS2. Both 18S and ITS can
be used for sequencing of fungi (5). The
18S rRNA gene is more conserved across
different fungal species and is thus used for
determination of phylogenetic distance
between OTUs, whereas the ITS region is
more diverse across species and used for
assignments at lower taxonomic levels
(19, 47). We performed amplification of
both genes to maximize strengths of each
method. The 18S rRNA gene gave higher
PCR-positive rates, but fewer fungal reads
compared with the ITS, because the
18S primers cross-react with host
rRNA even though they were designed
with mismatches at the 39 end (19).
Consequently, approximately 90% of the
raw 18S sequencing reads were human.
Considering the high conservation of the
18S rRNA gene in Eukaryota, this high
proportion is not surprising. Human 18S
reads thus reduced the sequencing depth of
fungal 18S reads.

There are several limitations to
our study. We could not determine the
causal role of alterations in lung fungal

communities in development of HIV-
associated COPD, but prior animal studies
have shown that Pneumocystis colonization
results in COPD-like changes in both an
HIV-like nonhuman primate model and
in an immunocompetent, smoke-exposed
rodent model (8, 45). Differences between
the populations could have affected our
results, although we took steps to minimize
these differences. For example, we
excluded individuals with other chronic
comorbidities or who were currently using
antibiotics, and adjusted for smoking
history. Also, the data on smoking status
and marijuana use are based on patient self-
report, which can have a recall bias or
self-report bias. Although it would be
interesting to compare results of culture
techniques with the current findings, we
were unable to do so. In addition, many
organisms, such as Pneumocystis, have no
established culture system and can only
be identified through sequencing, thus
we are unable to confirm viability of
the organisms detected. We also were
unable to compare bacterial and fungal
communities in the lung because of the
low number of fungi common to both
HIV-infected and HIV-uninfected
individuals. Finally, although we took
steps to minimize contamination in
sample collection and to exclude
contaminants in analyses, it is possible
that some of the species detected
represent environmental contamination,
although they did not match control
samples.

This study is the first to systematically
analyze the respiratory mycobiome in
a large cohort and to determine changes
that occur with immunosuppression and
associated lung disease. Our results suggest
that complex fungal communities exist at
different levels of the respiratory tract and
that the lung has unique fungal members.
Changes in specific fungal species are seen in
individuals with HIV infection, particularly
in those with COPD demonstrating
a potential role in pathogenesis of lung
disease in immunocompromised
populations. n
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