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Abstract

Investigation of the human microbiome has become an important
field of research facilitated by advances in sequencing
technologies. The lung, which is one of the latest body sites being
explored for the characterization of human-associated microbial
communities, has a microbiome that is suspected to play a
substantial role in health and disease. In this review, we provide
an overview of the basics of microbiome studies. Challenges in
the study of the lung microbiome are highlighted, and further
attention is called to the optimization and standardization of

methodologies to explore the role of the lung microbiome in
health and disease. We also provide examples of lung microbial
communities associated with disease or infection status and
discuss the role of fungal species in the lung. Finally, we review
studies demonstrating that the environmental microbiome can
influence lung health and disease, such as the finding that the
diversity of microbial exposure correlates inversely with the
development of childhood asthma.
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The microbiome refers to the community
of microbes that share a particular
environment, and its study has become an
important field of research in recent years.
With the development of second- and
third-generation sequencing technologies
(commonly referred to as next-generation
sequencing), it is now feasible to examine
the composition of complex microbial
populations, including unculturable
microbes. The Human Microbiome Project
(HMP) was initiated with the sequencing of
more than 11,000 primary specimens from 18
body sites in 300 healthy individuals (1).
These microbial communities are suspected

to affect human physiology and immunity
in different ways (2). For example, the gut
microbiome was shown to be a contributing
factor in obesity, with the balance tipped
toward the phylum Bacteroidetes in lean
individuals and the Firmicutes in obese
subjects (3, 4).

Investigation of the lung microbiome is
an emerging field, and its findings are
altering the way we think about respiratory
disease. The lung—not selected as one of
the initial HMP body sites—was originally
believed to be sterile, based on bacterial
culture studies that failed to show bacterial
growth (5). However, new evidence

suggests that the lung has a microbiome
that varies in health and disease (6, 7).
Furthermore, bacteria, fungi, and viruses
and their interactions may all be important
in lung health and in the development
of respiratory disease. In addition to
the localized lung microbiome, daily
interactions with microbial populations
found in the environment add another
layer of complexity, and the environmental
microbiome has now been shown to be
associated with the development of asthma
and other allergic respiratory disorders (8).
We review the basic approaches used in
lung microbiome studies and discuss their
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limitations, explore the relationships of
bacteria and fungi to respiratory diseases,
and examine the role of the environment in
shaping the microbiome with its effect on
lung disease.

Lung Microbiome Basics,
Challenges in the Field, and
the Microbiome in Health
and Disease

Terminology
An understanding of basic definitions used
in the microbiome field is important for
interpretation of research results, but
exact definitions of terms are often
debated in the literature. In general,
a microbe is any microscopic life form
and can include bacteria, fungi, protozoa,
or viruses; the microbiota refers to the
microbes in a given population; and the
microbiome is the microbiota found in
a particular habitat at a specific time.
Although “microbiome” and “microbiota”
are often used interchangeably, they refer
to different ecological principles. The
“microbial community” within a body
location consists of microbes that
interact functionally and metabolically.
Characterization of the microbiome can be
done by sequencing regions of a conserved
gene, such as the hypervariable regions
of the 16S ribosomal RNA gene (Figure 1)
(9). A common classification used for the
sequences obtained from a microbial
population is the operational taxonomic
unit (OTU), which is often used as
a synonym for taxon. Typically it comprises
sequences that are clustered based on
a percent similarity threshold (often set at
97% or above); this serves as a proxy for
species-level taxonomic assignment (10).
Using the OTUs, microbial communities
can be described with various metrics,
including richness, evenness, dominance,
and the diversity index (Table 1) (11). The
terms abundance and ubiquity are both
used to describe the diversity within
a microbiome, but the latter refers
particularly to the prevalence level of
an OTU in the microbial community
characterized (12).

