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ABSTRACT DNA from phylogenetically diverse microbes is routinely recovered from healthy human lungs and used to define the
lung microbiome. The proportion of this DNA originating from microbes adapted to the lungs, as opposed to microbes dispers-
ing to the lungs from other body sites and the atmosphere, is not known. We use a neutral model of community ecology to dis-
tinguish members of the lung microbiome whose presence is consistent with dispersal from other body sites and those that devi-
ate from the model, suggesting a competitive advantage to these microbes in the lungs. We find that the composition of the
healthy lung microbiome is consistent with predictions of the neutral model, reflecting the overriding role of dispersal of mi-
crobes from the oral cavity in shaping the microbial community in healthy lungs. In contrast, the microbiome of diseased lungs
was readily distinguished as being under active selection. We also assessed the viability of microbes from lung samples by culti-
vation with a variety of media and incubation conditions. Bacteria recovered by cultivation from healthy lungs represented spe-
cies that comprised 61% of the 16S rRNA-encoding gene sequences derived from bronchoalveolar lavage samples.

IMPORTANCE Neutral distribution of microbes is a distinguishing feature of the microbiome in healthy lungs, wherein constant
dispersal of bacteria from the oral cavity overrides differential growth of bacteria. No bacterial species consistently deviated
from the model predictions in healthy lungs, although representatives of many of the dispersed species were readily cultivated.
In contrast, bacterial populations in diseased lungs were identified as being under active selection. Quantification of the relative
importance of selection and neutral processes such as dispersal in shaping the healthy lung microbiome is a first step toward
understanding its impacts on host health.
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The lungs are intimately connected with the microbially rich
oral and nasal cavities (Fig. 1A). Movement of microbes be-

tween these sites and the lungs occurs regularly via breathing and
microaspiration (1). The quantity of microbial DNA recovered
from healthy lungs is three orders of magnitude less than that
from the oral cavity (2–4), suggesting that the bacterial biomass in
healthy lungs is relatively low (3, 5). The continuous transport of
microbes, coupled with the low number of microbes observed in
healthy lungs, raises a key question: does the microbial DNA re-
covered from the lungs represent dispersed microbes or organ-
isms adapted for growth in this habitat? In this study, we use the
neutral model of community ecology to gauge the relative contri-
butions of dispersal and selection in the lung microbiome.

If selection is responsible for the composition of a microbiome,
resources provided by the local environment (the lungs in this
study) dictate which species persist and reproduce. Each of the
species present would occupy and maintain a niche in the host.

The environmental dimensions of each niche are defined first by
physicochemical conditions of the local environment (e.g., pH,
temperature, and O2 [fundamental niche]) and then by interspe-
cies as well as species-environment interactions (e.g., competition
and cooperation [realized niche]) (6). Ecological communities
can therefore be considered to comprise multiple species occupy-
ing multiple niches. In ecological theory, this is referred to as the
“niche-assembly perspective” (7–9).

An alternate viewpoint is the “dispersal-assembly perspective,”
which considers ecological communities as dynamic assemblages
of species whose “presence, absence, and relative abundance in the
local environment are governed by random dispersal, speciation,
extinction, and stochastic birth and death events” (10). The neu-
tral biodiversity theory is a formal embodiment of this perspec-
tive—with “neutral” referring to the outcome of processes. The
central postulate of the neutral biodiversity theory as applied to
microbial communities is that all microbes are equally fit compet-
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itors for the local environment. In other words, there is an equal
opportunity for all microbes to (i) disperse from the surrounding
environment, (ii) grow in the local environment, and (iii) be lost
or removed from the local environment. The processes of stochas-
tic birth and loss of microbes in the local environment are referred
to as “ecological drift.” Therefore, processes with unbiased or neu-
tral outcomes shape the presence and relative abundance of mi-
crobes in the local environment.

Processes with both selective and neutral outcomes are typi-
cally present and invariably influence the composition of micro-
bial communities in diverse habitats, including marine sediments,
freshwater, hot springs, plant and animal hosts, wastewater treat-
ment plants, and bioreactors (11–17). Delineation of the contri-
butions of selection and neutral processes provides a broad insight
into mechanisms generating and maintaining community com-
position. This goal can be accomplished by using a mathematical
implementation of the neutral community model to test the cen-
tral postulate of the neutral biodiversity theory stated above (18–
21). Species consistent with the model predictions are likely de-
tected in the local environment due to dispersal from the
surrounding environment, ecological drift, or both (21–23). Spe-
cies deviating from the model are either the strongest candidates
undergoing selection (both positive and negative) by the local
environment or have different dispersibility relative to other mi-
crobes in the surrounding environment.

