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“…we have seen no living thing, not even a moss or a lichen… It is certainly a valley of the dead;
even the great glacier which once pushed through it has withered away.”

Captain Robert Falcon Scott, on the absence of life in Taylor Valley, Antarctica, 1903 [1]

“The normal lung is free from bacteria.”
Robbins Pathologic Basis of Disease, 6th Edition, 1999 [2]

Before studying an ecosystem, it’s first worth asking whether it exists. For much of the 20th century, this
was the challenge faced by microbiologists interested in Antarctic soil bacteria. Restricted both by the
challenges of sampling and by limited cultivation techniques, researchers believed that Antarctic soil was
devoid of living microbes. The low numbers of detected bacterial cells were attributed to “contamination”
from wind-borne species, which seeded the soil but displayed little evidence of viability [3]. Microbial life
in the cold, dry, salty soil was so sparse that NASA used the polar deserts of the McMurdo Dry Valleys as
testing sites for the life-seeking technology deployed in the Viking missions to Mars (figure 1) [4, 5].

We now know that Antarctic soil contains viable and active microbial life. These communities, though
fewer in number and simpler in structure than their counterparts in temperate soils, are surprisingly diverse,
metabolically active (with few exceptions [6, 7]), and well-adapted to their particular, though inhospitable,
niches (table 1) [8]. This evolution in our understanding of Antarctic soil microbiota was propelled by the
application of molecular microbiology techniques (e.g. 16S rRNA gene amplicon sequencing and
metagenomics), which identify microbial taxa undetected by conventional cultivation [9]. Complementary
studies using biochemical methods and advanced cultivation have confirmed the viability of these
microbes, but their specific metabolic activity, and their ecological influence on their local
microenvironment, remains an active area of study [10].

If this recent history of Antarctic soil microbiology sounds familiar, it is because it tightly parallels the
recent revolution in our understanding of the lung microbiome. For most of the 20th century, limited by
our dependence on culture-based techniques, we assumed that healthy lungs are too inhospitable an
environment for bacteria. We deemed the lungs sterile, and ascribed any detected microbes to
contamination (i.e. “oral flora”) [11]. In the past decade, however, the application of sequencing-based
techniques to respiratory specimens has revealed that even healthy lungs (in humans and animals alike)
harbour diverse and dynamic low-biomass bacterial communities [12, 13]. Like Antarctic soil, lungs are
not as barren and microbially lifeless as we thought.

Yet DNA sequencing-based techniques, for all their advantages, cannot answer a key and pressing
question: are these bacterial communities alive? DNA is a stable and persistent molecule, and its detection
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does not discriminate between living and dead microbial cells. The lung microbiome field has approached
this question indirectly by establishing the lung microbiome’s biological and clinical significance: variation
in lung bacterial communities has been shown to correlate with pulmonary immune tone [13–16], disease
development and clinical outcomes [17–19], and exposure to antibiotics and environmental conditions [13,
20, 21]. However suggestive, none of these discoveries directly establishes the viability and metabolic
activity of lung bacteria in health. The question remains: is the lung microbiome alive?

In this issue of the European Respiratory Journal, SULAIMAN et al. [22] address this question by directly
interrogating the transcriptional and metabolic activity of bacteria detected in healthy mammalian lungs.
The authors studied a cohort of healthy human smokers and exhaustively characterised bacterial
communities and metabolic profiles in bronchoalveolar lavage (BAL) fluid. The authors employed three
complementary methods to simultaneously characterise the identity and metabolic capacity of bacterial
communities: 1) inferred metabolic potential based on taxonomic assignments from 16S gene amplicon
sequencing (DNA-based); 2) confirmed metabolic potential using whole genome sequencing
(DNA-based); and 3) transcriptomically active metabolic pathways using RNA-seq (RNA-based). The
authors then compared these inferred, confirmed and active microbial metabolic profiles to the directly
measured quantity of short-chain fatty acids (SCFAs) detected in the same specimens. This parallel
approach allowed them to determine which sequencing method correlates most strongly with actual
microbial metabolic products. Additionally, in an illuminating experiment, they challenged the lungs of
healthy mice with a mixture of human oral bacteria and compared the relative rates of clearance of
microbial DNA and RNA. Taken together, this approach equipped the investigators to determine both the
viability and temporal stability of bacterial communities in healthy lungs.

