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ABSTRACT The cystic fibrosis (CF) lung contains thick mucus colonized by opportunistic pathogens which adapt to the CF lung
environment over decades. The difficulty associated with sampling airways has impeded a thorough examination of the bio-
chemical microhabitats these pathogens are exposed to. An indirect approach is to study the responses of microbial communi-
ties to these microhabitats, facilitated by high-throughput sequencing of microbial DNA and RNA from sputum samples. Micro-
bial metagenomes and metatranscriptomes were sequenced from multiple CF patients, and the reads were assigned taxonomy
and function through sequence homology to NCBI and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database hierar-
chies. For a comparison, saliva microbial metagenomes from the Human Microbiome Project (HMP) were also analyzed. These
analyses identified that functions encoded and expressed by CF microbes were significantly enriched for amino acid catabolism,
folate biosynthesis, and lipoic acid biosynthesis. The data indicate that the community uses oxidative phosphorylation as a ma-
jor energy source but that terminal electron acceptors were diverse. Nitrate reduction was the most abundant anaerobic respira-
tory pathway, and genes for nitrate reductase were largely assigned to Pseudomonas and Rothia. Although many reductive path-
ways of the nitrogen cycle were present, the cycle was incomplete, because the oxidative pathways were absent. Due to the
abundant amino acid catabolism and incomplete nitrogen cycle, the CF microbial community appears to accumulate ammonia.
This finding was verified experimentally using a CF bronchiole culture model system. The data also revealed abundant sensing
and transport of iron, ammonium, zinc, and other metals along with a low-oxygen environment. This study reveals the core bio-
chemistry and physiology of the CF microbiome.

IMPORTANCE The cystic fibrosis (CF) microbial community is complex and adapts to the environmental conditions of the lung
over the lifetime of a CF patient. This analysis illustrates the core functions of the CF microbial community in the context of CF
lung biochemistry. There are many studies of the metabolism and physiology of individual microbes within the CF lung, but
none that collectively analyze data from the whole microbiome. Understanding the core metabolism of microbes that inhabit the
CF lung can provide new targets for novel therapies. The fundamental processes that CF pathogens rely on for survival may rep-
resent an Achilles heel for this pathogenic community. Novel therapies that are designed to disrupt understudied survival strate-
gies of the CF microbial community may succeed against otherwise untreatable or antibiotic-resistant microbes.
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he airways of people with cystic fibrosis (CF) are coated with

an abnormally dense mucus layer. This mucus contains im-
mune cells, principally neutrophils, and a diverse community of
bacteria, microbial eukaryotes, and viruses (1-3). Bacteria that
commonly infect CF lungs are difficult to treat because they have
evolved resistance to most antibiotics, allowing them to persist
throughout the life of the patient. Understanding the lung envi-
ronment to which these microbes adapt is paramount for devel-
oping novel therapies that target the principal strategies of micro-
bial persistence.

The physiological consequences of inherited mutations in the
cystic fibrosis transmembrane receptor (CFTR) are complex; in
the last 30 years, altered chloride transport leading to dehydrated
airway surfaces has been the best-studied aspect of CF pathophys-
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iology (4-6). More recently, decreased bicarbonate ion transport
across mutant CFTR has been shown to disrupt electrostatic in-
teractions necessary for mucus expansion, leading to dense im-
movable mucus in the CF airways (7). Other physiological aspects
of the CF lung that have received attention are pH, iron and heavy
metals, redox-active compounds such as phenazines, oxygen ten-
sion, nitrogen species, and carbon sources for microbial metabo-
lism.

Several studies have reported that the pH of exhaled breath
condensate is slightly acidic and further acidified during an acute
disease flare known as an exacerbation (8, 9). A recent study using
the porcine model of CF found that immediately upon birth, the
airway surface fluid already has a lowered pH, which disrupts in-
nate immune function (10). High concentrations of iron and the
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iron storage protein ferritin have been detected in several studies
(11-13). Redox-active phenazines derived from Pseudomonas
have also been detected, increasing in concentration over time and
as the disease worsens (14). These molecules impact CF lung mi-
croenvironments by producing destructive reactive oxygen spe-
cies (ROS) in the presence of oxygen or enabling anaerobic sur-
vival under low oxygen (15, 16).

