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Abstract

Rationale: The lung microbiome is spatially heterogeneous in
advanced airway diseases, but whether it varies spatially in health is
unknown. We postulated that the primary determinant of lung
microbiome constitution in health is the balance of immigration and
elimination of communities from the upper respiratory tract
(URT; “adapted island model of lung biogeography”), rather
than differences in regional bacterial growth conditions.

Objectives: To determine if the lungmicrobiome is spatially varied
in healthy adults.

Methods: Bronchoscopy was performed on 15 healthy subjects.
Specimens were sequentially collected in the lingula and rightmiddle
lobe (by bronchoalveolar lavage [BAL]), then in the right upper lobe,
left upper lobe, and supraglottic space (by protected-specimen
brush). Bacterial 16S ribosmal RNA–encoding genes were sequenced
using MiSeq (Illumina, San Diego, CA).

Measurements and Main Results: There were no significant
differences between specimens collected by BAL and protected-
specimen brush. Spatially separated intrapulmonary sites, when

compared with each other, did not contain consistently distinct
microbiota. On average, intrasubject variation was significantly less
than intersubject variation (P = 0.00003). By multiple ecologic
parameters (community richness, community composition,
intersubject variability, and similarity to source community), right
upper lobemicrobiotamore closely resembled those of the URT than
did microbiota from more distal sites. As predicted by the adapted
island model, community richness decreased with increasing
distance from the source community of the URT (P, 0.05).

Conclusions: In healthy lungs, spatial variation in microbiota
within an individual is significantly less than variation across
individuals. The lung microbiome in health is more influenced by
microbial immigration and elimination (the adapted island model)
than by the effects of local growth conditions on bacterial
reproduction rates, which are more determinant in advanced lung
diseases. BAL of a single lung segment is an acceptable method of
sampling the healthy lung microbiome.
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Defining the impact of the lung microbiome
in health and in specific lung diseases on
host immunity has great potential to
advance pulmonary disease prevention and
management. The constitution of the lung
microbiome is determined by three factors:
microbial immigration, microbial
elimination, and the relative reproduction
rates of its members (1, 2) (Figure 1A).
Active investigation and controversy (3–6)
persist regarding the relative proportion of
bacteria in healthy lungs that are resident,
reproducing community members (subject

to local environmental growth conditions)
versus transient community members (with
abundance determined solely by rates of
immigration and elimination). The lung
bacterial microbiome shares greater
community membership with communities
of the mouth (4) than communities
detected in air (7, 8) or other body sites
(9, 10). This similarity suggests that, rather
than inhalation or hematogenous spread,
the upper respiratory tract (URT) is the
primary source of microbial immigration to
the lungs, via microaspiration (11, 12) and

direct mucosal dispersion. We have
proposed an adapted island model of lung
biogeography (1), which postulates that,
in health, more distal lung bacterial
communities should have decreasing
community richness and reduced similarity
to their URT source community
(Figure 1B).

Within the lungs of healthy individuals,
substantial regional variation exists among
physiological parameters that have strong
in vitro effects on microbial growth rates
(1, 13), including oxygen tension (13),
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Figure 1. Ecological modeling of the respiratory microbiome. (A) The constitution of the respiratory microbiome is determined by three factors: microbial

immigration, microbial elimination and the relative reproduction rates of its members. In health, community membership is primarily determined by

immigration and elimination; in advanced lung disease, membership is primarily determined by regional growth conditions. Adapted with permission from

Dickson and colleagues (2). (B) The adapted island model of lung biogeography. Community richness in health for a given site in the respiratory tract is

a function of immigration and elimination factors. Adapted with permission from Dickson and colleagues (1).
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temperature (14), pH (13), and relative
deposition of inhaled particles (15). Thus, if
the effects of regional growth conditions on
bacterial reproduction strongly impact lung
microbiome composition, then significant
and consistent differences in community
membership should be present at spatially
separated sites (1) (e.g., the apices should,
on average, harbor a distinct microbiome
from the lung bases). Studies comparing the
microbiota of spatially separated sites
within the lungs in chronic obstructive
pulmonary disease (16) and cystic fibrosis
(17, 18) demonstrate considerable spatial
heterogeneity in bacterial community
composition within the lungs (and even
lobes) of individual patients (19). However,
whether comparable spatial heterogeneity
in microbiota is present in the lungs of
healthy subjects is unknown.

