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Rationale: Defining the biogeography of bacterial populations in
human body habitats is a high priority for understanding micro-
bial-host relationships in health and disease. The healthy lung was
traditionally considered sterile, but this notion has been challenged
by emerging molecular approaches that enable comprehensive ex-
amination of microbial communities. However, studies of the lung
are challenging due to difficulties in working with low biomass
samples.

Objectives: Our goal was to use molecular methods to define the
bacterial microbiota present in the lungs of healthy individuals and
assess its relationship to upper airway populations.

Methods: We sampled respiratory flora intensively at multiple sites in
six healthy individuals. The upper tract was sampled by oral wash and
oro-/nasopharyngeal swabs. Two bronchoscopes were used to collect
samples up to the glottis, followed by serial bronchoalveolar lavage
and lower airway protected brush. Bacterial abundance and compo-
sition were analyzed by 16S rDNA Q-PCR and deep sequencing.
Measurements and Main Results: Bacterial communities from the lung
displayed composition indistinguishable from the upper airways,
but were 2 to 4 logs lower in biomass. Lung-specific sequences were
rare and not shared among individuals. There was no unique lung
microbiome.

Conclusions: In contrast to other organ systems, the respiratory tract
harbors a homogenous microbiota that decreases in biomass from
upper to lower tract. The healthy lung does not contain a consistent
distinct microbiome, but instead contains low levels of bacterial
sequences largely indistinguishable from upper respiratory flora.
These findings establish baseline data for healthy subjects and sam-
pling approaches for sequence-based analysis of diseases.
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Intensive efforts are being directed at understanding microbial
populations living in association with the human body, the hu-
man microbiome (1, 2). Microbial populations play important
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Microbes are normally resident in many body sites with
connections to the external environment, and it is in-
creasingly clear that they play important roles in health, as
well as disease when disrupted. The lung is classically
thought to be sterile. New molecular techniques can com-
prehensively describe an entire population of bacteria
without relying on the ability to culture specific organisms,
and have suggested that the lung may harbor its own unique
microbiome.

What This Study Adds to the Field

Bacteria are present in the lungs of healthy people at low
levels compared to the upper respiratory tract, and are in-
distinguishable in community composition from upper airway
microbiota. This finding suggests that they originate from the
upper respiratory tract, most likely by microaspiration. There
is no distinct lung-specific microbiome in healthy people,
although very low levels of rare lung-specific bacteria may be
present as well.

roles in health. In the gastrointestinal tract they instruct immune
development, promote intestinal angiogenesis, and assist diges-
tion (3-6). Disturbance of the healthy gut or genital tract micro-
biome, as with antibiotic therapy, can allow colonization with
Clostridium difficile or Candida spp. Whether there is a normal
microbiome in the lower respiratory tract (LRT) that contributes
to health, or to disease when disrupted, has been unclear.

Traditional culture-based studies and classic teaching indicate
that the healthy LRT is sterile (7-9), but recent culture-
independent techniques have suggested otherwise (10, 11). Using
molecular methods based on DNA sequencing or microarrays, it
is possible to investigate microflora composition without requiring
culture of individual microbes (12, 13). In such studies, DNA is
prepared from the sampled microbiota, and composition analyzed
by deep sequencing or DNA hybridization, allowing comprehen-
sive profiling of full communities. Prior knowledge of organisms
expected or the ability to culture and identify individual bacteria is
not necessary. These approaches are being increasingly applied to
the lung, and several reports have proposed that distinctive mi-
crobial populations reside in the healthy LRT.

However, studies of the lung microbiome face challenges not
present in body sites that are easily accessible or contain high bac-
terial biomass such as skin, gut, oral cavity, or genital tract. Sam-
pling by bronchoscopy requires passage through the upper
respiratory tract (URT), which harbors large microbial popula-
tions and where contaminating organisms may be acquired. In ad-
dition, samples from lung may be of low microbial biomass,
meaning that low-level admixture of sequences from dust,
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reagents, instruments, or other sources might also confound the
data. To be definitive, molecular sampling needs to document
the contribution of sequences from each of these sources.