The oxygen concentration in obstructed airways decreases rap-
idly with depth (17) and does not penetrate static fluids effectively,
resulting in anoxic microenvironments. Anoxia in obstructed CF
airways is supported by direct measurements (17), the presence of
anaerobes in sputum (18), and by the observation of anaerobic
metabolism in laboratory microcosms inoculated with bacterial
strains from CF patients (17, 20). Anoxia in the lung is counter-
intuitive, as the principal purpose of a healthy lung is to exchange
oxygen.

Although it has not been assessed whether nitrogen com-
pounds impact the functioning of CF microbial communities as a
whole, studies of nitrogen species in the CF lung have found abun-
dant ammonium and nitrate ions (21-23), as well as an abun-
dance of nitrogen-rich amino acids (22, 24, 25). Artificial sputum
cultures show that P. aeruginosa preferentially consumes a set of
5 amino acids and lactate as the carbon source (22, 26).

These direct measurements of CF lung physiology are funda-
mental to understanding how the opportunistic pathogens sur-
vive within the lung and further influence their biochemical envi-
ronment. We now need detailed data that describe how the
microbes respond to this local biochemistry in the structured lung
environment, beyond what is already known for the principal
pathogen, Pseudomonas aeruginosa (27-31). This is essential for a
complete understanding of CF pathology, because recent studies
of CF airways have shown that the lung contains a complex poly-
microbial community that is not reflected in pure culture experi-
ments (1, 32-34).

Microbes sense, respond, and adapt to the conditions that sur-
round them, and their gene content and gene expression patterns
provide evidence for these adaptations (35). Metagenomic se-
quencing of microbial communities can provide a collective view
of adaptation and response at a community level, which is essen-
tial for a better understanding of microbial physiology in the CF
lung. This is a powerful approach because it circumvents some
difficulties associated with sampling poorly accessible areas to di-
rectly measure the CF lung biochemistry (36).

The goal of this study was to begin assembling a comprehensive
view of the major physiological processes carried out by microbes
in the CF lung in the framework of CF lung biochemical microen-
vironments (19, 33, 37). Sputum microbial DNA and RNA from
multiple CF patients were sequenced to identify pathways that
may be altered with the ultimate goal of controlling pathogen
growth and improving the quality of life for patients. Because of
the widespread occurrence of antibiotic resistance and the ubiq-
uity of antibiotic resistance gene exchange, the exploration of al-
ternative methods for controlling CF microbes is crucial for im-
proving patient health and longevity.

RESULTS AND DISCUSSION

Microbial DNA and RNA were isolated from sputum samples
taken from 6 CF patients at 2 to 4 time points (see Table S1 in the
supplemental material), and sequenced with 454 GS-FLX technol-
ogy as described in reference 1). Sputum samples were taken in
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patients at various disease states to provide a more collective view
of the dynamic CF lung. These states included: during exacerba-
tion, during and after antibiotic treatment, and during times of
relative disease stability (samples described in Table S1).

