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Lung and gut microbiota are altered by hyperoxia
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INTRODUCTION

Elemental oxygen is vital for human survival and plays an essential
role in a diverse range of biological and physiological processes.
Inhaled oxygen is widely used therapeutically in the treatment of
acute and chronic hypoxemia. Yet, hyperoxia—elevated inhaled
oxygen—causes lethal lung injury in animals (1–3), and in humans,
it is associated with increased mortality (4, 5), severe lung injury
(2, 6), and pneumonia (7, 8). The injurious effects of hyperoxia on
lung biology are well established, and the effects are robust across
mammalian species (1, 9, 10). Yet, the mechanisms by which hyperoxia provokes diffuse lung alveolar inflammation and injury remain
incompletely understood (2, 11). In addition, the variations in susceptibility of individuals to oxygen-induced lung injury are incompletely explained by genetic variation (12–14).
Recent advances in culture-independent microbiology have revealed that the lungs, previously considered sterile, harbor complex
and dynamic communities of bacteria (15). The lung microbiota are
detectable in health (16–18), are altered in disease (19, 20), correlate
with variation in airway and alveolar immunity (16, 18, 21), and are
predictive of clinical outcomes (22–24). Lung-associated bacteria
vary widely in their tolerance of oxidative stress, and lung microbiota
are profoundly altered in patients with respiratory failure receiving
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high concentrations of therapeutic oxygen (21, 25). Although conditions of environmental hyperoxia are uncommon outside of patients’ airways and alveoli, oxidative stress is a crucial determinant
of bacterial community structure (26–29). Lung-associated bacteria
vary profoundly in their tolerance of oxidative stress, ranging from
obligate anaerobes (e.g., Prevotella spp.) to facultative anaerobes (e.g.,
Pseudomonas aeruginosa) to obligate aerobes (e.g., Mycobacteria
tuberculosis). Staphylococcus aureus, the most common pathogen in
ventilator-associated pneumonia (30), has evolved numerous mechanisms for enduring oxidative stress (31). Conditions of lung inflammation are characterized by high oxidative stress (32), given that
a key feature of the innate immune response is the generation of
reactive oxygen species and reactive nitrogen species by inflammatory cells of the immune system (33). Thus, mechanistic overlap
likely exists in the adaptive strategies of respiratory pathogens such
that they can survive both the innate immune response and environmental hyperoxia. In addition, gut microbiota have been implicated in patient susceptibility to pneumonia (34, 35). The ecological
effects of hyperoxia on lung and gut microbiota are unknown, as
is the biological importance of oxygen-induced disruption of lung
and gut microbiota.
We demonstrate here that lung and gut microbiota play a causal
role in the pathogenesis of oxygen-induced lung injury in mice.
Acute hyperoxia altered the bacterial community composition of
murine lung and gut microbiota, selectively favoring the enrichment
of oxygen-tolerant taxa in the lungs (e.g., Staphylococcus spp.).
Oxygen-induced lung dysbiosis temporally preceded the development
of lung injury, and among genetically identical mice with the same
duration of hyperoxia exposure, variations in lung and gut micro
biota correlated with variations in the severity of lung inflammation.
Germ-free mice were protected from oxygen-induced lung injury,
and systemic antibiotic treatment of conventionally housed mice
selectively modulated susceptibility to oxygen-induced lung injury.
We further demonstrated with in vivo and ex vivo mouse models that
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Inhaled oxygen, although commonly administered to patients with respiratory disease, causes severe lung injury
in animals and is associated with poor clinical outcomes in humans. The relationship between hyperoxia, lung and
gut microbiota, and lung injury is unknown. Here, we show that hyperoxia conferred a selective relative growth
advantage on oxygen-tolerant respiratory microbial species (e.g., Staphylococcus aureus) as demonstrated by an
observational study of critically ill patients receiving mechanical ventilation and experiments using neonatal and
adult mouse models. During exposure of mice to hyperoxia, both lung and gut bacterial communities were
altered, and these communities contributed to oxygen-induced lung injury. Disruption of lung and gut microbiota
preceded lung injury, and variation in microbial communities correlated with variation in lung inflammation.
Germ-free mice were protected from oxygen-induced lung injury, and systemic antibiotic treatment selectively
modulated the severity of oxygen-induced lung injury in conventionally housed animals. These results suggest
that inhaled oxygen may alter lung and gut microbial communities and that these communities could contribute
to lung injury.
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the altered microenvironment of the oxygen-injured lung was more
conducive to the growth of oxygen-enriched taxa such as S. aureus.
RESULTS
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Hyperoxia disrupts the establishment of the lung microbiota
in newborn mice
Given our observational human data suggesting that hyperoxia alters the lung microbiota, we next sought to model in vivo the ecological effects of hyperoxia on lung bacterial communities in mice.
We sought to determine the acute effects of hyperoxia on both the
establishment and disruption of the lung microbiota in newborn mouse
pups, which are born without detectable lung bacteria (37, 38).
To determine the effects of hyperoxia on the establishment of
the lung microbiota in newborn mice, we used a well-established
model of neonatal oxygen exposure (39). We randomly segregated
newborn mouse pups (C57BL/6) from their common litters and exposed them to either hyperoxia (FiO2 75%, n = 9) or normoxia (FiO2
21%, n = 8) for 2 weeks and then characterized the lung microbiota
using 16S ribosomal RNA (rRNA) gene sequencing. Compared to
the lungs of normoxia-exposed mice, lungs of hyperoxia-exposed
mice had decreased community richness (number of unique bacterial taxa for a given depth of sequencing) (P = 0.03; Fig. 1B). Hyperoxia had a large effect on the community composition of lung
bacteria (P = 0.007; Fig. 1B). As identified by mvabund and BiPlot
analysis, this difference was driven by the elimination of a prominent Erysipelotrichaceae taxon (P = 0.0004; Fig. 1B). This Erysipelotrichaceae taxon was the most abundant anaerobe in the lungs of
normoxia-exposed mice, yet was not detected in hyperoxia-exposed
mice. The Erysipelotrichaceae family has previously been reported
in mice to be enriched by a low-fiber diet (40), associated with an
allergic airway phenotype (40), and correlated with lung concentrations of interleukin-4 (IL-4) (16). In contrast, hyperoxia-exposed mice
had increased relative abundance of an oxygen-tolerant Streptococcus
species (P = 0.02; Fig. 1B).
Hyperoxia disrupts the established lung microbiota
in adult mice
Having determined that hyperoxia affected the establishment of the
lung microbiota in neonatal mice, we next asked whether acute hyperoxia disrupted the established lung microbiota in adult mice. We
exposed genetically identical (C57BL/6) mice to various durations
of acute hyperoxia (FiO2 95%, n = 5 mice per time point) and then
characterized lung microbiota using 16S rRNA gene sequencing
and droplet digital polymerase chain reaction (ddPCR) quantification of the bacterial 16S gene. Acute hyperoxia altered the bacterial
community composition of the lung microbiota of adult mice (P =
0.0064; Fig. 1C). Lung bacterial communities of hyperoxia-exposed
mice exhibited a rapid and persistent decrease in relative abundance
of prominent anaerobic taxa (e.g., the Clostridia and Bacteroidia
classes; Fig. 1C). In contrast, the oxygen-tolerant Staphylococcus
family surged in relative abundance after 72 hours of hyperoxia (P =
0.0007; Fig. 1C). The Staphylococcus family represented only 2.74%
of all bacterial sequences in the lungs of normoxia-exposed mice,
compared to 49.5% of all bacterial sequences in the lungs of mice
exposed to 72 hours of hyperoxia. Rank abundance analysis of
hyperoxia’s effect on the lung microbiota is provided in fig. S1.
The total bacterial burden in the lungs of hyperoxia-exposed mice
did not change with duration of hyperoxia exposure (Fig. 1C), confirming that these observed bacterial community changes represented
shifts in relative abundance rather than overgrowth by a dominant
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Hyperoxia exposure predicts subsequent bacterial growth
from patient respiratory specimens
To address how hyperoxia may affect the lung microbiota, we first
studied a cohort of critically ill patients to determine whether exposure to therapeutic oxygen influenced the respiratory microbiota
identified using conventional culture of patient respiratory specimens. We analyzed clinical and microbiological data from hospitalized
patients at the University of Michigan Hospital. We included in our
analysis adult patients admitted to the intensive care unit (ICU)
over a 4-year period (2015 to 2018) who received mechanical ventilation for greater than 24 hours and who had a respiratory specimen
collected for bacterial culture during the subsequent 6 days (n =
1523). We stratified patients according to early hyperoxia exposure,
which was calculated using the mean FiO2 (fraction of inspired oxygen) delivered during the first 24 hours of the patient's admission.
Patients were stratified into tertiles: low (FiO2 21 to 46%), intermediate (FiO2 43 to 55%), and high (FiO2 >55%) hyperoxia exposure.
We compared these tertiles and correlated them with the identity of
bacteria grown from the patients’ respiratory specimens and with
the rate of isolation of specific bacterial species (Fig. 1).
We found marked differences in the bacterial species cultured
from the lungs of patients who received low, intermediate, or high
FiO2 early in their ICU stay (Fig. 1A). Patients in the low FiO2 tertile
had comparable percentages of S. aureus and P. aeruginosa identified
in subsequent positive cultures of their respiratory specimens (28.3 and
22.6%, respectively). In contrast, respiratory specimens from patients
in the high FiO2 tertile when cultured yielded twice as many S. aureus
isolates compared to P. aeruginosa isolates (35.9 versus 14.9%, respectively). Given this apparent oxygen-associated difference between
S. aureus and P. aeruginosa, the two most common pathogens in
ventilator-associated pneumonia (30), we performed separate regression analyses to determine the relationship between hyperoxia
and subsequent culture growth of these two bacterial species. We
hypothesized that S. aureus and P. aeruginosa, which differ physiologically in their capacity to tolerate oxidative stress (31, 36), would
similarly differ in their resilience to hyperoxia in the lungs of critically ill patients. Given the multiple potential confounders in this
complex patient population, we controlled for age, sex, race, antibiotic
treatment (anti-staphylococcal and anti-pseudomonal), severity of
illness (Sequential Organ Failure Assessment or SOFA score), and
the number of respiratory cultures acquired per patient.
We found a significant association between early oxygen exposure and the identity of subsequently cultured respiratory bacteria
(Fig. 1A). Rates of P. aeruginosa isolation were higher among patients
receiving low and intermediate concentrations of FiO2 (8.6 and 7.6%,
respectively) relative to patients receiving high concentrations of FiO2
(3.6%) (P = 0.001 and P = 0.007, respectively). In contrast, rates of
S. aureus growth were not significantly different among patients receiving low, intermediate, or high concentrations of FiO2 (P > 0.05
for all comparisons). We thus concluded that exposure to hyperoxia
independently predicted subsequent bacterial growth from the lungs
of critically ill patients, with differential species-specific effects. Specifically, rates of isolation of S. aureus from respiratory specimens
were not affected by early exposure of critically ill patients to hyper-