Accordingly, here we consider several body sites, including the
tonsils and throat, that are potential sources for the lung micro-
biome and use a neutral community model (adapted from Sloan
et al. [18]) to ask if neutral processes from these sites are sufficient
to explain the observed composition of the lung microbiome. The
relative abundance of an operational taxonomic unit (OTU) in

the source community is used to calculate the probability of de-
tecting that OTU in the lungs because of dispersal and ecological
drift. Very simply, high abundance of a species in the source leads
to a high probability of dispersal, and low abundance in the source
leads to a low probability of dispersal (Fig. 1B). With this ap-
proach, we show that the composition of the healthy lung micro-
biome is entirely consistent with neutral distribution of microbes
from one or more sites in the oral cavity. No species were identi-
fied that consistently deviated from model predictions, suggesting
that constant microbial dispersal overrides selection in shaping
the composition of the healthy lung microbiome. We suggest that
lack of selection in a healthy lung is biologically relevant since
microbiomes in diseased lungs are associated strongly with in-
creased selection of specific microbes.

RESULTS
Composition of the healthy lung microbiome is consistent with
neutral distribution of microbes from the oral cavity. We deter-
mined the identity of microbes in bronchoalveolar lavage (BAL)
specimens from 62 healthy volunteers (24) through molecular
surveys of 16S rRNA-encoding genes. While traditional nonpara-
metric analyses suggest that there is little difference between the
lung and oral wash communities (Bray-Curtis analysis of similar-
ity [ANOSIM]; R � 0.11, p � 0.02), they do not address the ques-
tion “Can we distinguish between species that are detected in the
lungs because of neutral processes and those that are adapted for
growth in the lungs?” To answer this question, we applied the
neutral model of community ecology to the lung microbiome.
The neutral model assumes that the composition of communities
can be explained by dispersal of species from the surroundings
and ecological drift within that community (19, 22). We consid-

FIG 1 (A) Anatomical connections between the lungs, stomach, and oral and nasal cavities permit movement of microbes between these sites. (B) Implemen-
tation of a neutral model for analysis of microbial community structure. The solid black line represents the best-fit neutral model generated using a probability
distribution. Dashed lines represent 95% confidence intervals around this best-fit neutral model. Species within the confidence intervals (gray points) are likely
present in the lungs because of neutral processes (i.e., dispersal from the source community and ecological drift within the lungs). Species deviating from the
neutral model (green and red points) either are candidates for selection in the lungs or differ in their ability to disperse compared to other microbes in the source
community.
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ered different body sites as potential sources for the lung micro-
biome. Each body site was considered separately as a potential
source community. First, with a goodness-of-fit test (R2), we de-
termined how well the neutral model explained the overall com-
position of the lung microbiome with each of these source body
sites. An R2 value closer to 1 implies that the composition of the
lung microbiome is consistent with neutral processes of dispersal
and ecological drift. Since the neutral model employs a nonlinear
mathematical function, in cases when it does not adequately de-
scribe the community composition, R2 can be �0 (25). For the
same reason, the value of R2 cannot be interpreted as the percent-
age of variance in the observed detection frequencies explained by
the neutral model. Next, OTUs from the lungs were identified that
were consistent with predictions of the neutral model based upon
their abundance in the source body site. These OTUs are termed
“neutrally distributed” (i.e., consistent with dispersal and ecolog-
ical drift). Finally, OTUs that deviate from the model predictions
are identified as the strongest candidates undergoing selection in
the lungs.

The neutral model can be applied only to OTUs that are shared
between a source body site and the lungs. A majority (99.3%) of
sequences recovered from all lung samples fall into OTUs that are
shared with other body sites. The remaining 0.7% of sequences
unique to the lung are detected sporadically (i.e., in less than 15%
of the samples and at very low relative abundance in each sample).
Since the lungs are a dynamic environment in constant interaction
with other body sites, we think it likely that sequences unique to
the lung are a result of sampling stochasticity rather than consti-
tuting a core healthy lung microbiome.

The composition of the healthy lung microbiome fit a neutral
model when several sites in the oral cavity were individually con-
sidered source communities. The goodness-of-fit (R2) values were
0.86 with oral wash, 0.77 with tonsils, 0.75 with throat, and 0.73
with saliva as source communities (where �0 is no fit and 1 is
perfect fit) (Fig. 2A). Eighty-five to 95% of the sequences from
each of these sites fall within neutrally distributed OTUs in the
lungs (Fig. 3A). Dental plaque and gingiva were the only sites in
the mouth that fit the neutral model poorly (R2 � �0.06 and 0.18,
respectively) (Fig. 2B). This finding is not unexpected because
microbes in these sites are predominantly in adherent biofilms
(26), thus limiting their dispersal to the lungs. Of particular note is
the dental plaque, because 36% of the sequences in plaque fall
within OTUs that are underrepresented in the lungs.