Challenges in the Field
Multiple methodological issues are
encountered when studying the lung
microbiome; some are common to the
microbiome field in general, whereas others

are related specifically to lung studies. For
example, primer selection is a considerable
topic of discussion in all microbiome
studies. Among the nine hypervariable
regions (V1–V9) in the 16S rRNA gene,
both the V1–V3 and V3–V5 regions are
commonly used to characterize bacterial
diversity, but these two regions occasionally
give inconsistent and differing profiles
(Figure 1) (9). Analogous to the
amplification and sequencing of the 16S
rRNA regions to characterize the bacterial
microbiota, sequencing of fungal species
relies on conserved target genes such as the
18S or the internal transcribed spacer of
the rRNA gene (13). The choice of target
locus is determined in part by ease of
amplification and by the specificity
required. For example, the 18S is more
efficiently amplified and is better conserved
across species, making it a good choice for

phylogenetic analyses; the internal
transcribed spacer, on the other hand, has
better genus-level discrimination because
it is highly diverse across species (13).
Thus, findings can be influenced by the
gene targeted, a fact that should be kept
in mind when comparing results across
studies.

In addition to the selection of the
target gene region, the issue of reagent
contamination in samples is common to all
microbiome studies but is of particular
importance in the lung, where the biomass
of some lung sample types, such as
bronchoalveolar lavage (BAL), tends to be
low as compared with other body habitats,
such as the gut or even the skin. Indeed,
although samples should always be collected
carefully using sterile reagents and tools, it is
challenging to prepare 100% contaminant-
free DNA, considering the high sensitivity

Figure 1. 16S ribosomal DNA hypervariable regions. Nine hypervariable regions (V1–V9) were labeled
on the secondary structure of 16 rDNA. Among them, both V1–V3 and V3–V5 regions are commonly
used to characterize the bacterial microbiome. Reprinted by permission from Reference 42.

Table 1. Metrics used in describing the microbiome of a population

Diversity Metric Characteristic

Richness Number of OTUs
Evenness Relative abundance of different OTUs
Dominance Emergence of a single OTU
Diversity index Calculated index of complexity based on

richness and evenness

Definition of abbreviation: OTU = operational taxonomic unit.
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of polymerase chain reaction (PCR) and
next-generation sequencing techniques (14).
Studies use different methods to attempt
to account for contamination, but no one
approach is widely accepted. Lung studies
also face the unique issue of contamination
from the oral cavity when passing the
bronchoscope through the mouth. Potential
methods to address oral contamination
include use of two bronchoscopes and use
of statistical methods such as the neutral
model to select organisms enriched in
the lung environment (15, 16). Possible
contamination from reagents and
equipment should also be included as
systematic controls in the analysis.

Several other methods used in DNA
isolation and amplification also vary across
projects and may influence results. First,
the specimen type sampled may influence
findings. For example, use of bronchial
washes, airway brushes, or lung tissue can

give different results. In addition, the depth
of sequencing can affect readouts about
community composition. For example, if the
number of reads per sample is too limited, it
may lead to a skewed understanding of the
lung microbiome because of undersampling.
Finally, enrichment or purification of the
target organism may also affect the yield of
sequencing. In the case of the virome, for
example, a failure to exclude host cell or
bacterial nucleic acids may largely decrease
the sequencing depth of viral genomes.
A possible way to enrich for viral-like
particles is to perform density gradient
ultracentrifugation and nuclease digestion,
but these become costly efforts that often
do not efficiently exclude all human and
bacterial DNA (17).

HIV-infected Populations
The LungHIVMicrobiome Project (LHMP)
is currently the largest ongoing study on the

lung microbiome (https://lhmp.bsc.gwu.
edu/). The LHMP is funded by the National
Heart, Lung, and Blood Institute to
investigate the respiratory tract microbiome
in HIV-infected and -uninfected
individuals with and without underlying
lung diseases, such as chronic obstructive
pulmonary disease (COPD) and pulmonary
arterial hypertension. Recent progress in
this project includes the finding that,
based on BAL samples, there is increased
colonization of the lungs with Tropheryma
whipplei in HIV-infected individuals
as compared with the HIV-uninfected
population and that antiretroviral therapy
resulted in a significant decline in relative
abundance of T. whipplei (18).