oxia, whereas rates of P. aeruginosa isolation decreased among patients receiving high concentrations of FiO2.
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Fig. 1. Hyperoxia alters lung microbiota in humans and in neonatal and adult mice. (A) Comparison of early exposure to inhaled oxygen (FiO2) in a cohort of
1523 patients receiving mechanical ventilation for greater than 24 hours and subsequent culture of respiratory specimens. Patients were stratified into tertiles by their
mean FiO2 during their first 24 hours of mechanical ventilation: low (FiO2 21 to 46%; 265 isolates from 507 patients), intermediate (FiO2 46 to 60%; 231 isolates from 508 pa
tients), and high (FiO2 60 to 100%; 181 isolates from 508 patients). (Left) The relationship between early hyperoxia (mean FiO2 exposure during the first 24 hours) and the
identity of bacterial species cultured from respiratory specimens in the week after collection is shown. (Right) The relationship between early hyperoxia and the rate of
isolation of S. aureus and P. aeruginosa from all respiratory specimens sent for culture in the week after collection is shown. (B) (Left) Lung microbial community richness
(measured as unique OTUs per 1000 sequences) compared across neonatal mice exposed to 2 weeks of normoxia (FiO2 21%, n = 8) or hyperoxia (FiO2 75%, n = 9) is shown.
(Middle and right) Comparison of community composition of lung bacterial communities in neonatal mice exposed for 2 weeks to hyperoxia (FiO2 75%, n = 9) or normoxia
(FiO2 25%, n = 8). (C) Relative abundance (percentage of total bacterial sequences) and bacterial burden (16S rRNA gene copies per lung) of lung microbiota of adult
mice exposed to hyperoxia (FiO2 95%, n = 20) for different time periods. Significance was determined by multivariable logistic regression (A), Mann-Whitney test (B),
PERMANOVA (B), and ANOVA with Dunnet’s test for multiple comparisons (C). Values represent means ± SEM. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. NS, not significant.