When the anterior nares was considered a source community,
the neutral model failed to describe the composition of the lung
microbiome (R2 � �0.32), and most sequences from this site fall
within OTUs that are underrepresented in the lungs (Fig. 3A).
This result most likely reflects dispersal limitation of bacteria from
this habitat. Bacteria from the anterior nares can be trapped in the
flowing mucus blanket covering the nasal mucosa deeper in the
nose (27) and therefore never reach the lungs. Indeed, 36% of
OTUs in the anterior nares are never detected in lung surveys.

Microbes from the oral cavity are swallowed regularly into the
upper gastrointestinal (GI) tract (Fig. 1A). Therefore, samples ob-
tained from the upper GI tract should represent microbes that are
readily dispersed from the oral cavity. We tested this with the
neutral model by considering the oral cavity as a source of mi-
crobes for the upper GI tract. Indeed, the model fit was 0.54 and
75% of the sequences from the oral cavity fell within neutrally
distributed OTUs in the upper GI tract. Thus, if the oral cavity is a

source of microbes for both the lungs and upper GI tract, the
upper GI tract should appear as a potential source of microbes for
the lungs by the neutral model. Indeed, the neutral model per-
formed modestly well with the upper gastrointestinal tract as a
“source” of the lung microbiome (R2 � 0.42). Sixty-nine percent
of the sequences from this site fall within neutrally distributed
OTUs in the lungs (Fig. 3A). Finally, the neutral model failed
when other body sites, such as the skin, colon, and urogenital
tract, were considered sources for the lungs (Fig. 2C and 3A). Most
sequences from these sites are underrepresented in the lungs
(Fig. 3A).

Next, we determined if any OTUs consistently deviated from
predictions of the neutral model (i.e., they were always overrepre-
sented in the lungs irrespective of the source) (green symbols in
Fig. 1B). These would be the strongest candidates for microbes
that are adapted for growth in the lungs. While no OTUs deviated
consistently from predictions of the neutral model, some OTUs

FIG 2 Results of neutral model testing with (A) tonsils, (B) gingiva, and (C)
female urogenital tract as potential source communities for microbes in the
lungs. The coefficient of determination (R2) is the goodness of fit of the neutral
model. It ranges from �0 (no fit) to 1 (perfect fit). Note the correspondence
between decreasing values of R2 from panels A to C and the proximity of points
to the line denoting the best-fitting neutral model.
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deviated from the neutral model more often than others and were
also present at a relative abundance of �0.5% in the lungs (Fig. 4).
Conceptually, we expect that the oral wash and saliva are com-
posed of easily displaceable microbes compared to the buccal mu-
cosa or tonsils and therefore are more representative of microbes
reaching the lungs. However, we did not find any OTUs that de-
viated positively from the neutral model when both the oral wash
and saliva were considered source sites (Fig. 4).

We also applied the neutral model to microbial communities
in diseased lungs. For this, we used upper (source site) and lower
(target site) respiratory tract microbial data from previously pub-
lished studies on cystic fibrosis and idiopathic interstitial pneu-
monia (28, 29). In both cases, the neutral model failed to describe
the composition of the lung microbiome (Table 1).

Sixty-one percent of sequences in BAL samples cluster into
OTUs with readily culturable members. Application of the neu-
tral model suggests that the microbial DNA recovered from BAL
samples in healthy individuals is largely from microbes dispersing
from the oral cavity. The lungs have multiple mechanisms in place
to kill bacteria (30). Therefore, it is possible that these dispersed
microbes are killed at the same rate as they are introduced into the
lungs. This would result in an impression of “neutral distribu-
tion,” when in fact the host is strongly selecting against all mi-

FIG 3 The neutral model applied to each body site as a potential source of microbes for the lung microbiome. Shown are the abundance of neutrally distributed,
overrepresented, and underrepresented OTUs in lungs from each body site and the associated goodness of fit of the neutral model (R2).