In this study we performed intensive sampling of multiple
sites along the respiratory tract of healthy individuals for com-
prehensive quantitative and qualitative molecular analysis using
16S Q-PCR and pyrosequencing. Low levels of bacterial 16S
sequences were detected in the LRT, and community profiles
were indistinguishable from the URT. Some organisms found
in low-biomass lung samples matched environmental or control
sequences. Unique LRT sequences were rare and inconsistent
among subjects and samples. We conclude that there is no dis-
tinctive bacterial community in the healthy LRT, and the low
amounts of bacterial sequences detectable in the LRT arise
mainly from URT microbiota, likely through microaspiration
along with bronchoscopic carryover during sampling.

METHODS

Subjects and Sample Collection

Healthy subjects had no history of pulmonary disease or ongoing serious
medical illnesses, and normal spirometry (see Table E1 in the online
supplement). None had URT symptoms within 4 weeks or used anti-
biotics within 3 months. Subjects gave written informed consent. The
protocol was approved by the University of Pennsylvania Institutional
Review Board.

Flocked swabs (Copan Diagnostics, Murrieta, CA) were used to
sample the nasopharynx (NP) and oropharynx (OP) as described
(14), and a 10-ml saline oral wash (OW) was obtained by 90-second
swish and gargle. Before bronchoscope insertion, 10 ml of saline was
aspirated through the channel (Scope #1 and Scope #2 Pre-wash). After
nebulized oropharyngeal anesthesia, bronchoscope #1 was introduced
transorally to the glottis, where local anesthesia was administered and
visible secretions aspirated. After removal, the scope tip was swabbed
(Scope #1 Tip) and saline channel rinse obtained (Scope #1 Post-wash).
Bronchoscope #2 was then introduced transorally, passed through the
vocal cords without aspiration, and wedged in a right middle lobe
bronchus. Fifty milliliters of saline were instilled and then aspirated
(bronchoalveolar lavage [BAL]-A 1st Return), after which 100 ml were
lavaged in the same location and collected separately (BAL-A 2nd
Return). The bronchoscope was then wedged in an immediately adja-
cent bronchus, where 150 ml of saline was lavaged (BAL-B). After
repositioning in the left mainstem bronchus, a double-sheathed wax-
plug protected specimen brush (PSB) (Conmed, Utica, NY) was ex-
tended and left lower lobe mucosa sampled. Swabs and liquid samples
were immediately placed on ice and frozen within 1 hour (—SOOC).

DNA Extraction and 16S rDNA Quantification

DNA was isolated from swabs, unfractionated BAL and other samples
using the PowerSoil DNA isolation kit (MoBio, Carlsbad, CA) in a BSL
2+ hood after treatment with DNAOff (MP Biomedicals, Solon, OH)
and 30 minutes of ultraviolet irradiation. Swab tips were cut directly
into bead tubes containing 60 pl of Solution C1 (PowerSoil manufac-
turer’s 1st lysis solution). For liquid samples, 1.8 ml was centrifuged at
10,000 X g for 10 minutes at 4°C, pellets resuspended in 60 pl Solution
C1, and transferred to bead tubes. Tubes were incubated at 65°C for
10 minutes, beadbeat for 2 minutes using Minibeadbeater-16 (BioSpec
Products, Bartlesville, OK), and extracted per manufacturer protocol.
Extracted DNA was stored at —20°C. Bacterial abundance was quan-
tified by real-time PCR of 16S rDNA genes in triplicate 25 pl reactions
using 1:10 or 1:20 dilutions of DNA samples, and primer/probe pairs
and amplification conditions described in Reference 15.

Bacterial 16S rDNA Gene PCR Amplification, Pyrosequencing,
and Sequence Analysis
We amplified bacterial 16S rDNA genes using barcoded broad-range

V1V2 primers described in Reference 14. Duplicate 25 pl reactions
were performed with AccuPrime Taq DNA Polymerase High Fidelity

(Invitrogen, Carlsbad, CA), pooled and purified, and pyrosequenced
using primer A on a 454 Life Sciences FLX instrument (Branford, CT)
as previously described in Reference 14. Reads were denoised at the
flowgram level with DeNoiser (16), and integrated into the QIIME
analysis pipeline (17), where they were clustered into OTUs at 97%
sequence identity with UCLUST (18). OTUs were aligned to full-
length 16S rDNA sequences with PyNAST (19), and removed if
unalignable (minimum 75% identity, 150 nucleotides) or tagged as
chimeric by ChimeraSlayer (20). Sequences were assigned taxonomy
with RDP Classifier (50% confidence threshold) (21), and a phyloge-
netic tree generated de novo with FastTree2 (22). All programs are
available online as indicated in References 16-22.