pathogen (as in acute staphylococcal pneumonia). We thus concluded that hyperoxia altered the establishment of the lung
microbiota in newborn mice and disrupted the existing lung microbiota of adult mice, selectively enriching it with oxygen-tolerant
taxa (e.g., Staphylococcus spp.).
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Oxygen-induced lung microbiota dysbiosis precedes
peak lung injury
Having determined that hyperoxia altered the mouse lung microbiota,
we next sought to determine the relative timing of oxygen-induced
dysbiosis and lung injury. It has been previously demonstrated that
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lung microbiota (characterized by 16S rRNA gene sequencing)
with lung concentrations of key inflammatory cytokines, including
IL-1, a cytokine involved in pulmonary microbial surveillance
(16, 43, 44), and tumor necrosis factor– (TNF-) and IL-17. Both
TNF- and IL-17 have been implicated in the pathogenesis of lung
injury (45–48) and have been correlated with variation in the lung
microbiota in humans (18, 21).
As we have previously reported (16), lung concentrations of
IL-1 varied inversely with the community diversity of lung bacteria in healthy adult mice [P = 0.0005, R2 (coefficient of determination) = 0.2760; Fig. 3]. Yet, after 24 hours of hyperoxia (FiO2 95%),
this correlation was weakened (P = 0.0213, R2 = 0.1351), and after
48 hours of hyperoxia, lung bacterial diversity and lung IL-1
concentrations were unrelated (P > 0.05, R2 = 0.024). Thus, the correlation between lung microbiota diversity and lung IL-1 concentration was strongest in health and weakened with increasing
duration of hyperoxia. In contrast, TNF- and IL-17 exhibited the
opposite trend with duration of hyperoxia (Fig. 3). In the lungs of
unexposed mice, neither cytokine was detectable. After 24 hours
of hyperoxia, both cytokines were detectable but were uncorrelated with lung bacterial diversity (P > 0.05 for both). Yet, after
48 hours of hyperoxia, both cytokines were detectable and inversely
correlated with lung bacterial diversity (TNF-: P = 0.0013,
In oxygen-exposed mice, variation in lung inflammation
R 2 = 0.2350; IL-17: P = 0.0012, R 2 = 0.2372; Fig. 3). Variation
correlates with variation in lung microbial communities
Having determined that disruption of lung microbiota preceded in lung bacterial diversity explained greater than 23% of the varialung injury in oxygen-exposed mice, we next sought to determine tion in concentrations of both inflammatory cytokines after hyperwhether variation in oxygen-induced lung inflammation correlated oxia exposure.
We next compared the community composition of lung bacteria
with variation in lung microbiota. We have recently demonstrated
that in healthy, genetically identical adult mice, variation in baseline with variation in lung cytokines (fig. S2) and found a similar tempoimmune tone (e.g., lung IL-1) reflects variation in lung microbiota ral trend. Among healthy, unexposed adult mice, variation in lung
(16). For the current study, we analyzed large numbers of genetical- IL-1 concentration correlated significantly with the community
ly identical mice (42 mice per time point) and ensured microbiolog- composition of lung bacteria (P = 0.001) (fig. S2). This correlation
ical variation within each group by obtaining them from different weakened with duration of hyperoxia (24 hours P = 0.015, 48 hours
vendors and shipments (16). At each time point, we compared the P = 0.049). In contrast, variations in lung TNF- and IL-17 concentrations were both significantly correlated with lung bacterial community
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Fig. 2. Lung microbial dysbiosis precedes lung injury during hyperoxia in mice. Genetically identical adult mice
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lung injury itself is associated with an altered lung microbiota
(21, 25, 41), presumably in part due to the altered microecology of
the injured respiratory tract (42). We thus asked whether oxygeninduced disruption of lung microbiota preceded oxygen-induced
lung injury, consistent with a causal role for the lung microbiota in
pathogenesis, or whether dysbiosis followed lung injury, suggesting
instead that lung microbiota disruption was merely an epiphenomenon of lung injury.
We compared the relative timing of lung microbiota disruption
with that of lung injury during acute hyperoxia in adult mice. Consistent with prior studies, we found that detectable lung injury did
not occur until after 72 hours of acute hyperoxia (FiO2 95%) (P =
0.0001; Fig. 2A). By contrast, the lung bacterial communities of
hyperoxia-exposed mice were altered after only 24 hours of hyperoxia
(P = 0.0001; Fig. 2B). The rapid drop in prominent anaerobic taxa
such as the Clostridia and Bacteroidia classes (Fig. 1C) demonstrated
the rapidity of this shift in bacterial community composition. We
thus concluded that oxygen-induced lung microbiota dysbiosis
temporally preceded the onset of detectable lung injury, indicating
that this disruption of the lung microbiota was not merely a consequence of an already-established lung injury.
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Fig. 3. Variation in lung inflammation correlates with variation in lung microbiota in hyperoxia-exposed mice.
Healthy adult C57BL/6 mice were exposed to hyperoxia for 0, 24, and 48 hours (FiO2 95%, n = 42 per time point).
Variation in lung bacterial diversity (Shannon diversity index) was compared to concentrations of the cytokines
IL-1, TNF-, and IL-17 at each time point. Significance was determined by linear regression using log-transformed
cytokine data.

Gut bacterial communities are altered by hyperoxia
and correlate with lung inflammation
Having established that acute hyperoxia alters lung microbial communities in adult mice and that early and late variation in lung immune tone correlated with variation in lung microbial composition
and diversity, we next asked whether acute hyperoxia could alter the
community composition of gut bacteria. To accomplish this, we
exposed genetically identical (C57BL/6) mice to various durations
of acute hyperoxia (FiO2 95%, n = 10 mice per time point) and then
characterized cecal bacteria using 16S rRNA gene sequencing.
Duration of hyperoxia had a significant effect on the community
composition of gut bacteria (P = 0.005; Fig. 4A), although this effect
was not statistically significant until after 72 hours of hyperoxia (P =
0.001). No significant difference in gut microbial communities was
detectable at shorter durations of hyperoxia (24 hours, P = 0.315;
48 hours, P = 0.592). The difference in community composition
at 72 hours of hyperoxia was driven by relative depletion of the
Firmicutes phylum and relative enrichment of the Bacteroidetes phylum
(P = 0.013 for both; Fig. 4A). Hyperoxia-exposed mice showed
significant depletion of the Ruminococcaceae family at 72 hours
Ashley et al., Sci. Transl. Med. 12, eaau9959 (2020)
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Germ-free mice are protected from oxygen-induced
lung injury
Having determined that lung and gut microbiota are altered by hyperoxia and that oxygen-induced dysbiosis preceded lung injury
and correlated with lung inflammation, we next sought to determine
whether the microbiota play a causal role in the pathogenesis of
oxygen-induced lung injury or whether it was merely an epiphenomenon of lung injury. To accomplish this, we compared the
effects of acute oxygen exposure in mice with conventional microbiota and experimentally manipulated microbiota, using germ-free
mice, broad enteric antibiotics, or selective systemic antibiotics. We first
compared mice with conventional microbiota to germ-free mice.
We exposed genetically identical (C57BL/6) germ-free mice and
mice with a conventional microbiota to 72 hours of hyperoxia (FiO2
95%, n = 10 mice per exposure per time point). Among mice with
conventional microbiota, oxygen exposure provoked diffuse lung
alveolar injury with increased concentrations of alveolar protein
(P = 0.0018; Fig. 5A). By contrast, the lungs of hyperoxia-exposed
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(P = 0.021). Hyperoxia had no significant effect on the community diversity
of cecal communities (P > 0.05).
We next asked whether variation
in gut bacterial communities could explain variation in lung inflammation in
hyperoxia-exposed mice. We exposed
genetically identical mice (42 mice per
time point) to hyperoxia (95% FiO2 for
24 and 48 hours) and compared the diversity and composition of cecal bacterial communities with inflammatory
cytokine concentrations in lung (Fig. 4B).
After 24 hours of hyperoxia, diversity of
cecal bacterial communities did not correlate with lung concentrations of TNF-
and IL-17 (P > 0.05 for both; Fig. 4B).
Yet, at 48 hours of hyperoxia, diversity
of cecal communities did positively
correlate with lung concentrations of
TNF- (P = 0.0039, R2 = 0.194) and IL17 (P = 0.0008, R2 = 0.254). We found a
similar temporal trend in our analysis
of the community composition of cecal
bacteria and lung cytokine concentrations (fig. S2A). The composition of cecal bacterial communities was unrelated
to lung TNF- and IL-17 concentrations after 24 hours of hyperoxia (P > 0.05
for both) but did correlate with both
cytokines after 48 hours of hyperoxia
(P = 0.002 for both; fig. S2A). Enrichment
of cecal microbial communities with
the Lachnospiraceae and Ruminococcaceae families was correlated with increased lung concentrations of TNF-
and IL-17 (P < 0.001; fig. S2C). Correlations between cecal bacterial taxa and lung
concentrations of TNF- and IL-17 (determined via mvabund) are shown in table S2.
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Fig. 4. Correlations among hyperoxia, cecal microbiota composition, and alveolar inflammation. Healthy, adult C57BL/6 mice were exposed to hyperoxia for 0, 24,
48, or 72 hours (FiO2 95%). (A) Changes in cecal bacterial communities after exposure of mice to hyperoxia (FiO2 95%, n = 10 per time point) for 72 hours reveal depletion of
the Firmicutes phylum and enrichment of the Bacteroidetes phylum. PC1, principal component 1; PC2, principal component 2. Values represent means ± SEM. (B)
Changes in cecal bacterial communities (Shannon diversity index) were compared with variations in lung inflammation measured by changes in the concentrations of
the cytokines IL-1, TNF-, and IL-17 after 0, 24, or 48 hours of exposure to hyperoxia (FiO2 95%, n = 42 mice per time point). Significance was determined via PERMANO
VA (A), mvabund (B), and linear regression using log-transformed cytokine data (B).
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Fig. 5. Germ-free mice are protected from oxygen-induced lung injury. Conventionally housed (conventional) and germ-free C57Bl/6 adult mice were exposed to
normoxia or hyperoxia (FiO2 21 or 95%, respectively) for 72 hours, and oxygen-induced lung injury and alveolar inflammation were quantified. (A) Lung injury was quantified
by measuring concentrations of alveolar protein and IgM in the lungs, which indicate alveolar capillary permeability (n = 10 per exposure per time point). (B) Representative
histological images of lung tissue stained with hematoxylin and eosin from conventional (n = 20) or germ-free (n = 12) C57Bl/6 adult mice exposed to hyperoxia (FiO2
95%) for 96 hours are shown. Left insets show epithelial necrosis and the formation of hyaline membranes; right insets show minimal epithelial injury and an intact normal
alveolar architecture. (C) Alveolar inflammatory cells (neutrophils) and the neutrophil chemoattractant CXCL1 were quantified in bronchoalveolar lavage fluid from germfree or conventional C57Bl/6 adult mice exposed to normoxia or hyperoxia (FiO2 21 or 95%, respectively) for 72 hours. Significance was determined using Student’s t test
in (A) and (C). Values represent means ± SEM. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.