The authors made three fundamental observations, each of considerable methodological and conceptual
importance. The first and most foundational finding was that lower respiratory tract microbiota are indeed
transcriptionally and metabolically active in human lungs, even in the absence of pulmonary infection.
While variable across subjects, the overall correlation between the identity of lung microbiota and their
transcriptional and metabolic products was convincing, and clearly reflects active metabolism. Secondly,
distinct sequencing-based methods yielded variable correlations with concentrations of alveolar
metabolites, reflecting differential accuracy in identifying viable, metabolically active bacteria. In the
specific case of SCFAs, direct characterisation of microbial transcription (via RNA-seq) corresponded more
closely with actual alveolar metabolite concentrations than did DNA-based techniques. Thirdly, in their
experimental model of oropharyngeal aspiration, DNA from aspirated bacteria was far more persistent

FIGURE 1 The inhospitable soils of the Antarctic desert in Beacon Valley, the highest and driest location in the
McMurdo Dry Valleys. Photograph courtesy of James Dickson.
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(days) than their transcribed RNA (hours), illustrating the dynamic and transient nature of the viable lung
microbiome in health.

The study’s core finding has profound implications for our evolving understanding of the microbial
ecology of the lungs. While the transcriptional activity of respiratory bacteria has been explicitly studied in
the context of infection [23, 24], this study reveals that lung bacteria exert a metabolic influence on their
microenvironment even in the absence of disease. These results are congruent with the prior observation
that when appropriately varied culture conditions are applied to lung specimens from healthy subjects, the
majority of taxa identified by sequencing are viable by culture [25]. Further, the differential resolution
between DNA- and RNA-based characterisation (considered with the murine time course experiment)
provides clarity to our understanding of the temporal dynamics of lung ecology. Unlike bacterial
communities in the lower gut or diseased airways, the lung microbiome in health is not “resident,” but is
instead defined by a dynamic “steady state” determined by the balance of frequent immigration (from
oropharyngeal aspiration) and constant elimination pressure (from cough, mucociliary clearance and host
defences [26]). Healthy lungs may not be sterile, but they are trying hard to be!

This study also further confirms the immunological significance of lung microbiota in health. The
microbiome-derived metabolites detected in BAL fluid (e.g. acetate, propionate, isovalerate) have
pleiotropic effects on lung immunity, including modulating effects on alveolar macrophages and
neutrophils [27–29]. Both in healthy humans and animals, variation in lung microbiota correlates with
variation in baseline lung immune tone [13, 15]. The current study’s investigators recently demonstrated
that the same oral commensal bacteria used in the study’s murine aspiration model also induce a persisting
MyD88-dependent Th17 response that is protective against subsequent pneumococcal pneumonia (an
effect not observed when instilling dead bacterial cells) [30]. However transient viable lung microbiota
may be, their immunological effects are persistent and significant. While the gut microbiome has received
considerable attention for its production of immunomodulatory metabolites (and its role in the purported
“gut–lung axis”), the current study makes clear that we can no longer ignore the local metabolic
contributions of lung microbiota on maintaining immune homeostasis.