Statistical Methods

Using the QIIME pipeline (17), weighted UniFrac (23) was used to
measure 3 diversity between bacterial communities as in Reference 24
and plotted in three-dimensional space using Principal Coordinate
Analysis. The bias-corrected Chaol metric (25, 26) was used to esti-
mate the total number of OTUs per sample based on observed num-
bers of OTUs containing 1 or 2 reads. Comparisons of bacterial
biomass between serial BAL specimens were analyzed with Page’s
trend test for ordered alternatives (27). We used Student’s ¢ test
for significant differences of average between- versus within-group
UniFrac with permutation (24).

RESULTS

Intensive Respiratory Tract Sampling

Respiratory tract microbiota were analyzed in six healthy indi-
viduals as outlined in Figure 1. First, NP and OP swabs and an
OW were collected. One bronchoscope was inserted only to the
level of the glottis, which provided samples approximating what
a bronchoscope entering the LRT might carry down (28) (Scope
#1 Tip and Post-wash). A second scope was then passed without
suctioning, and sequential BAL done in two immediately adja-
cent regions of the right middle lobe (BAL-A and BAL-B), keep-
ing the first aliquot of the initial BAL separate (BAL-A 1st and
2nd Returns) (29, 30). The lower left lobe bronchial mucosa was
then sampled by protected specimen brush (PSB). To assess bac-
terial DNA that may exist in the bronchoscope channel, we col-
lected saline washes of each bronchoscope before insertion into
the subject (Scope #1 and #2 Pre-wash). Additional control sam-
ples including sterile swabs, brushes, lavage saline, and laboratory
water were processed alongside biological samples.

Quantifying Bacterial Abundance

We quantified the bacterial biomass in each sample by 16S
Q-PCR (Figure 2). When control water and lavage saline sam-
ples were processed through DNA extraction Kkits, three showed
low but quantifiable levels of bacterial DNA by Q-PCR, three
were indeterminate (near the threshold of detection), and two
were below threshold and set to the lower limit of quantification
(LOQ: 725 copies/ml). Using this estimate, we found an average
of 914 16S DNA copies in these controls (range, 725-1,293).
DNA extracted from two sterile swabs (one negative) and two
brushes yielded an average of 1,356 16S copies (range, 1,191—
1,622). Of 12 pre-procedure bronchoscopy channel washes, 9
had quantifiable 16§ DNA while 3 were set to the LOQ. This
yielded an average of 1,771 16S copies in Scope #1 and #2 Pre-
washes (range, 734-5,004). Thus, although microbiologically
sterile, instruments and reagents may contain low levels of bac-
terial DNA that may confound analysis of samples with low
bacterial biomass.

Oral cavity samples showed high bacterial biomass, with a
mean 1.93 X 107 16S copies/ml in OW (range, 1.3 X 10°
to 6.2 X 107) and 6.79 X 107 16S copies/ml in OP swab eluate



Charlson, Bittinger, Haas, et al.: Healthy Respiratory Tract Microbiome

959

c B *Scope #2
prewash
Nasopharynx +Scope #1
prewash

Oropharynx

*BAL-A 1% return

*BAL-A 2™ return
Vocal cords *Scope #1 tip

*Scope #1 postwash
*BAL-B

Figure 1. The two-bronchoscope procedure
used to sample the respiratory tract. The sam-
ples collected are shown in blue lettering. (A)
Sampling with the first bronchoscope. After
nebulized oropharyngeal anesthesia, broncho-
scope #1 was introduced transorally and ad-
vanced to the glottis, where local anesthesia
was administered and visible secretions aspi-
rated. The bronchoscope was removed and
a sample obtained from the scope tip with
a flocked swab (Scope #1 Tip) and from the
channel by rinsing with lavage saline (Scope
#1 Post-wash). (B) Sampling with the second
bronchoscope. Bronchoscope #2 was intro-
duced transorally, passed through the vocal
cords without aspiration, and wedged in a right