This study tested whether spatial
variation exists within the lung microbiota
of healthy subjects. We hypothesized that
intrasubject variation, though present,
would be less than variation between
subjects. We asked whether consistent and
distinct microbiomes could be detected
across subjects at individual anatomic sites
(e.g., a specific “left upper lobe [LUL]
microbiome”). Furthermore, we tested the
adapted island model of lung biogeography
by comparing the richness and composition
of a proximal lung site (right upper lobe
[RUL]) to one more distal from the URT
(right middle lobe [RML]), as well as to
two sites (lingula and LUL) less directly
exposed to microaspiration and mucosal
dispersal. Bacterial communities at all
intrapulmonary sites were compared with
that of subjects’ supraglottic space,
representing an integrated sample of the
“source community” of the URT (1).

Methods

Ethics Statement

We conducted all clinical investigations
according to the principles of the
Declaration of Helsinki. The study protocol
was approved by the institutional review
board of the Veterans Affairs Ann Arbor
Healthcare System. All participants
understood the purpose of the study and
provided written informed consent before
any research procedure. All underwent
a complete history and physical
examination by a pulmonologist, complete
pulmonary function testing, including body

plethysmography and diffusing capacity,
chest imaging, prospective collection of
medication history, and complete blood
count with differential, coagulation studies,
and chemistry panel.

Participants

The 15 participants were a subset of
volunteers recruited in the Lung HIV
Microbiome Project from the southeast
Michigan community, primarily by means
of the University of Michigan clinical trials
website. Inclusion criteria were men and
women aged 18–80 years. Exclusion criteria
were known history of pulmonary disease,
reported fever, cough, or upper respiratory
symptoms in the previous 4 weeks, or use
of antibiotics or immunosuppressive
medications in the past 3 or 6 months,
respectively. All subjects (age range, 23–77
yr) were human immunodeficiency virus
negative and had no known history of
respiratory disease (Table 1). We analyzed
samples independently of smoking status,
which does not induce significant
differences in the lung microbiome of
otherwise healthy individuals (4).

Sample Acquisition and Processing

We have previously published the
bronchoscopic technique used in the study
(4). In previous analyses (20), we
showed that aspirating saline through
a bronchoscope before insertion into the
subject has no statistically significant effect
on the amount of bacterial DNA detected,
compared with directly analyzing saline
alone. Hence, we did not analyze that type
of sample by MiSeq in the current study.
After sedation and administration of local
anesthetic to the URT (4% lidocaine to the
vocal cords), the bronchoscope was inserted
through the mouth and advanced quickly
and without suctioning to a wedged
position (Figure 2). We performed
bronchoalveolar lavage (BAL) in the lingula
(#1) and then in the RML (#2). Next,
participants underwent an Institutional
Review Board–approved modification of
the previous protocol, such that we
performed protected-specimen brushings
(PSBs) in the RUL (#3) and LUL (#4). Next,
we withdrew the bronchoscope to above the
vocal cords, and performed a third PSB,
sampling the posterior wall of the
immediate supraglottic region (#5). We
held BAL fluid and PSB specimens on ice
until the time of processing. We collected
reagent water controls at the time of DNA

isolation and processed them in parallel
with study specimens.

Sample Processing and Sequencing

We identified bacterial community
members using sequencing of the bacterial
16S ribosomal RNA gene, a small and highly
conserved locus of the bacterial genome
that permits genus- and species-level
identification. When compared with
conventional, culture-based approaches,
sequencing-based techniques reveal
increased diversity of the respiratory
microbiome and are not limited by microbe
viability or the ability to grow in limited
in vitro culture conditions (19, 21). We
have previously described our methods of
genomic DNA extraction and amplification
(21, 22). We amplified the V4 region of the
16s rRNA gene from each sample using
published primers (23) and the dual-
indexing sequencing strategy developed by
the laboratory of Patrick D. Schloss (24).
We performed sequencing using the MiSeq
platform and MiSeq Reagent Kit V2 (500
cycles; Illumina, San Diego, CA), according
to the manufacturer’s instructions with
modifications found in the Schloss standard
operating procedure (25). We used
Accuprime High Fidelity Taq instead of
Accuprime Pfx SuperMix (Waltham, MA).
Primary PCR cycling conditions were 958C
for 2 minutes, followed by 20 cycles of
touchdown PCR (958C 20 seconds, 608C
20 s, and decreasing 0.38C each cycle, 728C
5 min), then 20 cycles of standard PCR (958C
for 20 s, 558C for 15 s, and 728C for 5 min),
and finished with 728C for 10 minutes.