Given the inherent differences between the compared sequencing-based approaches, their variable accuracy
in predicting actual microbial metabolism is unsurprising. Metagenomic- and metatranscriptomic-derived

TABLE 1 Ecological comparison of microbial communities in terrestrial soil and the mammalian lung

Habitat: terrestrial soil Habitat: mammalian lungs

Antarctic desert Tropical and temperate Healthy Diseased

Microbial biomass Low High Low High
Habitability of

microenvironment
Inhospitable
• low nutrient availability
• cold, dry, salty

Hospitable
• high nutrient

availability
• warm, moist

Inhospitable
• low nutrient availability
• antimicrobial peptides

lining airway surfaces
• intact cellular immunity

Hospitable
• high nutrient availability
• impaired fluid and microbial

clearance
• dysfunctional cellular immunity

Microbe–microbe
interactions

Sparse, indirect
• via biogeochemical effects

on the environment and
limited direct interactions

Common, complex
• via direct and indirect

competition and
cooperation

Sparse, indirect
• via indirect effects on the

host response

Common, complex
• via direct and indirect competition

and cooperation (e.g. quorum
sensing, priming of host defence)

Stability of microbial
community
composition

Stable, low turnover
• limited by low replication

rates and low immigration

Stable, low turnover
• limited by

niche-adapted
“climax communities”

Dynamic, rapid turnover
• highly dynamic, subject to

continuous immigration
and elimination

Stable, low turnover
• persistent and stable, dominated

by niche-adapted “colonizers”

Microbial activity Present
• metabolically active, though

variable due to dormancy
and local conditions

Present
• metabolically active

Present
• metabolically active,

though variable due to
dynamic immigration and
elimination

Present
• metabolically active

Microbial effects
on local
microenvironment

Significant
• nutrient cycling (e.g. atmospheric nitrogen fixation,

autotrophic carbon fixation)

Unknown
• calibration of innate and

adaptive immune
defences [13, 15, 27]

• modulation of epithelial
cell function?

• others?

Significant
• nutrient metabolism and

metabolite production
• induction and perpetuation of

proinflammatory response
• epithelial cell injury
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community data correlated much more strongly with measured metabolites than did those inferred from
16S rRNA gene amplicon sequencing. This finding is intuitive, as the amplicon-based approach relies on
inferred metabolic potential based only on coarse taxonomic classification (i.e. not on directly sequenced
metabolism-related genes). These results provide a convincing and useful corrective to over-interpretation
of 16S-derived data that professes to characterise microbial metabolism. However, the current study should
itself not be over-interpreted as implying that there is no longer a role for amplicon sequencing in studying
the lung microbiome. As summarised above, amplicon-based sequencing has consistently and reproducibly
confirmed the biological, immunological and prognostic significance of the lung microbiome in health and
disease. As an accessible, affordable and high-throughput means of characterising bacterial communities,
amplicon sequencing still belongs in our toolkit. By analogy, immunologists have not abandoned flow
cytometry despite the advent of single cell sequencing. Despite this caution, the current study does
convincingly show that for functional study of the lung microbiome, amplicon-based approaches are
insufficient.

The current study is not without limitations. While adequate for a proof-of-concept study, the limited
number of subjects and the heterogeneity of signal make it difficult to discern how uniform and prevalent
these microbial and metabolic signatures are among healthy subjects. The significance of
“background-predominant” taxa in many of the human cohort samples is unclear, and may be an indirect
marker of undetectably low microbial signal (due perhaps to variation across subjects, differences in the
frequency of subclinical aspiration, or the investigators’ use of acellular BAL fluid [31]). Future studies
with larger cohorts and serial sampling will hopefully address many remaining unknowns, including the
temporal stability of the lung communities within healthy individuals.

Caveats aside, this important study should definitively silence any remaining skepticism regarding the
viability and metabolic significance of the lung microbiome in health. Despite their harsh environments,
both Antarctic soil bacteria and the healthy lung microbiome manage to persist and function at the edge of
the habitable. In both cases, the natural next question – after establishing their existence – is how these
microbial communities in turn affect their local microenvironments. Now that we have confirmed microbial
existence in the extreme environment of the healthy lung, we are poised to determine how this ecosystem
keeps us healthy and contributes to disease. Our expedition into the supposed “valley of the dead” was
well worth the trip.
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