germ-free mice had no more alveolar protein than did those of
normoxia-exposed germ-free mice (P = 0.0793; Fig. 5A). Lungs of
hyperoxia-exposed germ-free mice had significantly less alveolar
Ashley et al., Sci. Transl. Med. 12, eaau9959 (2020)
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protein than did those of hyperoxia-exposed mice with conventional
microbiota (P < 0.0001; Fig. 5A). To further confirm this finding,
we measured lung alveolar concentrations of immunoglobulin M
7 of 15
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Antibiotics modify mouse susceptibility to oxygen-induced
lung injury
We next asked whether antibiotic administration, either enteric or
systemic, influenced mouse susceptibility to oxygen-induced lung
injury. For enteric antibiotics, we used a broad-spectrum regimen
of four antibiotics (ampicillin, neomycin, metronidazole, and
vancomycin), administered for 3 weeks via drinking water, that was
previously shown to influence mouse susceptibility to pneumococcal
pneumonia (34). For systemic antibiotics, we used two regimens with
distinct and complementary spectra of coverage: vancomycin, which
has activity against Gram-positive bacteria including Staphylococcus,
and ceftriaxone, which has broad activity against Gram-negative
bacteria (and limited Gram-positive coverage relative to vancomycin).
We have previously demonstrated that systemic ceftriaxone has taxonomically predictable effects on the lung microbiota of healthy mice
(16). Both systemic antibiotics are commonly used in hospitalized
patients receiving inhaled oxygen.
We first determined the effects of broad enteric antibiotics on
oxygen-induced lung injury and inflammation (n = 10 mice per exposure per time point). Enteric antibiotics, administered in drinking
water for 3 weeks before oxygen exposure, had no effect on severity
of lung injury as measured by alveolar protein (P = 0.528) or IgM
(P = 0.691) (Fig. 6A). Yet, treatment with enteric antibiotics did reAshley et al., Sci. Transl. Med. 12, eaau9959 (2020)

12 August 2020

sult in increased alveolar neutrophilia in oxygen-exposed mice
(P = 0.006; Fig. 6A), recapitulating the increased alveolar neutrophilia observed in oxygen-exposed germ-free mice.
We then administered systemic antibiotics using intraperitoneal
administration of single agents with contrasting spectra of coverage
that both have well-established penetration of the lung (n = 10 per
exposure per time point). Antibiotics were administered intraperitoneally for every day of the oxygen exposure. Systemic vancomycin, which has broad Gram-positive coverage, had no effect on lung
injury as measured by alveolar protein (P = 0.756) or IgM (P = 0.973)
(Fig. 6B). Yet, systemic ceftriaxone, which has broad Gram-negative
coverage, resulted in increased lung injury as measured by alveolar
protein (P = 0.0005; Fig. 6C). To confirm this finding and better
characterize the temporal dynamics of ceftriaxone’s effect on lung
injury, we repeated the experiment and quantified alveolar IgM at
multiple time points between 0 and 96 hours of hyperoxia (n = 80
total mice, 5 mice per exposure per time point). Alveolar IgM
increased in all hyperoxia-exposed mice (saline and ceftriaxone) at
72 hours of hyperoxia, with a further increase among the ceftriaxone-
treated mice at 96 hours (Fig. 6C).
Direct effects of hyperoxia on the host alter microbial
growth conditions in the lung microenvironment
As recently reported (21, 25), the lung microbiota of individuals with
severe lung injury (acute respiratory distress syndrome) are profoundly altered and correlate with alveolar inflammation. The alveolar
ecosystem, normally inhospitable to bacterial reproduction (17), is
radically altered by the features of lung injury (42). Such changes
include nutrient-rich edema, a surge in bacterial growth-promoting
inflammatory molecules (53), and impairment of host defenses
(42, 54, 55). We thus asked whether the direct effects of hyperoxia
on host biology could alter the ecological conditions of the lung micro
environment, independent of oxygen’s differential effects on lung
microbial growth.
To determine this, we exposed genetically identical (C57BL/6)
mice to various durations of hyperoxia (FiO2 95%, 0 to 48 hours)
and then challenged their lungs by intranasal instillation of S. aureus
[107 colony-forming units (CFU)]. Mice were then observed for
24 hours under normoxic conditions (FiO2 21%, n = 20 mice across
time points). Thus, any difference in S. aureus burden across experimental groups was attributable to the sequelae of hyperoxia rather
than the direct ecological pressure of hyperoxia itself. As compared
to unexposed mice, we found a significant and duration-dependent
effect of hyperoxia on subsequent clearance of S. aureus in oxygenexposed mice (P ≤ 0.0001; Fig. 7A).
We next sought to determine whether this effect was solely attributable to the impaired immune defenses of the hyperoxia-exposed
mouse host. We accomplished this by using an ex vivo culture model,
in which sterilized bronchoalveolar lavage fluid was used as a culture medium for a fixed bacterial inoculum. Thus, any differences
in bacterial growth promotion or inhibition across treatment groups
were attributable to noncellular features of the lung microenvironment
(e.g., nutrient availability or growth-promoting/inhibiting mediators).
We exposed genetically identical adult mice to 72 hours of normoxia
(FiO2 21%) or hyperoxia (FiO2 95%) and then compared their
bronchoalveolar lavage fluids for the relative growth promotion
or inhibition of an identical S. aureus inoculum in vitro (n = 7 mice
per group). Compared to saline and lavage fluid from normoxiaexposed mice, lavage fluid from hyperoxia-exposed mice promoted
8 of 15
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(IgM), a serum macromolecule that enters the lung alveolae after injury
to the alveolar-capillary barrier (49, 50). Hyperoxia provoked elevated
alveolar IgM concentrations in mice with conventional microbiota
(P < 0.0001) but had no effect on germ-free mice (P = 0.4967)
(Fig. 5A). When comparing hyperoxia-exposed mice, alveolar IgM
was markedly higher in mice with conventional microbiota when
compared to germ-free mice (P < 0.0001; Fig. 5A).
We next asked whether germ-free mice were protected from histological evidence of oxygen-induced lung injury. We exposed genetically identical (C57BL/6) mice with conventional microbiota or
germ-free mice (n = 20 and 12, respectively) to various durations of
hyperoxia (FiO2 95%, 0 to 96 hours) and examined their lungs for
evidence of epithelial injury. At time points 0, 24, 48, and 72 hours,
we observed no histological evidence of lung injury in either group
(conventional microbiota or germ-free) (Fig. 5B). At 96 hours of
hyperoxia, the lungs of mice with conventional microbiota uniformly
exhibited evidence of acute lung injury including diffuse epithelial
necrosis with the presence of hyaline membranes (Fig. 5B). In
contrast, the lungs of germ-free mice exposed to hyperoxia were uniformly normal in their alveolar architecture, with no evidence of
epithelial injury or hyaline membrane formation (Fig. 5B). These results confirmed that germ-free mice were protected from oxygeninduced lung injury.
We then asked whether germ-free mice differed from mice with
conventional microbiota in their alveolar inflammatory response to
hyperoxia. When compared to mice with conventional microbiota,
germ-free mice had increased alveolar neutrophilia, both when comparing the percentage of total alveolar cells (P = 0.016) and when
comparing absolute alveolar neutrophil counts (P = 0.004; Fig. 5C).
Given this finding, we measured alveolar concentrations of CXCL1, a
key neutrophil chemoattractant that is elevated in oxygen-induced
lung injury (51, 52). We found that alveolar CXCL1 concentrations
were elevated in oxygen-exposed germ-free mice compared to oxygenexposed mice with conventional microbiota (P < 0.0001; Fig. 5C),
paralleling the difference observed with alveolar neutrophilia.
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the growth of S. aureus in culture (P ≤ 0.0001 for both comparisons;
Fig. 7B).
DISCUSSION