FIG 4 List of OTUs that most commonly deviated from the neutral model
and had a relative abundance of �0.5% in the lungs. Green circles indicate the
sites from which the OTU appeared as being overrepresented in the lungs, and
gray circles are the sites from which the OTU was neutrally distributed.
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crobes and killing them. To address this possibility, we assessed
the viability of microbes in BAL samples by cultivation with a
variety of media (Table 2) and incubation conditions (21% O2,
2% O2, and 0% O2). Phylogenetic identity of the cultivars was
assessed by plate wash PCR of the 16S rRNA-encoding gene (31).
The resulting sequences were analyzed along with culture-
independent 16S rRNA-encoding gene sequence surveys of BAL
samples.

A total of 514 OTUs (defined at 97% sequence similarity)
were observed in the culture-independent surveys of BAL sam-
ples, and 100 OTUs were identified in culture-dependent surveys.
We applied two criteria for comparing culture-independent and
culture-dependent surveys. First, we removed global singleton
sequences from both the culture-independent and culture-
dependent surveys. Next, each OTU from the culture-independent
survey was scored as having a “cultured representative” if the same
OTU was observed and contained at least 10 sequences in the plate
wash PCR samples. Twenty-seven OTUs fulfilled these criteria,
and these OTUs included 61% of the sequences from culture-
independent surveys. Therefore, viable and readily culturable bac-
teria represent OTUs that comprise a majority of the sequences
identified in lavage samples. Delineating cultivars by the incuba-
tion oxygen conditions, 19 of the 27 OTUs were represented by
cultivars from oxic or microoxic conditions and the remaining
8 OTUs by cultivars unique to anoxic conditions. The 19 “oxic”
and 8 “anoxic” OTUs, respectively, constitute 50% and 11% of the
sequences identified in culture-independent surveys. So even after
~2 years of storage at �80°C, cultivars were readily obtained that
clustered in OTUs encompassing 61% of the sequences in culture-
independent surveys of BAL specimens. Many of the prominent
OTUs from surveys are represented by cultivars (Fig. 5), although
cultivation did not capture representatives from some OTUs clas-
sified as Enterobacteriaceae, Prevotella sp., and Porphyromonas sp.

DISCUSSION

Given the sparsity of microbes in healthy lungs, the composition
of the lung microbiome is susceptible to being shaped by dispersal

of microbes from the oral and nasal cavities. We sought to deter-
mine the relative importance of neutral versus selective processes
in shaping the healthy lung microbiome by using a neutral model
of community ecology. The model was used as a null hypothesis
(i) to determine if dispersal from other body sites, such as tonsils
and throat, and ecological drift within the lungs are sufficient to
explain the observed composition of the lung microbiome and (ii)
to identify bacterial species that deviated from the model expec-
tations. The composition of the healthy lung microbiome was
consistent with neutral model predictions when several sites in the
oral cavity were considered source communities. No bacterial spe-
cies in the lungs were identified that consistently deviated from the
model expectations. The neutral model explicitly incorporates
ecological drift in addition to dispersal as a neutral process. How-
ever, because of the recurrent microbial flux between the lungs
and oral cavity, we think that in this habitat, dispersal is the more
relevant neutral process. Consequently, we interpret our results as
indicating that even if there is selective growth in the lungs, its
impact on community structure is overridden by the magnitude
and frequency with which microbes are dispersed from the oral
cavity. While application of the neutral model to individual vol-
unteers for which temporal samples of the upper and lower respi-
ratory tract were collected would be a more direct assessment of
the role of dispersal versus selection, it is difficult to justify such an
intensive sampling regimen.

It is tempting to suggest that departure from a neutral distri-
bution toward increased selection in the lungs is associated with
diseased states. We tested this prediction by applying our imple-
mentation of the neutral model to diseased lungs using previously
published data (28, 29). The neutral model failed to describe the
observed lung microbial community composition, indicating ac-
tive selection in these lungs (Table 1). We speculate that the extent
of departure from neutrality will correlate with disease severity:
i.e., a neutral distribution would prevail over selection in initial
stages and vice versa as disease progresses. Consequently, we pro-
pose that maintaining a neutral distribution of microbes in lungs
may be critical for host health. To accomplish this, further re-
search needs to be focused on understanding the dynamics of this
neutral distribution (e.g., the kinetics of entry of microbes into the
lungs).

An alternate interpretation of our findings with the neutral
model applied to healthy lungs is that the environmental condi-
tions in the oral cavity and lower respiratory tract are similar
enough that species identified as “neutrally distributed” in the

TABLE 1 Results of neutral model applied to lungs of diseased patients

Patient group (n)
No. of sequences
in lung survey

% of lung sequences
analyzed R2

Cystic fibrosis (9)a 52,050 (54 OTUs) 93.4 (29 OTUs) �0.86
Idiopathic

interstitial
pneumonia (4)b

1,590 (95 OTUs) 89.9 (48 OTUs) �1.61

a Source site, patients’ throats.
b Source site, patients’ oral washes.

