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Introduction
The principles of respiratory microbiology are being re-evaluated and re-written, starting with
the debunked myth of lung sterility. The “terrain” of the respiratory ecosystem differs—
anatomically and physiologically—from that of other mucosal sites, and changes dramatically
in illness, when the dynamic homeostasis between host and microbiome is disrupted.
Researchers are only just beginning to understand the contribution of viruses, phages, and
fungi to the lung microbiome; thus, we have restricted our discussion to the bacterial micro-
biota of the lungs.

The Lungs Are Not Sterile
The notion that the lungs are sterile is still frequently stated in textbooks, virtually always with-
out citation. This claim, if true, would be extraordinary. Bacteria are remarkably diverse and
adaptable; as such, there is virtually no environmental niche on earth so extreme (in oxygen,
pH, hydrophobicity, temperature, salinity, predators, nutrient scarcity, etc.) that bacterial com-
munities cannot been found [1]. It would be remarkable if one of the rare bacteria-free environ-
ments on this planet was the warm, moist mucosa found inches below the oral cavity, a
bacteria-rich environment over which there is a constant flow of bacteria-laden air, microaero-
sols, and fluids. Numerous studies, dating back nearly a century, have demonstrated that
microaspiration is common in healthy, asymptomatic subjects [2–5], and knowledge of the
bacterial content of inhaled air is as old as germ theory itself [6]. Since the first culture-inde-
pendent report of the healthy lung microbiome [7], more than 30 published studies using
molecular techniques for bacterial identification have found evidence of bacteria in the lower
airways. No modern study has found evidence of their absence.

Mucosal Biology: The Lungs Are Not the Gut
While the gut and lungs are both mucosa-lined luminal organs with a shared embryological
origin, their gross and micro-anatomical features are quite distinct, yielding marked differences
in the composition and population dynamics of their microbiota. In the absence of vomiting or
esophageal reflux, migration of microbes in the digestive tract is unidirectional (from the
mouth to the anus), and is serially interrupted by widely varying physical and chemical barri-
ers. In order for an orally introduced microbe to immigrate into the cecum, it must endure the
acidic pH of the stomach (~2.0) and the alkaline pH of the duodenum (~8.0) and compete for
resources with a densely populated resident microbiome. By contrast, movement of air, mucus,
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and microbes in the lung is bidirectional, with no physical barrier between the larynx and the
most distal alveolus. Thus the microbiome of the lungs is more dynamic and transient than
that of the lower gastrointestinal tract. While the gastrointestinal tract is of uniform tempera-
ture (37°C) throughout its entire 9 meters of length, the mucosa of the respiratory tract (a short
half-meter in length) represents a gradient from ambient temperature at the point of inhalation
to core body temperature in the alveoli [8]. Unlike the gut, the lung environment is oxygen-
rich. Though the trachea and bronchi are, like the gut, lined with the heavily glycosylated pro-
teins of secreted mucus, the vast majority of the lung’s surface area is lined with lipid-rich sur-
factant, which has bacteriostatic effects against select bacterial species [9]. Bacterial density in
the airways is quite modest, comparable to that of the duodenum [7], orders of magnitude less
than that of the large intestine; thus inter-bacterial metabolic interactions are markedly differ-
ent. Finally, the gut and lungs differ in the character of host–bacterial interactions. Luminal
IgA levels are far higher in the gut, while the lungs exhibit far more extraluminal interactions
between bacteria and host leukocytes (alveolar macrophages). Together, these markedly diver-
gent environmental conditions result in correspondingly divergent microbial communities.