Here, we demonstrate that inhaled oxygen alters lung and gut microbiota of mice, selectively enriching lung bacterial communities
with oxygen-tolerant taxa (e.g., Staphylococcus spp.) (fig. S3).
During hyperoxia exposure, lung dysbiosis preceded lung injury
and correlated with variation in severity of lung inflammation.
Germ-free mice were protected from oxygen-induced lung injury,
and systemic antibiotic treatment selectively modulated the severity
of oxygen-induced lung injury. Further, the direct effects of hyperoxia
on host biology altered the lung microenvironment, indirectly and
selectively favoring enhanced bacterial growth. These findings suggest that lung microbiota contribute to the pathogenesis of lung injury
in mice.
Before J. Priestley isolated and inhaled pure oxygen in 1774 (10),
no environment on Earth had exceeded an oxygen concentration of
35% during the preceding 3.8 billion years of microbial evolution
(56). Yet, because of the ubiquitous clinical use of inhaled oxygen,
patients’ airways and alveoli are routinely exposed to sustained
oxygen concentrations between 30 and 100%. We demonstrate
oxygen-induced dysbiosis in the lung environment, and our findings
are consistent with prior evidence of oxygen’s crucial role in determining microbial community structure (26, 28, 29). In environmental
microbial communities, oxygen gradients exert profound effects on
community structure (26, 29). Within the human gut, the luminal
gradient from hypoxia (10%) to anoxia (0%) plays a determinant
Ashley et al., Sci. Transl. Med. 12, eaau9959 (2020)
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role in community structure (28). When antibiotics deplete the gut’s
resident butyrate-producing Clostridia, butyrate-starved colonocytes
revert to anaerobic glucose fermentation, increasing luminal oxygen
concentrations and promoting expansion of the disease-associated
Enterobacteriaceae family (28, 57). While we observed a similar depletion of Clostridia in the lungs after hyperoxia, we found a relative
expansion of the Staphylococcus family, consistent with the apparent resilience of S. aureus relative to other respiratory pathogens in
hyperoxia-exposed humans (Fig. 1). Like most lung disease–associated
bacteria (e.g., P. aeruginosa and Streptococcus pneumoniae), S. aureus
has multiple, complementary mechanisms of coping with oxidative
stress (31). S. aureus expresses detoxifying enzymes (e.g., superoxide
dismutase) (58, 59), catalase (58, 60), flavohemoglobin (61), DNA
protection enzymes and DNA repair enzymes [e.g., MrgA (31)], and
protein damage repair enzymes (e.g., thioredoxin) (62). Given that
a primary innate immune defense mechanism deployed by neutrophils (63) and alveolar macrophages (64) is an “oxidative burst”
(the rapid release of reactive oxygen species), it is expected that lungassociated pathogens have evolved mechanisms for enduring oxidative stress.
An important and unresolved question is the relative contributions of local (lung) and remote (lower gut) bacterial communities
to lung inflammation and injury. Although we have shown that
manipulation of the microbiota can influence susceptibility to oxygeninduced lung injury (either via antibiotics or use of germ-free animals), it is unknown whether these effects are more attributable to
the lung or gut microbiota. We have previously demonstrated that
among genetically identical mice, variation in lung innate immunity
more strongly reflects lung microbiota than gut microbiota (16).
9 of 15
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Human studies have revealed correlations between lung microbiota
and lung immunity in health and disease (18, 21, 24, 65). In our
current study, variation in lung inflammation correlated with the
diversity and community composition of lung and gut microbial
communities, although correlation with lung microbial communities preceded correlation with gut microbial communities (24 versus 48 hours). Similarly, although hyperoxia altered both lung and
gut microbial communities, the effects on the lung microbiota were
more immediate (24 hours) than those on the gut microbiota (72 hours).
Systemic antibiotic treatment (intraperitoneal ceftriaxone) with demonstrated effects on lung microbiota (16) modulated the severity of
oxygen-induced lung injury, whereas enteric antibiotic treatment had
no effect. We interpret these results as suggesting that microbiota in
both lung and gut play important, temporally distinct roles in the pathogenesis of oxygen-induced lung injury, likely with lung bacteria informing the early response and gut bacteria informing the late response.
Additional work will be necessary to determine the specific contributions of lung and gut microbiota to oxygen-induced lung injury.
Our study has several limitations. Whereas the injurious effects
of profound hyperoxia (FiO2 >95%) on lung biology are well established and uncontroversial, the biological and microbiological significance of the range of hyperoxia seen in routine clinical care is
less established. Although the histology of our murine model of hyperoxia recapitulated the key features of human lung injury and
the taxonomic changes observed in our oxygen-exposed mice
aligned with those in our human cohort, there are important
anatomic, immunologic, and microbiologic differences between
mice and humans that will necessitate further validation. Last,
our experimental approach did not let us selectively manipulate
Ashley et al., Sci. Transl. Med. 12, eaau9959 (2020)