The metagenome and metatranscriptome reads were analyzed
as separate data sets using two strategies: analyzing each patient
separately and combining the data from all patients. This allowed
investigation of the between-patient variability while also increas-
ing our power to detect more-complete functions and pathways.
High-quality 454 sequence reads were matched against the KEGG
(Kyoto Encyclopedia of Genes and Genomes) peptide database
using tBLASTn, and the KEGG peptide BLAST output was then
run through the HUMANNN pipeline (38) to produce normalized
abundances of genes and pathways present in sputum samples.
The KEGG database contains thousands of bacterial genomes,
which are somewhat biased toward easily cultured organisms.
However, the vast majority of organisms present in the CF lung
microbiomes of patients in this study are available in the KEGG
database, providing validity to the choice of this database (1). To
probe how CF microbes respond to the biochemistry of the lung
environment, we identified functions whose presence and expres-
sion were most abundant and enriched in CF sequencing data
compared to a healthy human saliva control. Functions were pre-
dicted using several KEGG hierarchies that differ in their system of
grouping similar functions: KEGG BRITE hierarchy, which is the
most basic level hierarchy of the KEGG classification of higher-
level biological systems; KEGG pathways (represented by identi-
fiers starting with ko), which break down physiological functions
into specific pathway networks or maps; KEGG modules (repre-
sented by identifiers starting with MO), which are similar to path-
ways but represent a set of manually defined functional units; and
the KEGG Orthology hierarchy, which is at the level of individual
genes. For all but the KEGG Orthology hierarchy, we were able to
compare these data with oral samples from healthy individuals
(from the Human Microbiome Project [HMP] database [http:
/Iwww.hmpdacc.org/]).

Microbial metabolism in CF sputum. The presence and abun-
dance of particular bacterial groups varied between patients, con-
sistent with a previous report demonstrating that each patient
harbors a unique microbial community (1) (Fig. 1A). However, at
the level of the KEGG modules, a deep layer of microbial func-
tional genetics and physiology, the top 25 module functions en-
coded by each patient’s microbial metagenome showed a high
degree of similarity (Fig. 1B). The variation in taxonomic abun-
dances between patients was much larger than that for the func-
tional abundances (taxon mean relative standard deviation [SD]
of 198% [range, 57.1% to 316.2%]; function mean relative SD of
31.9% [range, 17.1% to 69.7%]). This demonstrates that while
patient-to-patient microbiome taxonomic composition can vary
greatly, there is conservation of lower-level functions within the
CF lung microbial community, a phenomenon observed previ-
ously in the healthy human microbiome (39).

To examine the metabolism of CF microbes, the metagenome
and metatranscriptome results were placed into the KEGG BRITE
hierarchical classification system and compared with the results
for saliva microbial metagenomes from five healthy humans from
the HMP. Attention was paid to the most abundant pathways in
CF, and these pathways were compared to those of saliva metag-
enomes as a reference. Comparison to healthy human saliva sam-
ples was included, because healthy lung sputum metagenomes
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FIG 1 (A) Taxonomic distribution of metagenomic sequence reads per sputum sample and in the pooled data as determined by NCBI taxonomy mapping of
reads. (B) Functional distribution of metagenomic sequence reads for individual sputum samples as determined by HUMAnN assignment to the top 25 KEGG
(Kyoto Encyclopedia of Genes and Genomes) modules. PTS, phosphotransferase system; FMN, flavin mononucleotide; FAD, flavin adenine dinucleotide; AIR,
5-aminoimidazole ribotide; thiamine-P, thiamine phosphate; THF, tetrahydrofolate; CoA, coenzyme A. Sample timepoint abbreviations: Ex, exacerbation; Tr,

treatment; St, stable; Pt, post-treatment.

were not available and are not likely a comparable sample in a
microbial community context. Healthy human lungs contain few
bacteria, and there is an active debate about whether any bacteria
present comprise a persistent resident microbiota distinct from
upper airway microbiomes (38, 39). Furthermore, healthy human
sputum samples are primarily saliva, as healthy lungs have little
mucus and sputum, and saliva contains large amounts of some of
the same microbes that are in CF sputum (40, 90, 91). Thus, any
functional genetic differences inferred from healthy and CF spu-
tum samples are not likely to be distinct from comparisons be-
tween CF sputum and healthy saliva samples. Pathways that were
more abundant in the CF sputa compared with healthy saliva in-
cluded nucleotide metabolism, metabolism of other amino acids,
and biosynthesis of secondary metabolites (see Fig. S1 in the sup-
plemental material). Nucleotide metabolism may reflect the
abundance of free DNA in CF sputum (41), which is believed to
come from neutrophil extracellular traps (42, 43) and bacterial
biofilms (44). The elevated amino acid metabolism may reflect the
abundant free amino acids in sputum (22, 24, 26), possibly due to
the action of large amounts of human and microbial proteases in
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the CF lung (45, 46). The biosynthesis of secondary metabolites is
likely a signature of competition and communication between
microbes within the CF lung. For example, secondary metabolites
such as phenazines provide P. aeruginosa with a competitive ad-
vantage in the CF microbial community; phenazines generate
toxic reactive oxygen species (ROS) in the presence of oxygen and
act as alternative electron acceptors under low-oxygen conditions
(14, 47, 48).