Data Analysis

We processed sequence data using the
software, mothur v.1.27.0 (Schloss
Laboratory; University of Michigan, Ann
Arbor, MI), according to the standard
operating procedure for MiSeq sequence
data (25) using a minimum sequence length
of 250 base pairs (26). We generated
a shared community file and a phylotyped

Table 1. Study subjects (n = 15)

Characteristics Value

Age, yr (mean6 SD) 456 15
Female sex, n (%) 11 (73)
Smoking: never/former/current 9/3/3
FEV1 % predicted (mean6 SD) 1006 12
FVC % predicted (mean6 SD) 966 11
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(genus-level grouping) file using
operational taxonomic units (OTUs)
(“species”) binned at 97% identity. We
assigned OTU numbers in the binning
process and performed classification
using the mothur implementation of the
Ribosomal Database Project Classifier and
the Ribosomal Database Project taxonomy
training set (27).

Sequences detected in reagent control
specimens clustered predominantly into two
OTUs, comprising greater than 50% of the
reagent control sequences. These two OTUs
were then excluded from all subsequent
sample analysis. Of the 20 most abundant
OTUs detected at each anatomic site
(lingula, RML, RUL, LUL, and supraglottic
space), none were detected in greater than
0.5% abundance in reagent control specimens.
When we analyzed specimen communities by
which bronchoscope was used in their
acquisition, we identified no detectable
effect of bronchoscope contamination on
community composition (P = 0.24).

We performed microbial ecology
analysis using the vegan package 2.0–4 in R
(28, 29). We performed all analyses in R
and GraphPad Prism 6 (GraphPad
Software, Inc., La Jolla, CA). We performed
ordinations using principal component
analysis on Hellinger-transformed
normalized OTU tables. We determined
significance of differences in community
composition using permutational ANOVA
(PERMANOVA), specifically running the
adonis function in vegan with 1,000
permutations. We compared means via
paired t test and paired ANOVA with
Tukey’s multiple comparisons test, as
appropriate.

Results

Adequacy of Sequencing

Sequences were obtained from 71 of 75
specimens (94.6%); the remaining four
specimens (one each in lingula BAL, RML

BAL, LUL PSB and supraglottic PSB,
representing three unique subjects) had no
detectable 16S band after primary PCR.
Among all 71 samples, we identified 190
unique OTUs (“bacteria species”). After
bioinformatic processing, the number of
reads per sample was 11,964 (618,337;
mean [6SD]). Sequences are available
online at the National Institutes of Health
Sequence Read Archive (study accession
no. SRP056031; National Institutes of
Health, Bethesda, MD).

Lung Bacterial Communities Differed

Significantly from Supraglottic

Communities

We first tested whether method of sampling
(BAL vs. PSB) influenced the microbiota
detected. Intrapulmonary specimens
acquired via BAL did not differ from
specimens acquired via PSB in total reads,
OTU richness, community diversity
(Shannon index), or community
composition (P. 0.05 for all). Accordingly,
we included specimens acquired by both
methods in all subsequent analyses.

Next, to confirm that lung communities
were not exclusively attributable to
bronchoscopic carryover of organisms, we
compared the microbiota of intrapulmonary
sites with that of the URT. We first used the
data visualization technique of unsupervised
ordination (principal components analysis).
This method distinguishes specimens based
upon relative similarity of their bacterial
communities, and identifies the “average”
of a given specimen type by connecting
individual points at a centroid. When
specimens were labeled by anatomic site
of origin, most supraglottic specimens
clustered tightly around their centroid,
whereas lung specimens exhibited broader
variation in community composition
(Figure 3A). Although some lung
specimens were similar in community
composition to supraglottic specimens,
many were dissimilar. The distinct
separation between the centroids of
supraglottic specimens and lung specimens
demonstrates a difference in the average
community composition between upper
and lower respiratory tracts. Permutation
testing confirmed that, as a group,
intrapulmonary communities differed
significantly from those of the supraglottic
space (P = 0.006).