TABLE 2 Description of media used in this studya

Medium Targeted organism(s)

Tryptic soy agar Many heterotrophic bacteria
Mannitol salt agar Staphylococcus sp.
CDC kanamycin-vancomycin

laked blood agar
Pigmented Prevotella spp.,

some Porphyromonas spp.
Mitis salivarius agar Streptococcus spp.
Chocolate bacitracin agar Haemophilus spp., Campylobacter spp.,

and other Gram-negative
capnophiles

Enterococcosal agar Enterococcus spp.
a Described in reference 47.

FIG 5 Cultivar taxonomy mapped onto the rank abundance curve of 16S
rRNA-encoding gene surveys of BAL samples. Colored OTUs represent those
scored as having a “cultured representative.” Open circles represent OTUs that
were not cultivated (a list of uncultivated OTUs is provided in Table S1 in the
supplemental material).
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lungs might experience the same levels of selection in both body
sites. The lower respiratory tract is indeed more similar to the oral
cavity than most other body sites, but it is distinct in several pa-
rameters known to influence microbial growth, including oxygen
tension, pH, blood perfusion, temperature, epithelial cell struc-
ture, composition of inflammatory cells, and mucus layer thick-
ness (32–35). Furthermore, the distal surface of the lungs is bathed
in surfactants, which are selectively bacteriostatic (36). Therefore,
we do not expect that the species from the oral cavity identified as
being neutrally distributed in the lungs result from similar selec-
tive regimens in these two habitats.

Studies of the lung microbiome typically require invasive sam-
pling by introducing a bronchoscope into the lungs through the
upper respiratory tract. During this procedure, the bronchoscope
comes into contact with the microbiome of the mouth and upper
respiratory tract, and there may be aspiration of upper respiratory
secretions and consequently carryover of microbes into the lungs.
This potential problem has been examined in several commentar-
ies on the healthy lung microbiome (37, 38). Charlson et al. (39)
used a novel two-scope method to control for this procedural
contamination and demonstrated that, even after accounting for
this scope-mediated carryover, there was amplifiable microbial
DNA in the lung. In an independent study, Dickson et al. (40)
reported that the collection of microbes in brochoalveolar lavage
(BAL) specimens was not influenced by the route of broncho-
scope insertion (i.e., either through the mouth or nose), even
though these two sites harbor very distinct microbial communi-
ties. This finding indicates that the BAL fluid microbiota is not
exclusively a result of carryover of microbes during passage of the
bronchoscope. Additionally, it provides validation that this col-
lection of microbes represents the lower airway microbiome. In
this study, we accounted for equipment- and reagent-derived con-
tamination and refer to the resulting collection of 16S rRNA-
encoding gene sequences from BAL fluid surveys as the healthy
lung microbiome.

After using the neutral model to suggest that dispersal over-
rides selection in influencing the composition of the healthy lung
microbiome, we assessed the viability of these dispersed microbes
using standard cultivation techniques from BAL samples. We
found that viable and readily culturable bacteria grouped into
OTUs that contained 61% of the sequences identified in lavage
samples. Our estimate of the viable population could be conser-
vative because of (i) the limited number of culture conditions
used, (ii) loss of viability during storage, and (iii) the fact that
microbes can exist in a viable but nonculturable state and still play
important roles in vivo (e.g., Pneumocystis jirovecii in lungs) (41,
42). While the potential impact of the lung microbiome on the
host is yet to be delineated, we show that a large proportion of the
microbial DNA derived from BAL samples can originate from
viable microbes.

Conclusions. This study addresses two key issues regarding the
healthy lung microbiome. First, we addressed the relative contri-
bution of neutral and selective processes in shaping the lung mi-
crobiome. Using the neutral model, our data suggest that dispersal
of microbes from the oral cavity is the primary driver of the com-
position of the healthy lung microbiome. No species were identi-
fied that consistently deviated from the neutral model predictions,
suggesting that constant dispersal overrides selection in this hab-
itat. Second, we determined the viability of bacteria in BAL sam-

ples using standard cultivation techniques. Viable and readily cul-
turable bacteria represent OTUs that make up 61% of the
sequences recovered from lavage samples. Finally, our implemen-
tation of the neutral model provides a general basis to discern the
relative importance of dispersal and selection in diverse micro-
biomes, especially those where there is potential for continuous
dispersal of microbes from the surrounding environment.