The abundances of metabolic pathways encoded by microbes
inhabiting CF lungs, functionally annotated using the KEGG
pathway hierarchy, were compared to the same pathways in
healthy human saliva metagenomes from the HMP. The pathways
enriched in CF lungs compared to healthy human saliva included
D-glutamine and D-glutamate metabolism (ko00471), p-alanine
metabolism (ko00473), valine, leucine, and isoleucine biosynthe-
sis (ko00280), and folate biosynthesis (ko00790). Also enriched in
CF lungs, but rare in saliva, were one carbon pool by folate
(ko00670), aminoacyl-tRNA biosynthesis (ko00970), and pepti-
doglycan biosynthesis (ko00550) (Fig. 2). Analyzing the data at
the level of individual samples allowed for an assessment of the
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FIG 2 Comparison of normalized abundance data of KEGG pathways in metagenomes and metatranscriptomes from cystic fibrosis (CF) patients and HMP
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variability in pathway abundances based on the averaged relative
standard deviations of each pathway across patients. Overall, there
was little variation in the metagenome pathway abundances, while
the transcriptome variation was often large (metagenome mean
relative SD = 21.9%; transcriptome mean relative SD = 69.7%)
(see Fig. S2a in the supplemental material). In particular,
D-glutamine and D-glutamate metabolism was highly variable
(relative SD = 115.4%), as one CF patient had a high abundance
of this pathway, while other CF patients had zero. This may dem-
onstrate the dynamic nature of transcriptional response, where
the response to these amino acids may be large when the amino
acids are available and absent when they are not. Other pathways
with highly variable transcriptome abundance were D-alanine me-
tabolism (relative SD = 98.2%), valine, leucine, and isoleucine
biosynthesis (relative SD = 41.2%), one carbon pool by folate
(relative SD = 109.0%), and streptomycin biosynthesis (relative
SD = 106.8) (Fig. S2a). The functional similarity between pa-
tients’ metagenomes demonstrates the conserved nature of the
core functions identified as CF enriched; however, expression of
these pathways is more variable between sputum samples.

The abundance of amino acid metabolism, including amino
sugar and nucleotide metabolism (ko00520), is consistent with
the results from the KEGG BRITE hierarchy (see Fig. S1 in the
supplemental material). Also enriched in the CF metagenomes
and metatranscriptomes were pathways for synthesis of particular
amino acids (Fig. 2), which may indicate differential availability of
amino acids. P. aeruginosa has been shown to evolve preferences
for the transport and synthesis of certain amino acids, depending
on their availability and energetic cost (26). The prevalence of
mismatch repair enzymes may reflect exposure to ROS and high

4 mBio mbio.asm.org

iron levels. In contrast, the pathways that were more prevalent in
healthy human saliva samples than in the lungs of CF patients
were those related to sulfur metabolism (ko04122), valine degra-
dation, and the glyoxylate cycle (Fig. 2). This may reflect differ-
ences in the nutrients that oral microbes have access to (49, 50).