Repeating this ordination approach
with analysis of the four intrapulmonary
sites disclosed that, on average, the RUL, the

Figure 2. Sequence of bronchoscopic sampling. After sedation and administration of local anesthetic

to the upper respiratory tract, the bronchoscope was inserted through the mouth and advanced

quickly and without suction to a wedge position. Bronchoalveolar lavage was performed in the lingula

(#1) and then in the right middle lobe (#2). protected-specimen brushing was then performed in the

right upper lobe (#3), left upper lobe (#4), and supraglottic space (#5). Figure adapted from original by

Patrick J. Lynch and C. Carl Jaffe, M.D., via Creative Commons Attribution 2.5 license 2006 (http://

goo.gl/xuJRCO).
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third intrapulmonary site sampled, most
closely resembled the supraglottic site
(Figure 3B). Permutation testing confirmed
that the communities of the other three
lung sites were statistically distinct from
that of the supraglottic space (Table 2).

To explore further the significant
differences between upper and lower
respiratory tract communities, we directly
compared the relative abundance of
prominent URT bacteria in each site. We
plotted the 20 most abundant OTUs
in supraglottic specimens, ranked in
descending order of mean abundance, for
each specimen site (Figure 4). As suggested
by ordination (Figure 3B), the RUL more
closely resembled the URT than did other
intrapulmonary sites, as evidenced by
total relative abundance of the three most
abundant OTUs (labeled). Differences
between supraglottic and lung sites were
attributable largely to relative abundance
of the Firmicutes phylum, which was more
abundant in the URT than in the lungs
(P = 0.04; Figure 5). All but one subject had
a greater relative abundance of Firmicutes

in supraglottic specimens than in the RML
(P = 0.03); the same was true for the LUL
and lingula, with the exception of four and
two subjects, respectively. In turn, all but
two subjects had a greater relative
abundance of Firmicutes in the RUL than
in the more distal RML. This difference in
Firmicutes was driven by a prominent
Streptococcus OTU that was more abundant
in supraglottic specimens (P = 0.02;
Figure 4). As described previously here,
community composition did not vary
predictably by sampling sequence.

We attempted to validate previous
studies suggesting that select bacteria
(specifically, Tropheryma whipplei [4, 30])
are disproportionately abundant in the lung
relative to the URT, implying the influence
of regional growth conditions on
community membership. We identified
a Tropheryma OTU in lung specimens of 4
of 14 subjects (28.5%). In two subjects, it
was detected at all four intrapulmonary
sites; in the other two, it was detected in
a single site. This Tropheryma OTU was
completely absent from all 14 supraglottic

specimens and from reagent controls. Thus,
our findings support the concept that the
healthy lung microbiome harbors minority
members distinct from that of the URT.

Lung Bacterial Community Richness

Decreased with Distance from

the URT

If the URT is the primary source of
microbial immigration to the lungs, as
postulated by the adapted island model
of lung biogeography (1) (Figure 1B),
community richness (i.e., the number of
unique OTUs [“species”] at a given site)
should decrease at greater distances from
the larynx. We tested this hypothesis using
rarefaction analysis (which assesses species
richness independent of sampling depth) of
communities at various sites along the
entire respiratory tract. Community
richness was greatest in supraglottic
communities, followed by the most
proximal lung site (RUL), then the RML
(P< 0.05) (Figure 6). LUL and lingula,
both closer to the URT in linear distance
than the RML, but protected from

Table 2. Significance of PERMANOVA (adonis) comparison of microbial communities by site

P Value

Intrapulmonary (All) Lingula (#1) Right Middle Lobe (#2) Right Upper Lobe (#3) Left Upper Lobe

(#4)

Supraglottic (#5) 0.006 0.015 0.005 0.161 0.036
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Figure 3. Ordination of supraglottic and intrapulmonary bacterial communities. (A and B) Unsupervised ordination (principal components analysis) of

supraglottic (SG) versus combined intrapulmonary specimens (A) or individual intrapulmonary specimens (B), labeled by specimen site. Numbers in B refer

to the order of sampling during bronchoscopy. Supraglottic communities were significantly distinct from lungs collectively (P = 0.006) and, with the

exception of the right upper lobe (RUL), individually (see Table 2 for significance). LUL = left upper lobe; RML = right middle lobe.
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microaspiration by the acute-angle takeoff
of the left mainstem bronchus, were of
intermediate richness compared with the
RUL and RML (P. 0.05 for all direct
comparisons). Importantly, richness did
not decrease with each subsequent sample
during the bronchoscopy, nor did richness
depend on whether the sample was
collected by BAL or PSB.