The Lung Microbiome Is Determined by Three Ecological Factors
The composition of the lung microbiome is, by first principles, determined by the balance of
three factors (Fig 1) [10]: (1) microbial immigration into the airways, (2) elimination of
microbes from the airways, and (3) the relative reproduction rates of its community members,
as determined by regional growth conditions. Any change in the microbiome—within an indi-
vidual or across disease states—must be due to some perturbation in these factors. Sources of
microbial immigration include the inhalation of air (which contains 104–106 bacteria/mm3

even before reaching the bacteria-dense upper airways [11]), subclinical microaspiration of
upper respiratory tract contents [2–5], and direct dispersal along airway mucosa. Microbial
elimination is driven by mucociliary clearance, cough (which is frequent even among healthy
subjects [12]), and host immune defenses (both innate and adaptive). The environmental con-
ditions that determine regional growth conditions in the lungs include both those common to
all environmental niches (e.g., nutrient availability, temperature, pH, oxygen tension) as well as
the abundance and activation state of host inflammatory cells. In health, these conditions are
generally inhospitable for bacterial growth, resulting in relatively little bacterial reproduction;
thus the primary determinant of the lung microbiome in health is the balance of immigration
and elimination [13–15]. However, during disease, the regional growth conditions of the lungs
change dramatically, creating permissive niches for selective bacterial reproduction. The long-
recognized phenomenon of bacterial colonization in advanced lung disease reflects the
enriched growth of species that are well-adapted to the specific environmental conditions of
the injured respiratory tract. The selective reproductive advantage of the lung environment on
these community members has overwhelmed the dynamic influence of immigration and elimi-
nation on the respiratory ecosystem.

The Oral Microbiome Is the Primary Source of the Bacterial
Microbiota in the Lungs During Health
The ubiquity of subclinical microaspiration of pharyngeal secretions among healthy subjects is
a long-established and validated observation [2–5]. Numerous culture-independent studies
have since confirmed that the microbiome of the lungs more closely resembles that of the oro-
pharynx than it does competing source communities: inhaled air, the nasopharynx, or the
lower gastrointestinal tract via hematogenous spread [15–18]. Both a direct study within indi-
viduals and a large population-based model have demonstrated that the nasal microbiome
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contributes little to lung communities in health [15,16]; the microbiome of the nose more
closely resembles that of the skin than that of the lungs. Importantly, this similarity between
lung and oral microbiota is evident even when the lung is sampled via a nasally introduced
bronchoscope, demonstrating the minimal influence of upper respiratory tract contamination
on bronchoscopically acquired specimens [10,19]. The oropharynx produces two liters of saliva
per day, a far greater volume of secretions than is produced by the nasal mucosa in health. It is
possible (but not proven) that lung and nasal microbial communities converge in times of
increased rhinorrhea (e.g., acute viral infections or allergic rhinitis, both of which can provoke
exacerbations of lung disease associated with nasal microbes such as Staphylococcus aureus and
Moraxella catarrhalis).

The Lung Microbiome Changes during Disease
The ecological determinants of the lung microbiome—immigration, elimination, and regional
growth conditions—all change dramatically during acute and chronic lung disease [10]. Conse-
quently, the community membership of the lung microbiome is altered in disease states. Of the
dozens of studies that have compared the microbiota of diseased lungs with those of healthy
subjects, virtually all have found significant differences in community composition [20]. Many
have described an increased community richness (number of species) in chronically diseased
airways, often with a shift in community composition away from the Bacteroidetes phylum,

Fig 1. Ecological determinants of the respiratory microbiome. The constitution of the respiratory microbiome is determined by three factors: microbial
immigration, microbial elimination, and the relative reproduction rates of its members. In health, community membership is primarily determined by
immigration and elimination; in advanced lung disease, membership is primarily determined by regional growth conditions. Adapted from Dickson 2014 [10].

doi:10.1371/journal.ppat.1004923.g001
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which dominates the healthy lung microbiome, towards Proteobacteria, the phylum that con-
tains many familiar lung-associated gram-negative bacilli. Baseline differences in lung micro-
biota have been associated with important clinical features of chronic lung disease: subsequent
exacerbation frequency in bronchiectasis [21], mortality in idiopathic pulmonary fibrosis [22],
and responsiveness to corticosteroids and antibiotics in asthma [23,24]. Active topics of inves-
tigation in the field include (1) whether an altered lung microbiome contributes to disease
pathogenesis or is merely a marker of injury and inflammation, (2) whether the lung micro-
biome can be manipulated therapeutically to change exacerbation frequency or disease pro-
gression, and (3) how the diverse and dynamic homeostasis of the lung ecosystem collapses
and is dominated by a single dominant pathogen in pneumonia [14,25].
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