Amino acid metabolism was enriched in CF lungs versus
healthy human saliva samples when the data were compared using
both the higher-level KEGG BRITE hierarchy and the finer-scale
KEGG pathway hierarchy, indicating that this may be an impor-
tant driver of community assembly and function, in addition to its
specific effects on lung chemistry. Microbes may be using these
amino acids as preferential carbon sources primarily with deami-
nases producing ammonia. Several studies have demonstrated
that CF-adapted P. aeruginosa metabolism and antimicrobial ac-
tivity are dependent upon the presence of high concentrations of
amino acids (24, 51, 52). In vitro, P. aeruginosa preferentially
deaminates arginine in the absence of O, and NOj, indicating that
this amino acid may be important for anaerobic metabolism in the
CF lung (53).

A major by-product of amino acid degradation is ammonia,
and elevated ammonia levels have been detected in CF sputum
(44; see below). Ammonia can act as a weak base, and its produc-
tion may contribute to an increase in sputum pH. This is particu-
larly important in the context of CF pathology, as the lowered pH
of airway surface liquid (ASL) itself may be a cause of immune
dysfunction (10, 54). Deamination of amino acids would contrib-
ute to increases of the ASL and sputum pH, which may actually
ease the effect of pH on inflammation. Microbes that can raise the
pH of the CF lung mucus may benefit themselves and contribute
to a stabilization of their CF microenvironment, as this alkalinity
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could neutralize lethal acidification from a combination of in-
flammation, lack of bicarbonate due to insufficient CFTR activity,
and microbial fermentation products.

Other pathways clearly represented in the CF metagenomes
were glycolysis/gluconeogenesis (ko00010) and pyruvate metabo-
lism (ko00620) (Fig. 2). These pathways work together to function
as the central means of energy generation during oxidative phos-
phorylation or fermentation, depending on the availability of elec-
tron acceptors. Two of the most highly expressed genes in the CF
transcriptome (excluding those for translation or RNA process-
ing) were NADH oxidoreductase (K03882) and the alpha-subunit
of the F-type ATPase (K02126). This indicates that CF microbes
may acquire ATP from well-known respiratory pathways with
NADH as the electron donor.

Because microbes inhabiting CF lungs experience an oxygen
gradient (17, 55), many CF microbes need diverse terminal elec-
tron acceptors to carry out oxidative phosphorylation. If an
electron acceptor is unavailable, another alternative strategy is fer-
mentation. Pyruvate metabolism (ko00620) is central to the
switch between fermentative metabolism and oxidative phos-
phorylation. The fermentation pathways present in CF meta-
genomes and metatranscriptomes included alcoholic fermenta-
tion, lactic acid fermentation, and mixed-acid fermentations to
acetate, butanediol, and butyrate (see Table S2 in the supplemen-
tal material). In our data, most reads corresponding to fermenta-
tion pathways mapped to Streptococcus spp., except for butanediol
dehydrogenase, which also mapped to Rothia spp. (Fig. S3a).
Thus, in the absence of oxygen and other terminal electron accep-
tors, fermentation may be favored by particular CF microbes or
serve as an alternative for facultative microbes.

Lipoic acid metabolism was elevated in CF lungs and was pres-
ent and expressed in all CF patients (Fig. 2; see Fig. S2a in the
supplemental material). The abundance of this pathway may re-
flect the oxidative stress that microbial pathogens experience in
the lung. Lipoic acid is a fat-soluble antioxidant and a potent
quencher of ROS, such as superoxide, hydroxyl radical, and sin-
glet oxygen (56). The CF lung environment is known to be high in
ROS, due to immune cell activity in response to chronic microbial
infection (57, 58) as well as phenazines (59), and antioxidant ther-
apy has been proposed to alleviate pathology (60). Lipoic acid may
serve a dual role as a ROS quencher for some bacteria and as a
cofactor for metabolism by Proteobacteria, Gram-positive bacte-
ria, and P. aeruginosa (56, 61). More specifically, dihydrolipoam-
ide (the reduced form of lipoic acid) is a cofactor of pyruvate
dehydrogenase, a central enzyme for the assimilation of pyruvate
into anabolic pathways or the tricarboxylic acid (TCA) cycle. The
abundance of lipoic acid metabolism may reflect the importance
of this enzyme and its cofactor to CF microbial metabolism.