The Healthy Lung Does Not Contain

Anatomically Distinct

Bacterial Communities

To compare the community membership of
the intrapulmonary sites directly, we again
visualized the data using principal
components analysis. The centroids of the
four intrapulmonary sites were all in close
proximity, implying similarity in average
community composition (Figure 7A). This
finding was confirmed by permutation
testing, which identified no significant
difference in average community
composition between any two sites (P.
0.05 for all site-to-site comparisons). No
detectable difference was found in
community diversity (Shannon index)
when intrapulmonary sites were compared
with each other (P. 0.05 for all site-to-site
comparisons).

We next compared the four
intrapulmonary communities of individual
subjects, but, for clarity, show only two
representative participants (Figure 7B). In
some (e.g., subject 11), lung sites clustered
tightly in ordination space, implying

similarity in community composition. In
others (e.g., subject 4), considerable
heterogeneity in community composition
was observed across intrapulmonary sites.
Relative heterogeneity of intrapulmonary
communities (as measured by mean Bray-
Curtis distance, a statistic that quantifies
the dissimilarity in membership of distinct

communities) was not associated with
patient factors (demographics or lung
function; P. 0.05 for all comparisons).
When compared directly, the average
variation in microbial community
composition within individual subjects was
significantly less than the variation at the
same anatomical site across subjects
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(Bray-Curtis distance 0.80 vs. 0.86; P =
0.00003). In other words, a given subject’s
RML community more closely resembles
her/his own LUL community than it does
other subjects’ RML communities.

Finally, we asked if various sites in the
respiratory tract differ across subjects in
the relative variability of their bacterial
communities. We calculated the Bray-Curtis
distance between all communities obtained
at the same anatomic site (e.g., the lingular
community for subject 1 vs. the lingular
communities of all other subjects) and
compared them by anatomic site.
Supraglottic communities were significantly

more similar across subjects than were
communities at intrapulmonary sites
(Figure 8; P< 0.001 for all comparisons).
Of the intrapulmonary sites, communities
obtained from the RUL were significantly
more similar across subjects than were
those of the RML or lingula (P< 0.001).

Discussion

This study systematically examined spatial
variation of the respiratory tract bacterial
microbiomes of 15 healthy subjects using
Illumina MiSeq analysis of 16S rRNA–

encoding genes. We compared microbiota
of four lung lobes with each other and with
the microbiota of the supraglottic space.
Results show that, with the exception of the
RUL, intrapulmonary sites contained
a microbiome significantly distinct from
that of the URT. When compared with each
other, intrapulmonary sites did not contain
consistently distinct microbiota. Although
spatial variation in lung microbiota was
observed within some individual subjects,
intersubject variation at given anatomic
sites significantly exceeded intrasubject
variation. Microbiota from the RUL more
closely resembled those of the supraglottic
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space in numerous important ecologic
parameters (community richness,
community composition, intersubject
variability, and similarity to source
community) than did microbiota at more
distal lung sites. Our findings support the
adapted island model of lung biogeography
(1, 31).

These observations are important
clinically, because they imply that the
community composition of the healthy lung
is determined principally by immigration
and elimination, with minimal contribution
from selective pressures on bacterial
reproduction rates. One corollary is that
increasing bacterial immigration, as in
sizeable aspiration, permits pneumonia
even in a previously healthy individual
(particularly if accompanied by decreased
cough, as with intoxication or otherwise
altered mental status). Similarly,
appreciating the nonsterile nature of the
healthy lungs helps explain how viral lower
respiratory infections can facilitate bacterial
pneumonias in the absence of previous lung
disease, simply by reducing bacterial
elimination and possibly by favoring
bacterial survival or proliferation in
damaged epithelium.