Vocal cords

middle lobe segmental bronchus. Fifty milliliters

of saline were instilled and then aspirated (BAL-A 1st Return), after which 100 ml of additional saline were instilled in the same location, without loss
of wedge position, and aspirated (BAL-A 2nd Return). The bronchoscope was then repositioned and wedged in an immediately adjacent segmental
bronchus, where 150 ml of saline were instilled and then aspirated (BAL-B). The bronchoscope was then repositioned in the left mainstem bronchus,
and a protected specimen brush extended and used to sample the left lower lobe bronchial mucosa (PSB).

(range, 1.94 X 10° to 2.58 x 10%). Samples from Scope #1 had
135,637 16S copies/ml in the tip swab eluate (range, 9,127-
533,021) and 102,064 16S copies/ml in the channel post-wash
(range, 1,742-470,581). Thus, there is substantial bacterial
DNA on a bronchoscope that reaches the glottis, as expected.

Lung communities sampled by serial BAL revealed a low
mean copy number per ml of 26,923 for BAL-A 1st Return
(range, 4,048-57,673), 8,209 for BAL-A 2nd Return (range,
892-20,313), and 8,024 for BAL-B (range, 1,091-39,334). We
therefore asked if 16S DNA in BAL might be influenced by
URT carryover. If carryover contributes to 16S copies in
BAL, it would be highest in BAL-A 1st Return and diminish
subsequently, as suggested by culture-based studies (29). Page’s
L trend values calculated from 16S copy numbers of BAL sam-
ples revealed a significant trend (L = 79, P < 0.05) to fewer

copies across the three samples, demonstrating a serial decre-
ment in biomass. Thus, levels of microbial DNA in BAL are low
and affected by URT carryover. Since mean levels of bacterial
DNA were quantitatively similar in BAL-A 2nd Return and
BAL-B, carryover may be largely confined to the first return.

In contrast to BAL, the PSB brushings (estimated to sample
~ 1 cm? of respiratory mucosa) had an average of 172,271 16S
copies (range, 1,740-792,258). In four of the six subjects, PSB
samples had 10* to 10° copies, while one was considerably
lower (1.7 X 10%) and one was much higher (8.0 X 10°). Al-
though different types of samples are not entirely comparable,
the data indicate a clear overall decrement in 16S copies from
the upper to the lower respiratory tract across more similar
samples, such as from OP swab to PSB, or OW to BAL and
across serial BAL samples.
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Figure 2. Quantification of bacterial 16S rDNA gene copies in the airway samples and controls. The subject studied is indicated along the x-axis by
Subject ID. The 10 types of samples studied are summarized in the key to the right. Along the bottom is shown selected demographic information
(S indicates smoker, NS nonsmoker). The y-axis shows the relative number of 16S gene copies detected using the Q-PCR assay. Error bars are shown
as the standard error of the mean. All 16S copy numbers are normalized to the fractions collected (key at right) and are represented as either per ml
of liquid sample (wash/BAL) or per whole swab/brush eluate. LOQ = lower limit of quantification, 725 16S rDNA copies/ml.
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Bacterial Community Composition Analyzed by
454 Pyrosequencing

We surveyed the composition of respiratory tract bacteria by deep
sequencing 16S rDNA, which generated over 417,300 raw partial
(~ 360 bp) 16S rDNA gene sequences. Quality filtering yielded
more than 355,300 high-quality reads (mean, 4,555 reads/sample).
The types and relative abundances of bacterial families populat-
ing each community are summarized in the heatmap in Figure 3.
Each column shows a sample type, each row represents a bacterial
family, and the color code shows relative abundance. The mean
number of 16S copies recovered from each sample type is in-
cluded at the bottom of the plot for comparison.

Water control and lavage saline samples, while low in abso-
lute numbers by Q-PCR, showed a consistent pattern with high
relative abundance of organisms commonly residing on skin,
including Staphylococcaceae and Propionbibacteriaceae (13,
31), as well as soil- and water-associated organisms such as
Burkholderiaceae and Comamonadaceae. A similar distribution
was seen in bronchoscope control samples (Scope #1 and #2
Pre-washes). Thus, despite stringent precautions, a low back-
ground of environmental organisms is detectable in lavage sa-
line and pre-bronchoscopy channel specimens.