MATERIALS AND METHODS
To characterize the lung microbiome, we used previously generated mo-
lecular surveys of the 16S rRNA-encoding gene sequences (v3-5 hyper-
variable region) from bronchoalveolar lavages (BAL) performed on 62
healthy subjects (24). We also used 16S sequences generated from oral
wash samples from the same subjects (24). In order to apply the neutral
model to other body sites, such as tonsils and tongue, as sources for the
lung microbiome, we used sequences from phase I of the Human Micro-
biome Project (43, 44). This included several sites in the oral cavity, ante-
rior nares, skin, gastroinstestinal (GI) tract, and the female urogenital
tract from approximately 242 individuals. These sequences had already
been “denoised” as described by Ding and Schloss (44). Metadata associ-
ated with these sequences were obtained from dbGAP (accession no.
phs000228.v3.p1).

Collection of samples from the upper GI tract. Since the oral cavity is
connected to both the lungs and the upper GI tract, microbes from the
oral cavity can move to both these sites (Fig. 1A). Therefore, we investi-
gated if there was any relationship between the upper GI tract and the lung
microbiomes. Upper GI tract samples were collected from the same vol-
unteers at University of Michigan whose lungs were sampled by Morris et
al. (24). The GI tract samples were obtained concomitantly with BAL fluid
specimens from these subjects. Studies and consent procedures were per-
formed in accordance with the Declaration of Helsinki at the VA Ann
Arbor Healthcare System and were approved by its Institutional Review
Boards (FWA 00000348). All subjects understood the purpose of the study
and gave written consent before any research procedures. All subjects
underwent a complete history and physical examination by a pulmonolo-
gist, complete pulmonary function testing (including spirometry, ple-
thysmographic lung volumes, and diffusing capacity), posterior, anterior,
and lateral chest radiographs, prospective collection of medication his-
tory, and complete blood count with differential, coagulation studies, and
a chemistry panel.

Sample collection was performed under moderate conscious sedation
(intravenous diphenhydramine, midazolam, and fentanyl) by a single
bronchoscopist. Subjects received topical anesthesia (4% lidocaine by
nebulizer and atomizer spray to the posterior oropharynx and then 4%
lidocaine in four 1-ml aliquots instilled directly onto the vocal cords).
Subglottic lidocaine and suctioning were minimized to avoid contamina-
tion of samples. The patient’s head was flexed, and an 18G gastric tube as
introduced via the mouth, observed to pass posterior to the larynx into the
esophagus, and advanced to 35 cm from the mouth. Correct placement of
the gastric tube was confirmed by auscultation of air introduced using a
Toomey syringe. Fifty milliliters of normal saline was instilled and imme-
diately withdrawn using manual suction. The gastric return was collected
in sterile specimen cups, which were placed on ice until transported from
the bronchoscopy suite to the laboratory, where they were immediately
processed.