An unexpected finding was that all metagenomes had a high
abundance of pathways for the synthesis of folate and tetrahydro-
folate (Fig. 2), which were undetectable in the healthy human
saliva metagenomes and not reported to be abundant in metag-
enomes from other HMP body locations (39). Because humans
acquire folate from their diet, sulfonamide drugs were developed
to target microbial enzymes required for folate biosynthesis. Sul-
fonamides such as sulfamethoxazole and trimethoprim are com-
monly used to treat CF infections (62), including several patients
in this study. These and other sulfonamide drugs target the dihy-
dropterate, dihydrofolate, and tetrahydrofolate steps of the bio-
synthesis pathway, which are carried out by products encoded by
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some of the most abundant genes in the CF metagenomes. Pro-
longed exposure to sulfonamide drugs may have selected for mi-
crobes with multiple copies or high expression of these genes in
order to overcome the drug’s effect on folate synthesis much like
distribution of phosphate acquisition genes in Prochlorococcus is
related to local phosphate concentrations (92).

Microbial respiration in the CF lung. Microbes responsible
for earth’s major biogeochemical cycles utilize aerobic and anaer-
obic respiration to harness the energy available in redox reactions
(63). Energy generated from the oxidation of organic or inorganic
compounds is coupled to reductive processes that accept the elec-
trons generated from these oxidative reactions. Similarly, CF mi-
crobes oxidize organic or inorganic compounds during metabo-
lism (55). If available, molecular oxygen is the electron acceptor of
choice, and the aerobic and facultatively anaerobic bacteria in CF
lungs can utilize this terminal electron acceptor. However, under
the low-oxygen conditions thought to prevail in CF airways
plugged with mucus (17, 19, 20), other oxidized compounds must
serve this function. Our CF data are consistent with microbes
sensing the varying availability of oxygen: the metagenomes con-
tained anaerobic respiration response regulators (Gram-positive
resED and Gram-negative arcAB), the nreBC low-oxygen sensor,
and cytochrome c oxidase. All but arcAB were present in the meta-
transcriptome data set (see Table S5 in the supplemental mate-
rial).

Genes present and expressed in the CF sputa provided insight
into the primary electron acceptors and respiratory pathways uti-
lized by CF microbes. Not surprisingly, the sequencing data indi-
cate that CF microbes preferentially utilize the most electrochem-
ically favorable terminal electron acceptors (Fig. 3). Nitrate
reductase was the most abundant electron acceptor gene in the
metagenome and transcriptome, consistent with P. aeruginosa’s
proposed ability for denitrification in the lung (21, 55). This gene
was abundant in all sputum metagenomes, but variable (0.0012 =
0.00063 [mean = SD]), due to the especially high abundance in
sample CF4-C-St (see Fig. S2b in the supplemental material). In-
terestingly, the two different nitrate reductase genes had different
taxonomic associations, the membrane-bound nitrate reductase
nar reads were mostly assigned to Rothia spp., whereas the
periplasmic nitrate reductase nap reads were assigned to Pseu-
domonas spp. and Escherichia spp. (Fig. 3 and Fig. S3b). The abun-
dant potential for Rothia spp. to reduce nitrate in the CF lung may
be relevant to the physiology of the overall pathogenic commu-
nity. Genes encoding fumarate reductase and some reductases of
sulfur species were also abundant in the sequence data (Fig. 3).
Fumarate reductase was particularly abundant in the transcrip-
tome, indicating that CF microbes use this organic terminal elec-
tron acceptor (Fig. 3), and the fumarate two-component sensor
histidine kinase dcuSR was present and expressed (Table S5).