Nasopharyngeal samples showed a different community com-
position. We found an abundance of skin lineages as reported in
previous molecular studies of the anterior nare and nostril includ-
ing Staphylococcaceae, Propionbibacteriaceae, and Corynebacter-
iaceae (13, 31-34). In addition, NP samples contained organisms
commonly found in the oral cavity, such as Streptococcaceae,
Veillonellaceae, and Prevotellaceae (11, 13, 14, 32). This pattern
differed from both environmental and oral samples.

Both OW and OP samples contained high relative abundance
of Streptococcaceae and Veillonellaceae, as well as Fusobacter-
iaceae and Neisseriaceae, among other lineages. This pattern
was similar to that reported previously in studies of oral flora
(11, 13, 14, 32). Taxa characteristic of the control and nasal
samples were less represented in oral communities.

Scope #1 Tip swab and Scope #1 Post-wash, representing
communities on a bronchoscope that reaches the glottis, had
types and distributions of bacterial lineages indistinguishable
from oral specimens.

Finally, we found that samples from the lower respiratory
tract, including all three BALs and the PSB, shared similar bac-
terial profiles as oral and peri-glottic samples. The types and dis-
tribution of bacteria was similar across all six individuals in each
habitat when summarized by binning at the family level (Figure
3). Thus, from this analysis, no definitive distinction between
the URT and LRT communities could be discerned.

Quantifying URT and LRT Community Relationships

The relationships between bacterial communities within each of
the samples were then quantified by calculating the UniFrac dis-
tance between all pairs of samples. UniFrac scores the similarity
between communities in terms of shared evolutionary history,
whereby 16S sequences from each pair of communities are
aligned on a common phylogenetic tree, and the branch length
unique to each community computed (23). Communities that
are similar to one another would contain closely related organ-
isms, and would yield a lower UniFrac value. Thus, a single value
summarizes the distance between a pair of communities. By com-
puting all pairwise distances, we quantified how similar each
community was to all others.

Visualization of the resulting UniFrac distance matrix by Principal
Coordinate Analysis (Figure E1) revealed that oral/oropharyngeal
(OW/OP), Scope #1 (Tip/Post-wash), and lung samples (BAL/
PSB) all clustered together, consistent with sharing the same

types and abundances of bacterial lineages. In contrast, both
nasopharyngeal and control samples clustered separately.

We then analyzed within-group versus between-group
UniFrac distances to ask whether each community type could
be distinguished from every other type of community (Figure
E2) (35). This analysis determines whether communities of
a particular sample type (i.e., BAL-B) are more similar to each
other (other BAL-Bs) than they are to each of the other sample
types (i.e., extraction controls, Scope 1 samples, OWs, other
BALs, PSB). Figure E2B shows that each of the lung sample
types are as similar to the URT, Scope 1, and the other lung
sample communities as they are to themselves, whereas they are
significantly more similar to each other than they are to con-
trols, Scope Pre-washes, or NP samples. Likewise, each of the
communities from the URT and Scope 1 were as similar to the
lung samples as they were to themselves. Thus, communities
from lung, Scope 1, and OW/OP are closely related.

Comparing Community Relationships within
Individual Subjects

Given the close relationship between lung and URT communi-
ties among our six subjects as a group, we then determined the
relationship between communities within individual subjects.
We first asked whether each subject’s PSB was more closely
related to his/her own Scope 1 samples than to any other sub-
jects” Scope 1 samples. Using the UniFrac metric, we found
that every subject’s PSB was more closely related to their own
Scope 1 Tip-swab and Scope 1 Post-wash than to those of any
other subject (P < 0.05 for both weighted and unweighted
UniFrac; data not shown). We also used a nonphylogenetic
index of shared OTUs, the Jaccard Index (36, 37), which also
revealed that each PSB was more closely related to Scope 1
samples from that subject than from any other (P < 0.0002 for
both binary and abundance-weighted Jaccard; data not
shown). Finally, we applied an OTU network analysis (38) to
lung PSB and peri-glottic Scope 1 Tip samples, to determine
whether specific lineages were more likely to be shared by
these two samples from the same subject than by samples from
different subjects (Figure E3). This analysis revealed that
organisms were far more likely to be shared by an individual’s
pair of PSB and Scope 1 Tip samples than by samples from
different individuals (P = 0.0014, 720 permutations). Thus,
each individual’s lung community is tightly linked to their
own URT microbiota.