DNA extraction from upper GI tract samples. Samples were trans-
ferred to the laboratory on ice, and 1 ml was transferred to a dry bead tube
(Mo Bio Ultra clean fecal DNA Isolation kit; catalog no. 12811-100-DBT).
The tubes were then centrifuged for 2 min at ~16,000 � g, and the super-
natant fraction was removed. This process was repeated until 10 ml of
gastric contents had been transferred to the dry bead tube. Samples were
then stored at �80°C until DNA isolation. Seven hundred-fifty microli-
ters of PowerSoil DNA kit bead solution (Mo Bio catalog no. 12855-50-
BS) and 60 �l of PowerSoil DNA kit solution C1 were added to each dry
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bead tube (containing pellet from 10 ml of gastric contents). Samples were
bead beaten for 2 min on the “homogenize” setting of a Mini-
BeadBeater-8 (BioSpec Products) and centrifuged for 30 s at 10,000 � g.
We then continued with the PowerSoil DNA isolation kit protocol (Mo
Bio catalog no. 12888) starting with step 7 (transfer of supernatant to a
clean 2-ml collection tube), or samples were transferred into a 1-ml col-
lection plate to continue with the PowerSoil-htp 96-well soil DNA isola-
tion kit protocol (Mo Bio catalog no. 12955) starting with step 10 (addi-
tion of 250 �l solution C2 to each well) on an epMotion 5075 (Eppendorf)
or Biomek FXP (Beckman Coulter). Libraries of 16S rRNA gene ampli-
cons (v3-5 hypervariable region) were constructed based on the HMP
Consortium protocol (http://www.hmpdacc.org/doc/16S_Sequencing
_SOP_4.2.2.pdf) with the modifications described below. Each 20-�l PCR
mixture contained 2-�l Accuprime PCR buffer II (Life Technologies),
0.15-�l Accuprime high-fidelity Taq DNA polymerase (Life Technolo-
gies), 0.2 �M primer A (CCATCTCATCCCTGCGTGTCTCCGACTCA
GXXXXXCCGTCAATTCMTTTRAGT), 0.2 �M primer B (CCTATCCC
CTGTGTGCCTTGGCAGTCTCAGCCTACGGGAGGCAGCAG), and
1 �l DNA. The boldface portions of primer A and primer B are 926R and
357F, respectively. The region of primer A represented by XXXXX is the 5-
to 10-nucleotide bar code sequence. The remainders of primer A and
primer B are the A adapter sequence and the B adapter sequence, respec-
tively, required for emulsion-based clonal amplification PCR (emPCR)
and 454 sequencing. PCR started with 2 min at 95°C followed by 20 cycles
of touchdown PCR with 20 s at 95°C and 30 s at the annealing tempera-
ture, which was 60°C in the first cycle and dropped 0.5°C with each cycle,
with 5 min at 72°C and then 20 cycles of standard PCR with 20 s at 95°C,
30 s at 50°C, and 5 min at 72°C. PCR products were purified with AMPure
XP (Agencourt) according to the manufacturer’s instructions, except
0.6� the amplicon volume (10.8 �l) of beads was used rather than 1.2� in
order to remove more of the small products. The purified PCR products
were quantified with a Quant-iT PicoGreen double-stranded DNA (ds-
DNA) kit (Invitrogen) according to the manufacturer’s instructions and
combined into a pool with equal amounts of each amplicon. To accom-
modate all of the samples, three pools were made. Each pool was then
purified with AMPure XP (Agencourt) according to the manufacturer’s
instructions, except the volume of beads was 0.6� the pool volume. The
pools were quantified with a Library Quantification kit for Roche 454 GS
Titanium (KAPA). Large-volume Lib-L emPCRs (Roche 454) were per-
formed, and 454 sequencing was done using the GS FLX Titanium plat-
form (Roche) according to the manufacturer’s instructions.

Sequence curation. All sequences were curated using mothur v1.31.2
(45). The low biomass associated with lung samples raised the possibility
of reagent-derived and equipment-derived DNA contamination of sam-
ples. Three kinds of controls were collected and sequenced to address
these possibilities: (i) sterile saline in a sample collection cup obtained at
the time of specimen collection, (ii) sterile saline washed through the
bronchoscope just prior to bronchoscopy as a control for DNA in the
scope, and (iii) DNA from the reagents used for extraction (24). The
neutral model was used to identify sequences that were likely present in
the lung samples due to contamination from these controls (see “Neutral
model analyses” below). These putative contaminant sequences were re-
moved from 16S libraries derived from lung samples. The resulting data
set was subsampled to 500 sequences per sample and clustered into OTUs
at 97% sequence similarity. At this subsampling depth, the Good’s cover-
age for all samples was greater than 95%, suggesting that the subsample
size was reasonable.

Neutral model analyses. To determine the relative importance of neu-
tral processes (i.e., dispersal and ecological drift) and selection in the
healthy lung microbiome, we implemented our version of the neutral
model, using custom scripts in the R language. Several body sites, such as
the mouth and tonsils, were considered sources for the lung microbiome.
The mathematical premise of our neutral model is as follows:

�
probability of detecting

microbe in lungs

because of continued

dispersal from another

body site and ecological drift
� � �abundance of that microbe

in that body site
�

Simplistically, high abundance in the source site would result in a
greater probability of detection in the lungs because of continued disper-
sal and the converse with low abundance. In this implementation of the
neutral model, the source community was created by pooling surveys of
the same body site from multiple individuals (e.g., the throat microbial
community from multiple individuals). The relative abundance of a given
OTU in the source community was calculated as no. of sequences with
OTU in source community/total no. of sequences in source community.
Similarly, the empirically observed frequency of detection for each OTU
in the lungs was calculated as no. of individuals in whose lungs OTU was
detected/total no. of individuals whose lungs were surveyed.