HIV-uninfected Populations
The composition of the “normal” bacterial
microbiome in the lung in HIV-uninfected
persons without underlying lung disease

Figure 2. Interaction between the mycobiome and the immune system. The mycobiome shapes the immune response by the recognition between pathogen-
associated molecular patterns (PAMPs) and pattern recognition receptors (PRRs) and the stimulation of the complement system and immune cell maturation. IFN =
interferon; Ig = immunoglobulin; IL = interleukin; Th = T helper; TNF = tumor necrosis factor. Reprinted by permission from Reference 13.
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has been investigated in a small number
of studies. Charlson and colleagues, using
a two-bronchoscope technique in six
subjects, found that the BAL microbiome
primarily reflected the oral microbiome,
potentially from contamination during
bronchoscopy, although there could also be
ongoing microaspiration that could result in
intermittent detection of bacteria in the lung
(16). Lung-specific OTUs were infrequent,
and each identified OTU appeared to be
unique to a single individual in this small
study. The LHMP examined 64 participants
and found that, although oral wash and
BAL samples shared similar microbial
communities as observed for the Charlson
study, certain species were enriched in either
the mouth or the lung (15). The lung
microbiome was also described by Erb-
Downward and colleagues in a study of 14
subjects (including 10 “healthy” smokers)
sampling BAL and multiple tissue sites in
explanted lung lobes. This study found
genera such as Pseudomonas, Streptococcus,
Prevotella, Fusobacterium, Haemophilus,
Veillonella, and Porphyromonas as part
of the core organisms in the normal lung
(19). A high heterogeneity of different
microhabitats in various areas of the lung
was also revealed in this study. For example,
although Haemophilus dominated in the left
upper lobe of one subject, there was minimal
detection in all other microanatomic areas of
the lung lobe.

The lung is particularly susceptible to
outside influences such as smoking, but the
effect of smoking on the lung microbiome
is not entirely clear. Morris and LHMP
colleagues found that smoking altered the
oral microbiome but did not significantly
affect the lung microbiome (BAL samples)
of “healthy” smokers, as compared with
nonsmokers (15). The Erb-Downward
study also suggests that there are no
significant differences in the lung
microbiome (BAL samples) based on
smoking status (19).

Persons with Underlying
Lung Disease
Pulmonary diseases, such as cystic fibrosis
(CF) and COPD, may be associated with
perturbations of the lung microbiome.
In a study of serial sputum samples from
six patients with CF, the diversity of the
lung microbiota was found to decrease
significantly after episodic antibiotic
treatment for exacerbation. The microbiota
then regained its original level of diversity
during the convalescence stage when the
patients were recovering from CF and, in
some cases, were treated with maintenance
antibiotics (20). In a study of lungs
removed from patients with CF during
transplantation, important differences
were detected between the upper-airway
specimens (throat swabs and sputum) and
lung specimens (airway lavage), suggesting

that samples from the upper respiratory
tract are not representative of the lung biota
(21). In addition to CF, COPD also appears
to be associated with lung microbiome
changes, demonstrated in a study on lung
tissue samples showing that the genus
Lactobacillus increases significantly in
patients with severe COPD (22).

The Fungal Microbiome
(Mycobiome) and
Lung Disease

The majority of the research effort on the
microbiome has focused on bacterial
species, but, as mentioned earlier, other
organisms are also likely to play an
important role (13). Fungal communities in
an environment—termed the mycobiome—
are increasingly of interest, but relatively
few studies have been published to date.
Certain fungal species have been linked to
human disease. Invasive fungal infections
are increasing, particularly in the growing
immunocompromised population and
with widespread antibiotic usage (23). In
addition to their direct effects on the host
by shaping the immune response both
locally and remotely, which could impact
disease (Figure 2), fungi may be important
because of their interactions with bacterial
or viral biomes (23). Although fungal
species are numerous (an estimated 1.5

Figure 3. Relative abundance of fungal taxa in the respiratory mycobiome after lung transplant. Oropharyngeal washes and bronchoalveolar lavages
were collected from each patient. Pyrosequencing data of the internal transcribed spacer (ITS) were clustered into operational taxonomic units, which
were then assigned to taxonomic classes. The colors represent the relative abundance of the fungal taxon within each sample. The top row is the
concentration of ITS DNA post–polymerase chain reaction for each sample. Reprinted by permission from Reference 26.
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million), only 5% of them have been
formally classified, because the large
majority cannot be cultured, making
application of next-generation sequencing
particularly useful (24).