12 August 2020

MATERIALS AND METHODS

Study design
We designed a series of complementary analyses and experiments
to test the hypotheses that lung and gut microbiota are altered by
inhaled oxygen and contribute to the pathogenesis of oxygen-induced
lung injury. We first designed a retrospective observational cohort study of individuals with a prespecified comparison of culture-
identified respiratory bacteria (outcome) stratified by early hyperoxia
(predictor). We then designed prospective cohort studies in mice to
determine whether a controlled exposure (hyperoxia) influenced the
composition and identity of lung microbiota. We next designed a
cross-sectional cohort study in mice to determine whether variation
in lung and gut microbiota correlated with variation in lung inflammation after hyperoxia exposure. We then determined whether manipulation of gut and lung microbiota (using germ-free mice and
antibiotics) altered the severity of oxygen-induced lung injury and
inflammation in mice, as well as whether duration of hyperoxia exposure altered murine susceptibility to a model of S. aureus pneumonia. Randomization was used to assign mice to exposure and
control arms for each experiment. Analysis of experimental murine
data was not blinded.
All clinical investigations were conducted according to the principles of the Declaration of Helsinki. The institutional review board
of the University of Michigan Health System (HUM00104714) approved the human study protocol. The deidentified analysis of patient data has been assessed to be no more than minimal risk with
no need for a dedicated informed consent process. The institutional
review board has examined the protocols and certified that “The
risks are reasonable in relation to benefits to participants and the
10 of 15
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Hyperoxia duration
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lung and gut microbiota in isolation
to determine their relative importance
in the pathogenesis of oxygen-induced
lung injury.
Inhaled oxygen is arguably the most
commonly administered therapy among
hospitalized patients and is associated
with increased mortality (4, 5), severe lung
injury (2, 6), and pneumonia (7). Our study
reveals that lung and gut dysbiosis may
contribute to oxygen-induced lung injury. Further work is needed to identify
(i) the mechanisms by which hyperoxia
selectively enriches the lungs with aero-tolerant bacteria, (ii) the pathways by
which oxygen-altered taxa promote and
dampen alveolar inflammation, (iii) additional ecologic factors within injured
lungs that promote and perpetuate bacterial growth, and (iv) the role of gastrointestinal microbiota in alveolar inflammation and injury. A better understanding
of oxygen’s role in homeostasis and its
disruption at the host-microbiota interface may enable therapeutic modulation
of the lung and gut microbiota for the prevention and treatment of oxygen-induced
lung injury.
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knowledge to be gained. The risks of the study have been minimized
to the extent possible.”
The University Committee on the Care and Use of Animals at the
University of Michigan (PRO00007791) approved the animal studies. Laboratory animal care policies at the University of Michigan
follow the Public Health Service policy on Humane Care and Use of
Laboratory Animals. Animals were assessed twice daily for physical
condition and behavior. Animals assessed as moribund were humanely euthanized by CO2 asphyxiation.

Respiratory specimen culture
Respiratory specimens were cultured according to standard clinical
microbiology laboratory protocols. Briefly, respiratory specimens
were plated on chocolate, sheep blood, and MacConkey agar plates
and incubated for 72 hours. Bacteria were identified and reported if
they grew more than 104 CFU/ml or if they were under 104 CFU/ml
but were a single Gram-negative bacillus and the only reportable
pathogen. The following organisms, when identified, were reported
as “oral flora”: coagulase-negative Staphylococcus species (spp.),
alpha-hemolytic Streptococcus spp., gamma-hemolytic Streptococcus
spp., Micrococcus spp., Enterococcus spp., Corynebacterium spp.,
Lactobacillus spp., Bacillus spp. (other than B. anthracis), Neisseria
spp., Haemophilus spp. (other than H. influenzae), Eikenella spp.,
Capnocytophaga spp., and yeast (other than Cryptococcus spp.). Detailed methods for electronic medical record chart abstraction and
clinical microbiology protocols have been previously published (66, 67).
Analysis was performed using multivariable logistic regression. Covariates included age, sex, race, antibiotic exposure (anti-staphylococcal
and anti-pseudomonal), severity of illness (SOFA score), and the number of respiratory cultures acquired.
Mice
Neonatal C57BL/6 mice were obtained from an in-house breeding
colony (Fig. 1B). Nineteen pups from two litters were randomly assigned to hyperoxia (FiO2 75%) or normoxia (FiO2 21%) for 2 weeks.
Mice were breastfed by the two litters’ dams, which were rotated
between environments every 48 hours. For initial acute hyperoxia
exposures (Figs. 1C and 2), 8-week-old female C57BL/6 mice were
purchased from the Jackson Laboratory (Bar Harbor, ME) and
Ashley et al., Sci. Transl. Med. 12, eaau9959 (2020)
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Hyperoxia exposure
Hyperoxia was administered to mice by placing their cages in a
sealed chamber (BioSpherix) with medical-grade 100% oxygen
(0.1 to 99.9 ± 0.1%) delivered continuously via a ProOx 110 oxygen
controller to maintain chamber oxygen levels. Neonatal mice were
administered FiO2 75% for 2 weeks, based on an established model
of bronchopulmonary dysplasia (68, 69). Adult mice were administered FiO2 95% for durations ranging from 24 to 96 hours. Germfree mice were placed in the chamber using dedicated microisolator
cages with sufficient food and water for the duration of exposure.
Thus, microisolator cages were kept sealed and sterile until the time
of tissue harvest.
Mouse tissue collection and processing
Mice were euthanized via CO2 asphyxiation. Low biomass specimens (tongue, nasal rinse, and lung) were removed before high biomass specimens (cecum). Instruments were rinsed with ethanol and
flamed between each organ. Murine lungs were excised, placed in
tubes containing 1 ml of sterile water, and homogenized mechanically
11 of 15
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Human study population
The observational human cohort was identified via abstraction from
the University of Michigan’s electronic medical records. Inclusion
criteria were (i) age ≥18 years; (ii) admission to the University of
Michigan’s Critical Care Medical Unit, Surgical Critical Care Unit,
or Cardiac ICU between 1 January 2015 and 31 December 2018; (iii)
mechanical ventilation for ≥24 hours; (iv) documentation of at
least 10 FiO2 measurements during the first 24 hours (for calculation of the mean FiO2); and (v) respiratory culture performed between 24 hours and day 7 of hospitalization (i.e., subsequent to the
FiO2 exposure period). Early oxygen exposure was quantified by
determining mean FiO2 during the first 24 hours of hospitalization.
Species-level taxonomic classification of cultured bacteria and fungi
from respiratory specimens was determined by query of results
reported by the University of Michigan Clinical Microbiology Laboratory. Respiratory specimens (bronchoalveolar lavage, miniature
bronchoalveolar lavage, endotracheal aspirates, and sputum) were
cultured according to standard clinical microbiology laboratory
protocols.