Next, for each OTU shared between the lung and the source commu-
nity, a beta probability distribution was used to calculate the expected
frequency of detection in the lungs if it was present via dispersal and
ecological drift (18). Briefly, the lower limit of this probability density
function is the relative abundance of the least abundant OTU in the source
community, while the upper limit is 1. The shape parameters for the
probability distribution were determined by an overall fitting parameter
(Ntm) and the relative abundance of the OTU in the source community.
The fitting parameter reflects the dispersal of microbes from the source
community to the lungs. The value of this parameter was optimized using
a least-squares approach such that the sum of squares of residuals is min-
imized:

Ntm

� minimize� �
i�1

total no. of OTUs

(observed detection frequency for OTUi

� predicted detection frequency for OTUi)
2�

Finally, the variability around this expected detection frequency was
calculated using 95% binomial proportion confidence intervals (Wilson
method [46]) with the HMisc package in R. Calculating this for all OTUs
yields the best-fit neutral model curve and the 95% confidence intervals
shown in Fig. 1B. The goodness of fit of this curve was assessed using the
coefficient of determination (R2). OTUs that fall within the confidence
intervals imposed around the best-fit neutral model curve are consistent
with random dispersal and ecological drift—i.e., neutrally distributed
(gray points in Fig. 1B). OTUs that fall above the upper bound of the
confidence interval are disproportionately overrepresented in the lungs
compared to those predicted by their abundance in the source (green
points in Fig. 1B). These OTUs are the strongest candidates for either
having a competitive advantage in the lungs or increased dispersal ability
relative to other microbes from the source site. Similarly, OTUs falling
below the lower bound of the confidence interval are disproportionately
underrepresented in the lungs compared to those predicted by their abun-
dance in the source. This suggests either a disadvantage to these OTUs in
the lungs or a dispersal limitation from the source site (red points in
Fig. 1B). Finally, the cumulative relative abundances of these three cate-
gories of OTUs were used as a metric to evaluate the contributions of
random dispersal and ecological drift (� abundance of gray OTUs in
source community) and selection (� abundance of green and red OTUs
in source community) from that source community in shaping the com-
position of the lung microbiome.

In order to identify putative contaminant sequences in lung samples
from equipment and from reagent-derived DNA, the neutral model was
applied using the sequences recovered from the three types of controls
pooled to create the source community. This analysis was performed prior
to clustering the sequences into OTUs at 97% similarity. Sequences falling
within the confidence intervals of the model (neutrally distributed from
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controls [gray points in Fig. 1B]) and outside the lower bounds of the
confidence intervals (enriched in controls [red points in Fig. 1B]) were
considered to be contaminating sequences and were removed from anal-
ysis of all BAL samples. Only sequences falling outside the upper bounds
of the confidence interval with the controls as the source (selected for in
BAL samples [green points in Fig. 1B]) and unique to BAL specimens (not
detected in controls) were retained for downstream analyses.

Cultivation of microbes from BAL fluid. To assess whether the DNA
recovered from lavage fluid samples originated from viable microbes, we
cultivated microbes from these BAL samples. Three-milliliter aliquots of
BAL fluid, stored frozen at �80°C with 5% dimethyl sulfoxide as a cryo-
protectant, were used as inocula for cultivation. The samples were thawed
at 4°C, vortexed for 30 s, and then centrifuged at 7,068 � g for 10 min. The
supernatant fraction was discarded, and the cell pellet was resuspended in
240 �l Hanks’ balanced salt solution (Gibco Life Technologies), followed
by plating of 10 �l directly on six different media: tryptic soy agar, man-
nitol salt agar, CDC kanamycin-vancomycin laked blood agar, mitis sali-
varius agar, chocolate bacitracin agar, and enterococcosal agar (BD
Difco). These media were chosen based upon the taxonomic classification
of 16S sequences recovered directly from BAL samples. Since the lungs are
heterogeneous with respect to oxygen concentration, plates were incu-
bated at 37°C for 7 days in oxic (5% CO2, 21% O2, balance N2), hypoxic
(5% CO2, 2% O2, balance N2), or anoxic (5% CO2, 5% H2, balance N2)
atmospheres. BAL samples from 38 individuals were used for cultivation.
So that the identity of cultivars could be compared with the culture-
independent surveys from BAL samples, we performed plate wash PCR
(31). After 7 days of incubation, the surface of plates was flooded with 1 to
2 ml of sterile tryptic soy broth (TSB), and a sterile spreader was used to
suspend as much colony material as possible. DNA was extracted from
500 �l of this solution using the Mo Bio PowerSoil DNA extraction kit.
Amplification of the v3-5 region of the 16S rRNA-encoding gene was
accomplished using the Broad HMP protocol (http://hmpdacc.org/doc
/16S_Sequencing_SOP_4.2.2.pdf). The PCR products were sequenced on
the Roche 454 GS Junior titanium platform according to the manufactur-
er’s instructions.

Nucleotide sequence accession number. The 16S rRNA-encoding
gene sequences from the upper GI tract samples have been deposited in
GenBank (BioProject ID no. PRJNA263948).

SUPPLEMENTAL MATERIAL
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