Rare Distinctive Lineages in Lung Samples

We then asked whether it was possible to identify lineages that
may be specific to the LRT within the background of URT-
related organisms. As can be seen in the heatmap representation
(Figure 3), while BAL and PSB closely match URT samples,
several families appeared at relatively higher abundances in lung
than in OP, OW, or Scope 1 samples. However, most of these
taxa were also present at high relative abundances in control or
pre-procedure channel wash samples, and their presence in lung
was particularly associated with low bacterial biomass BAL.
Some of these are mainly environmental (e.g., Sphingomonada-
ceae), whereas others are environmental but also have significant
pathogenic potential (e.g., Pseudomonaceae, Burkholderiaceae,
Staphylococcaceae). Some were also highly abundant in NP
swabs (e.g., Propionibacteriaceae, Staphylococcaceae). Thus, their
appearance in BAL cannot be ascribed to lung origin, because
their presence in controls and association with low-biomass lung
samples suggest that they may result from environmental sources,
but appear relatively more abundant in lung samples that are less
confounded by URT carryover.
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Figure 3. Proportions of bacterial taxa in each sample type inferred from 16S rDNA pyrosequence data. Each column corresponds to an individual
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total volume eluted from the swab or brush.

Therefore, we asked whether there were taxa present in lung
samples but absent in both URT and environmental control
samples. Sequences reads were clustered at 97% identity and
analyzed as “operational taxonomic units (OTUs)” (Table
E2), representing our most fine-grained taxonomic classifica-
tion. Out of 3,431 total OTUs, 410 were only detected in BAL
or PSB specimens (Table E3). Over 87% of these OTUs were
identified by only a single sequence read, and thus it is un-
certain whether they are derived from rare organisms or from
sequencing errors that eluded quality filters. Seven OTUs were
identified as lung-specific and supported by more than 10 se-
quence reads. Each of these seven taxa was unique to a single
individual’s lung samples, and five of the seven were found in
only one of the four LRT sample types from that individual,
again raising questions about authenticity. However, the lung-
specific lineage with the highest sequence count (32 sequences)
was found in all three BAL and PSB samples from one individual
(subject 3B10) but not in URT, Scope Pre-washes, or environ-
mental controls. This OTU was identified as 7. whipplei, a mem-
ber of the Tropheryma genus.

A comparison of the observed to calculated estimate of total
number of taxa in our controls demonstrated that we identified ap-
proximately 83 to 93% of the theoretical maximum number of bac-
terial lineages present (Table E4), suggesting that there may be 4 to
10 taxa in control samples that were not detected. Thus, it is possible
that some of these rare LRT-distinctive lineages may also have been
found in controls had those samples been sequenced to saturation.
We conclude that at most a handful of OTUs out of 3,431 detected
in lung are unique to LRT samples, and none are shared among
different subjects.

DISCUSSION

A principal challenge in defining the lung microbiome is collecting
samples that faithfully reflect lung-derived bacteria. Molecular-
based studies of the LRT using bronchoscopic collection of
BAL or mucosal brushes have reported that airways of healthy
individuals contain a characteristic distribution of organisms, often
at very high levels (10, 11). However, these studies lacked sepa-
rate analysis of upper airway microbiota, as well as environmen-
tal admixture controls, that we show here are needed to assign
microbial populations to the lower airway. From intensive sam-
pling of these six subjects, we conclude that despite the presence
of detectable 16S DNA the healthy lung lacks a consistent and
unique microbiome.

In designing our sampling strategy, we started with the as-
sumption that the LRT microbiome would likely be very low bio-
mass, especially compared with the URT. Scope #1 samples were
intended to represent flora that could be carried from the upper
to the lower respiratory tract by a bronchoscope. If the second
bronchoscope does bring down upper airway organisms, then
we would expect BAL communities to be similar to Scope #1
samples, and to see a decrease in bacterial quantity across serial
BAL: as the flora is serially washed from the scope. This was
exactly what was seen. Such carryover would likely be more
significant with a standard single-scope bronchoscopy.