housed under specific pathogen–free conditions. Mice were housed
in five animal cages and allowed to acclimate for 2 weeks before
exposure and harvest at 10 weeks of age. For the heterogeneity analysis of lung microbiota and lung inflammation (Fig. 3), 8-week-old
female C57BL/6 mice were purchased from the Jackson Laboratory
(Bar Harbor, ME) and Charles River Laboratories (Wilmington, MA)
and housed under specific pathogen–free conditions. Mice were treated
in subsequent weeks over a 4-week period. Mice were housed and
allowed to acclimate as previously mentioned. To avoid batch effect
due to cohousing, mice from various cages were sampled at each
time point in each experiment. Germ-free mice were obtained from
the University of Michigan Germ-Free and Gnotobiotic Mouse
Facilities. Ten-week-old C57BL/6 mice were used as germ-free and
conventional microbiome controls in the germ-free comparison
(Fig. 5A). Mice were housed in soft-sided plastic isolators, in which
they remain free of all bacteria, exogenous viruses, fungi, and
parasites, as determined by regular fecal monitoring and periodic
control necropsies by both culture-based and PCR-based techniques.
Data acquired from the unexposed mice (0 hours hyperoxia) in
the heterogeneity of microbiota and inflammation experiment
(Figs. 3 and 4B) have been reported in a previously published manuscript (16).
Enteric antibiotics: Mice were exposed to a previously published
broad-spectrum regimen of enteric antibiotics as previously described
(34). The following concentrations of antibiotics were administered
via drinking water for 3 weeks before oxygen exposure: ampicillin
(1 g/liter; Sigma-Aldrich), neomycin sulfate (1 g/liter; Sigma-Aldrich),
metronidazole (1 g/liter; Sanofi-Aventis), and vancomycin (0.5 g/liter;
Sandoz).
Systemic antibiotics: Ceftriaxone (ceftriaxone disodium salt C-5793,
Sigma-Aldrich, St. Louis, MO) was administered at a dose of 50 mg/kg
suspended in 200 l of sterile water and administered intraperitoneally. Vancomycin (Sigma-Aldrich, St. Louis, MO) was administered at a dose of 20 mg/kg suspended in 200 l of sterile water and
administered intraperitoneally. For both systemic antibiotics, mice
were exposed daily during the acute hyperoxia exposure (days 0, 1,
and 2). Mice were removed from the oxygen chamber for 20 to
30 min during intraperitoneal administration of antibiotic or saline
administration.
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by using a Tissue-Tearor (BioSpec Products, Bartlesville, OK). The
tissue homogenizer was cleaned and rinsed in ethanol and water
between each sample. Water control specimens from homogenization,
exposed to cleaned instruments, were included in sequencing as
procedural controls. For alveolar protein quantification, bronchoalveolar lavage was performed using 1 ml of phosphate-buffered saline
instilled and aspirated into the surgically exposed trachea.

16S rRNA gene sequencing
The V4 region of the 16S rRNA gene was amplified using published
primers (72) and the dual-indexing sequencing strategy developed
by the laboratory of P. D. Schloss (73). Sequencing was performed
using an Illumina MiSeq platform (San Diego, CA), using the MiSeq
Reagent Kit V2 (500 cycles), according to the manufacturer’s instructions with modifications found in the Schloss standard operating
procedure (74). AccuPrime High-Fidelity Taq was used in place of
AccuPrime Pfx SuperMix. Primary PCR cycling conditions were at
95°C for 2 min, followed by 20 cycles of touchdown PCR (95°C for
20 s, 60°C for 20 s and decreasing 0.3°C each cycle, and 72°C for
5 min), then 20 cycles of standard PCR (95°C for 20 s, 55°C for 15 s,
and 72°C for 5 min), and finished at 72°C for 10 min.
Bacterial DNA quantification
Bacterial DNA was quantified using a QX200 Droplet Digital PCR
System (Bio-Rad, Hercules, CA). Primers and cycling conditions were
performed according to a previously published protocol (75). Specifically,
primers were 5′-GCAGGCCTAACACATGCAAGTC-3′ (63F) and
5′-CTGCTGCCTCCCGTAGGAGT-3′ (355R). The cycling protocol was
1 cycle at 95°C for 5 min, 40 cycles at 95°C for 15 s and 60°C for 1 min,
1 cycle at 4°C for 5 min, and 1 cycle at 90°C for 5 min—all at a ramp rate
of 2°C/s. The Bio-Rad C1000 Touch Thermal Cycler was used for PCR
cycling. Droplets were quantified using the Bio-Rad QuantiSoft software.
Two replicates were used per sample. Negative control specimens
were used and were run alongside lung specimens.
Protein and alveolar IgM quantification
Lung injury was assessed using quantification of total protein and
IgM in bronchoalveolar lavage fluid. Bronchoalveolar lavage fluid
was centrifuged for 30 min at 13,000 rpm. Protein was quantified
colorimetrically using the Bradford assay (Bio-Rad, Hercules, CA).
Alveolar IgM was quantified using the IgM Mouse Uncoated ELISA
(enzyme-linked immunosorbent assay) Kit (Thermo Fisher Scientific,
Waltham, MA).
Cytokine measurement
Cytokines were measured in whole lung homogenate according to
the manufacturer’s instructions using the following ELISA kits obtained from R&D Systems (Minneapolis, MN): Mouse IL-1/IL-1F1
DuoSet ELISA DY400, Mouse IL-4 DuoSet ELISA DY404, Mouse
Ashley et al., Sci. Transl. Med. 12, eaau9959 (2020)
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Identification of contaminants and adequacy of sequencing
In low-biomass microbiome studies, it is essential to determine the
influence of contamination on sequencing results, as reagents used
in DNA isolation and library preparation contain bacterial DNA that
can contaminate sequencing-based studies of microbial communities (71). For each experiment using 16S rRNA gene sequencing, to
identify potential sources of contamination in sequencing, we collected multiple procedural and sequencing control specimens. We
included sterile water used in tissue collection (exposed to instruments
used in harvesting and tissue homogenization), DNA extraction controls (empty bead tubes processed in parallel with tissue specimens),
AE buffer used in DNA extraction, and blank wells in the MiSeq
sequencing run. Mock community standards were analyzed as quality
controls in each sequencing run, and samples were processed in a
randomized manner to avoid batch effect from kit contamination.
For the neonatal hyperoxia exposure experiment (Fig. 1B), we
sequenced 21 procedural control specimens: saline used in tissue
harvest (3), water used in tissue homogenization (3), DNA extraction
controls (empty bead tubes processed in parallel with tissue specimens) (4), sterile water used in DNA extraction (4), AE buffer used
in DNA extraction (4), and mock community standards (3). We
obtained 1,906,893 total reads for all tissue and control specimens
(16,875 ± 19,945 per specimen). Two lung specimens (one hyperoxia-
exposed and one normoxia-exposed) were excluded from analysis
because of the small number of reads (60 and 40, respectively). Via
permutational multivariate analysis of variance (PERMANOVA),
we confirmed that bacterial taxa detected in negative control specimens were significantly distinct from taxa detected in lung, tongue,
cecum, and colonic mucosa specimens (P < 0.0001 for all comparisons). The most prominent taxa detected in negative control specimens were OTU040:Pelomonas, OTU034:Pseudomonas, and OTU015:
Porphyromonadaceae. These operational taxonomic units (OTUs)
comprised 45.9% of all sequences detected in negative control specimens but comprised only 1.5% of sequences detected in lung specimens. No OTUs were excluded from analysis.
For the acute hyperoxia exposure in adult mice (Fig. 1C), we
sequenced 48 negative control specimens: water used in tissue homogenization (5), DNA extraction controls (empty bead tubes processed in parallel with tissue specimens) (4), sterile water used in
DNA extraction (2), AE buffer used in DNA extraction (6), blank
MiSeq wells (31), and mock community standards (2). We obtained
1,425,377 total reads for all tissue and control specimens (20,362 ±
54,472 per specimen). No lung specimens were excluded from analysis. Via PERMANOVA, we confirmed that bacterial taxa detected
in negative control specimens were significantly distinct from taxa
detected in lung specimens (P < 0.0001). Communities were distinct
both collectively and when stratified by duration of hyperoxia exposure (P ≤ 0.01 for all comparisons). The most prominent taxa detected in negative control specimens were OTU002:Enterobacteriaceae,
OTU031:Pelomonas, and OTU032:Prevotella. These OTUs comprised 54.0% of all the sequences detected in negative control specimens but comprised only 7.2% of the sequences detected in lung
specimens. No OTUs were excluded from analysis.
For the heterogeneity of microbiota and lung immunity experiment (Figs. 4 and 5), we sequenced 96 negative control specimens:
water used in tissue homogenization (12), DNA extraction controls
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Bacterial DNA isolation
Genomic DNA was extracted from mouse tissue (Qiagen DNeasy
Blood and Tissue kit, Qiagen, Hilden, Germany) and homogenized
in PowerBead tubes (Qiagen, Hilden, Germany) using a modified
protocol previously demonstrated to isolate bacterial DNA (70). Sterile
laboratory water and AE buffer used in DNA isolation were collected
and analyzed as potential sources of contamination. Specimens were
processed in a randomized order to minimize the risk of false pattern formation due to reagent contamination (71).