Our results validate and extend
important observations of previous studies
of the healthy human lung microbiome, as
explained in the next three paragraphs. The
finding that the human lung microbiome is
distinct from that of the URT, its primary
source community, despite considerable
overlap in community membership, is
consistent with previous reports (4, 5). We
also confirmed the disproportionate
abundance in the lung of a Tropheryma
OTU, reported to be lung enriched in prior
studies (4, 30), whereas most other lung
community members were shared by the
upper and lower respiratory tracts. Both
this example and the novel converse finding
of a specific Streptococcus OTU in low
abundance in the lungs relative to the
supraglottic sample imply that the lung
environment exerts at least a minor
influence on community composition (2, 4).

Regarding spatial variation within the
lung microbiome of individual subjects, our
data are congruent with those of Charlson
and colleagues (3), who analyzed the left
lower lobe and RML of six healthy subjects,
and Segal and colleagues (5), who analyzed
the lingula and RML of 29 healthy subjects.
We extend those studies by sampling
a greater number of sites per subject, which

permitted detection of the disparity of RUL
versus other sites, and by our use of PSB,
the gold-standard sampling modality in
culture-dependent bronchoscopic studies.
An important methodological difference
between this study and that of Segal and
colleagues (5) is our isolation of bacterial
DNA from unfractionated BAL rather than
cell-free supernatant; we have previously
shown that removing eukaryotic cells
significantly influences community
composition of BAL fluid (32). The
congruence of our collective findings,
despite this significant methodological
difference, speaks to the strength of the
underlying biological signal. The consistent
lack of spatial variation seen in the total of
50 healthy subjects of these three studies is
perhaps surprising, given the known
considerable regional variation within the
lungs in oxygen tension, pH, and other
physiological parameters relevant to relative
bacterial growth rates (1, 2, 4, 13–15).
Nevertheless, relative absence of spatial
variation supports the transient rather than
resident nature of most lung microbiome
members in healthy subjects.

Importantly, our finding of greater
intersubject than intrasubject variation in
microbiota at distinct sites in health
contrasts with previous studies in advanced
lung diseases (16–18). The disparity likely
results from magnified local changes in
factors favoring microbial survival and even
reproduction in the diseased lung (2).
Support for this possibility comes from the
well described association between disease
severity and identification of characteristic
persistent bacterial species (“colonizers”)
adapted to specific conditions of diseased
airways (33–35). Further studies are needed
to identify the molecular mechanisms by
which colonization regional growth
conditions permit such in specific chronic
and acute lung diseases (1, 2, 10). Such
results could lead to better personalized
targeting of airways diseases, thus reducing
the indiscriminate use of broad-spectrum
antibiotics.

The findings that the microbiota of the
RUL more closely resembled that of the
URT than did other lobes in four
ecologically important respects, and that
the RUL was intermediate between the
supraglottic space and other lobes with
regard to community richness, relative
abundance of the Firmicutes phylum, and
intersubject variation, have practical
implications for sampling the airways for

culture-independent analysis. Because the
RUL was always the third of five sites
sampled, its ecological similarity to the
URT cannot plausibly be ascribed to
bronchoscopic carryover. These results
extend our finding that, although the
microbial communities of the mouth and
nose differ significantly (9), in a previous
study, insertion of the bronchoscope via the
mouth versus the nose has no appreciable
effect on BAL microbiome community
membership (2, 22). Another theoretical
source of sequence contamination is
bacterial DNA present in sterilized
bronchoscope lumens, and our analysis did
not include bronchoscopic rinse specimens
as controls, as discussed in METHODS.
However, we identified no appreciable
effect of bronchoscope contamination when
specimen communities were analyzed by
which bronchoscope was used. Together
with the lack of difference between BAL
and PSB samples in the current study,
these results lead us to conclude that
bronchoscopic carryover and
contamination contribute minimally to
analysis of lung microbiota using
bronchoscopy.

Instead, we postulate that these findings
are better explained by consideration of the
anatomy of the respiratory tract and with
microaspiration and direct mucosal
dispersion as the primary routes of
microbial immigration to the lung (1, 11,
12). The left mainstem bronchus arises
from the trachea at a 45–508 angle, whereas
the right mainstem bronchus is a relatively
straight extension of the trachea (36), and
thus more subject to microaspiration.
Compared with the RML, which abuts the
diaphragm, the RUL is more proximal to
the URT source community by the length
of the bronchus intermedius (2–3 cm).
Thus, our findings regarding the RUL
are also consistent with predictions of
the adapted island model of lung
biogeography (1). n
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