Our study therefore raises the question of whether low levels of
URT organisms are genuinely present in the LRT. The protected
specimen brush sample of the relatively proximal endobronchial
mucosa, performed after multiple BALSs on the opposite side, had
substantial levels of bacterial DNA, suggesting that that bacterial
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material originated from the LRT airway surface rather than en-
tirely from bronchoscope carryover. However, the PSB-derived
bacterial communities still retained the same relative composition
as upper airway samples. Previous molecular studies show that mi-
crobial community structures are exquisitely sensitive to differen-
ces in environment niche, such that bacterial populations are
clearly distinguishable when obtained from different regions of
the skin or gastrointestinal tract or even gingival crevices of dif-
ferent teeth (13, 31, 39). Therefore, it is unlikely that LRT com-
munity profiles reflect an independent self-sustaining lung
microbiome that is indistinguishable from URT communities,
and most likely reflect transient URT-derived bacteria. Low lev-
els of microaspiration normally occur in healthy people (40-42),
consistent with this finding. It is unclear whether the bacterial
DNA derived from live or dead bacteria.

While we have established here that there is not a distinct
LRT microbiome common among our subjects, it is important
to determine if any bacterial lineages detected in the LRT rep-
resent authentic unique lung inhabitants. One lung-specific
OTU, found in a single subject but in multiple samples from that
subject, corresponded to the causative agent of Whipple’s dis-
ease, which can involve the lungs. This organism was recently
reported in BAL from patients with pneumonia or interstitial
lung disease (43, 44), and may represent genuine detection of
a bacteria resident of the LRT in this subject. Six other OTUs
were present in fewer reads in LRT samples from individual
subjects but absent in URT and environmental samples. How-
ever, they comprise only 6 OTUs versus 3,431 in the full set of
lung samples and thus, if authentic LRT residents, they are
extremely low abundance; none were found in more than one
individual, and most were in only one of four LRT samples from
that subject. One limitation of our study is the relatively small
number of individuals sampled, and thus it will be important to
extend this type of analysis to additional subjects.

Traditional culture-based bronchoscopic studies of lower re-
spiratory tract microbiota were highly attuned to carryover
issues. These studies typically excluded organisms normally pres-
ent at high levels in the URT or restricted analysis to potential
pulmonary pathogens, and utilized quantitative thresholds for
“clinically significant” numbers of organisms (45-49). Unlike
quantitative thresholds empirically determined for diagnosis
of pneumonia, however, there are no validated criteria for de-
fining colonization or identifying normal microbial populations
of the lower airways. Some culture-based studies attempted to
minimize URT carryover using the two-scope approach or sepa-
rate analysis of BAL 1st Return (28-30, 50). As we have shown,
culture-independent characterization of LRT microflora does
not obviate the need for similar careful sampling and interpre-
tation. Despite these caveats, molecular methods have a power-
ful advantage in analyzing lower respiratory tract inhabitants.
Traditional culture is incomplete, highly selective, and semi-
quantitative at best. In contrast, molecular analysis characterizes
entire populations and, while not completely unbiased in DNA
extraction or amplification efficiency, can accurately define rela-
tive abundances of all bacteria in distinct communities. Thus,
molecular community characterization can compare different
niches and identify organisms present in one site at a higher
relative abundance than another. Similarly, our results do not
imply that the presence of an organism in both the URT and
LRT precludes biological significance, particularly for lung
pathogens that may colonize the URT or that may be expecto-
rated and secondarily found in the URT.

Thus, bacterial populations in the healthy LRT largely re-
flect URT organisms, likely resulting from transient entry rather
than independent communities with indistinguishable structure.
Authentic lung bacteria can be molecularly identified given

appropriate attention to minimize URT carryover and define
its impact. In addition, low-biomass niches such as the lung re-
quire scrupulous attention to environmental admixture including
Q-PCR determination of low- and high-biomass samples, and se-
quencing of otherwise unquantifiable amplification products. Us-
ing these approaches, it will be possible to define the role of LRT
microbiota in lung health and disease, and to identify genuine
LRT inhabitants.
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