TNF- DuoSet ELISA DY410, Mouse IL-17 DuoSet ELISA DY421,
and Mouse CXCL1/KC DuoSet ELISA DY453.
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S. aureus instillation and cultivation
For the post-hyperoxia S. aureus clearance experiment (Fig. 7A),
10-week-old C57BL/6 mice were exposed to various durations of
hyperoxia as detailed in Direct effects of hyperoxia on the host alter
microbial growth conditions in the lung microenvironment and then
challenged with intranasal instillation of S. aureus. A total of 107 CFU
of a laboratory strain of S. aureus [USA300, Methicillin-resistant
Staphylococcus aureus (MRSA)] were suspended in sterile saline and
instilled under general anesthesia. Mice were then monitored for
24 hours under normoxic conditions (FiO2 21%) and then harvested.
Lung homogenate was plated on lysogeny broth (LB) agar plates
for CFU determination and compared across treatment groups.
Ex vivo cultivation experiment
For the ex vivo cultivation experiment (Fig. 7B), 10-week-old
C57BL/6 mice were exposed to normoxia (FiO2 21%) or hyperoxia
(FiO2 95%) for 72 hours. Mice were then euthanized, and bronchoalveolar lavage was performed. Bronchoalveolar lavage fluid was
sterilized via centrifugation (30 min at 30,000 rpm). Bronchoalveolar
lavage fluid was passed through Amicon Ultra-0.5-ml Centrifugal
filters (Millipore, Bedford, MA) and then divided into 100-l aliquots
and inoculated in duplicate with 104 CFU of S. aureus (USA300).
Uninoculated aliquots were used as negative controls to confirm
sterility of the fluid, with no detectable CFUs. After 6 hours of incubation at 37°C under normoxic conditions, each aliquot was then
plated onto LB agar plates, and CFU were counted after 24 hours of
subsequent growth.
Statistical analysis
Sequence data were processed and analyzed using the software
mothur v.1.35.1 according to the standard operating procedure for
MiSeq sequence data using a minimum sequence length of 250 base
pairs (74, 76). For each experiment and sequencing run, a shared
community file and a phylotypes (genus-level grouping) file were
generated using OTUs binned at 97% identity generated using the
dist.seqs, cluster, make.shared, and classify.otu commands in mothur.
Ashley et al., Sci. Transl. Med. 12, eaau9959 (2020)
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OTU numbers were arbitrarily assigned in the binning process
and are referred to throughout the manuscript in association with
their most detailed level of taxonomy. Classification of OTUs was
carried out using the mothur implementation of the Ribosomal Database Project (RDP) Classifier and the RDP taxonomy training set 14
(Trainset14_032015.rdp), available on the mothur website.
We performed microbial ecology analysis using the vegan package 2.2-1 and mvabund in R (77–79). For relative abundance and
ordination analysis, samples were normalized to the percentage of
total reads, and we restricted the analysis to OTUs that were present
at greater than 1% of the sample population. All OTUs were included
in diversity analysis. Direct community similarity comparisons were
performed using the Bray-Curtis similarity index. We performed
ordinations using principal components analysis on Hellingertransformed normalized OTU tables generated using Euclidean
distances (80). We determined the significance of differences in community composition using PERMANOVA (adonis) with 10,000 permutations using Euclidean distances. We performed all analyses in
R and GraphPad Prism 6. We compared means via Student’s t test
(when normally distributed), Mann-Whitney U test (when nonGaussian), and ANOVA with Holm-Sidak’s multiple comparisons
test as appropriate. Outliers were identified using the ROUT (Robust
regression and Outlier Removal) method with a highly strict and
previously defined false discovery rate of 0.1% (81). A single measurement in the germ-free oxygen exposure experiment (an IgM
concentration in an oxygen-exposed germ-free mouse; Fig. 5A) and
a single measurement in the ceftriaxone oxygen exposure experiment (an IgM concentration in an unexposed day 0 mouse; Fig. 6C)
met this threshold and were excluded from analysis. Linear regressions between relative abundances and cytokine concentrations were
performed using log-transformed cytokine concentrations.
SUPPLEMENTARY MATERIALS

stm.sciencemag.org/cgi/content/full/12/556/eaau9959/DC1
Fig. S1. Effects of acute hyperoxia on lung microbial communities.
Fig. S2. Correlations among lung and cecal bacterial communities and lung inflammation
after hyperoxia.
Fig. S3. Hypothesized causal relationships and experimental approach.
Table S1. mvabund comparisons between lung bacterial taxa and lung cytokine
concentrations.
Table S2. mvabund comparisons between cecal bacterial taxa and lung
cytokine concentrations.
Data file S1. Individual-level data for all figures.
View/request a protocol for this paper from Bio-protocol.
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Linking hyperoxia to microbial dysbiosis
Inhaled oxygen is a commonly administered therapy that causes severe lung injury in animals and is
associated with poor clinical outcomes in humans. The bacteria that live within the body's lungs and gut are highly
variable in their tolerance of oxygen. Ashley et al. now report that in both humans and mice, inhaled oxygen
influenced respiratory bacterial communities. In mice, variations in lung and gut bacterial communities correlated
with the severity of lung injury, and germ-free mice were protected from oxygen-induced lung injury. These results
suggest that the bacteria of our lungs and gut play an important role in the pathogenesis of oxygen-induced lung
injury.