Few studies of the respiratory
mycobiome have been conducted to date.
Ghannoum and colleagues characterized the
core oral mycobiome from oral rinse
samples in 20 healthy individuals (25). They
detected 74 culturable and 11 nonculturable
fungal genera, with Candida as the
dominant genus (25). In a study of 21 lung
transplant recipients and 6 healthy control
subjects, transplant recipients showed
a significantly decreased fungal richness
in both oral wash and BAL (most of the
recipients were receiving antibacterial and/
or antifungal treatment medications at the
time of sampling) (26). BAL in healthy
control subjects had few sequence reads
corresponding to fungal species, but
Candida, Aspergillus, and Cryptococcus
were found in transplant BALs (Figure 3).
Another study of eight sputum samples
from four patients with CF found a lower
diversity and richness of bacterial and
fungal microbiomes associated with worse
clinical status, with a cooccurrence of
Candida and Pseudomonas (27).

The fungus Pneumocystis jirovecii
has been studied in association with
lung disease, particularly COPD (28).
Pneumocystis is an extracellular organism
associated with Type I pneumocytes
and cannot be cultured in the lab (29).
Before the availability of next-generation
sequencing, studies of Pneumocystis and
lung disease were generally done using
targeted nested PCR. Colonization with
P. jirovecii (defined as detection by nested
PCR without signs of Pneumocystis
pneumonia) is increased in HIV-infected
individuals and associated with airway
obstruction independent of smoking
history (30). In a nonhuman primate model
of HIV, airway obstruction and airspace

enlargement increased during coinfection
with Pneumocystis (31). Similarly, greatest
airspace enlargement occurred in mice
with both Pneumocystis colonization and
smoke exposure, suggesting an interaction
of these factors in causing COPD-like
changes (32).

Environmental Microbiome in
Lung Health

In addition to the lung microbiome, the
environmental microbiome also influences
lung health and disease. The hygiene
hypothesis, proposed years ago,
hypothesized that individuals with a higher
number of older siblings and thus living
under “less hygienic” conditions have
a lower risk of developing respiratory
allergies (33). A more comprehensive look
at this topic from a microbiome perspective
was performed in recent years, exploring
the effect of environmental microbes in
causing current asthma epidemics (34).

Several epidemiological studies were
launched to find the correlation between
microbial exposure and asthma prevention.
Comparing Finnish Karelians to Russian
Karelians, who have a much lower
prevalence of asthma, the house dust in the
Russian homes showed higher amounts of
bacteria and dominance of gram-positive
bacteria (35). In examining several
microbial markers, including muramic acid,
endotoxin, and ergosterol, an inverse dose-
dependent correlation was found between
the atopy risk and the index of microbial
components in dust in Finnish Karelian
households (34). In an add-on study to
the GABRIEL survey (a study including
genetics, epidemiology, and immunology to
identify key factors in the development of
asthma in the European community [36]),
a significantly lower prevalence of asthma,
hay fever, and atopy was found in Amish
and Swiss children living on farms

compared with children living in more
urban areas (37).

Maternal farm exposure during
pregnancy is believed to shape the immune
system of the offspring, either by increasing
regulatory T-cell numbers and enhancing
their function in infants (38) or by
increasing the levels of cord blood
proinflammatory cytokines, such as IFN-g
and tumor necrosis factor-a (39). The
diversity of microbial exposure is inversely
related to asthma development (8).
Several nonpathogenic bacteria have been
reported as candidates. In a mouse model
of asthma, an intranasal application of
Lactococcus lactis and Acinetobacter
lwoffii successfully reversed airway
hyperresponsiveness (40), and maternal
exposure to Acinetobacter lwoffii also
protected offspring from asthma (41).

Conclusions

The bacterial, fungal, and viral lung
microbiomes as well as environmental
microbiomes may all be important in lung
health and disease. Investigations are
starting to define the role of the microbiome
in lung health and disease, but much
remains to be discovered. Future challenges
for the field include standardization of
collection and sequencing methods,
accounting for contamination, and
developing standards for consistent
presentation of data and analyses. The field
would particularly benefit by expanding
studies into the analysis of large and well-
characterized cohorts, geographic and
environmental diversity in sample
collection, comparison of upper and lower
airways, examination of longitudinal
samples, and association of the lung
microbiome with clinical outcomes. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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Mutius E, Bufe A, Gatermann S, Renz H, Holst O. Acinetobacter
lwoffii and Lactococcus lactis strains isolated from farm cowsheds
possess strong allergy-protective properties. J Allergy Clin Immunol
2007;119:1514–1521.

41 Conrad ML, Ferstl R, Teich R, Brand S, Blümer N, Yildirim AÖ,
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