The origins of oxidized compounds that could serve as the
substrates for these reductases are unknown. Nitrate may come
from microbial nitrification or from the host via blood, lung tis-
sue, or diet (64, 65). Oxidized sulfur species such as sulfate may be
generated from mucin desulfuration (66), consistent with the
presence and expression of the cysteine desulfuration gene sufE in
the CF sputa (see Table S3 in the supplemental material). Fuma-
rate is a central compound in many metabolic pathways, most
notably the TCA cycle and amino acid breakdown, and is gener-
ated by succinate dehydrogenase, which was abundant in CF met-
agenomes and metatranscriptomes (Table S1).
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to the total number of hits to KEGG orthologs. The reductases are ordered on the basis of their approximate electrochemical potential and in the context of depth
within CF airway mucus from the open airway. The size of the area containing each process is an approximation of its occurrence within the CF lung to aid
visualization. Phenazines and nanowires are included as alternative electron shuttles (14, 71). Taxonomic information for the mapping of the sequence reads is
also included with the number of reads that were mapped to a KEGG genome. PYO, pyocyanin; PCA, phenazine-1-carboxylic acid.

The terminal reductase cytochrome ¢ oxidase was also present
and expressed in the CF sputa, indicating that the CF microbes are
utilizing O, as a terminal electron acceptor (Fig. 3). Interestingly,
there was a high abundance of the cbb-type cytochrome ¢ oxidase;
this enzyme is known to have a higher affinity for O, and is pref-
erentially used by P. aeruginosa in low oxygen (67, 68), which
would be useful for aerobically respiring microbes living in the
microaerobic conditions of mucus. Accordingly, cbb-type cyto-
chrome ¢ oxidase reads were assigned almost entirely to Pseu-
domonas spp., indicating that this may be a vitally important en-
zyme to the physiology of P. aeruginosa within the CF lung. The
high transcription of cytochrome ¢ oxidase may indicate that ox-
ygen remains a major electron sink in CF lungs even in the mi-
croaerobic conditions of the CF lung. The source of oxygen in CF
mucus is inhaled air and possible leaching from epithelial cells in
lung capillaries. Overall, this analysis indicates that microbes in
the CF lung are capable of respiring both aerobically and anaero-
bically, with the most genetic potential for anaerobic respiration
with nitrate. This indicates the importance of this enzyme and its
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substrate to the physiology of microbes inhabiting CF lungs. Fu-
ture studies that focus on identifying the major source of nitrate in
the CF lung may inform therapeutic options, as manipulation of
nitrate is likely to significantly alter microbial metabolism.

The availability of alternative terminal electron acceptors may
be a major determinant of the growth rate for the CF microbial
community. Although oxygen is surely present in microenviron-
ments of CF sputum, there is mounting evidence that much of the
lung mucus has a low oxygen concentration (17, 19, 20). A prob-
lem arises if oxidized compounds capable of accepting electrons
are not readily available. In other environments, the completion of
biogeochemical cycles requires oxidation of reduced compounds
by specialized microbes (63). For example, nitrification is carried
out by nitrifying archaea and soil bacteria such as Nitrosomonas
spp. and Nitrosobacter spp. These types of chemotrophs are not
found in the CF lung (1). Thus, a likely factor governing the max-
imum growth rate of CF microbes is that they are predominantly
stuck in a reduced environment, which inhibits respiration and
the generation of a proton motive force. Limited access to oxygen
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or alternative terminal electron acceptors and the absence of bac-
teria that complete the complementary oxidative steps of these
biogeochemical cycles invariably trap CF microbes in a reduced
state. These microbes cannot escape this condition without the
external input of available electron donors or molecules to balance
the cellular redox state. Specialized metabolites like phenazines
(14,59, 61) may provide the required electron acceptors to enable
the recycling of redox states and maintenance of redox balance,
thereby completing cellular respiration. Phenazines may shuttle
electrons to oxygen in the absence of other available electron ac-
ceptors (Fig. 3) (61). Alternative means of transferring electrons
from redox reactions are also possible, e.g., bacterial appendages
that can serve as nanowires (69) (Fig. 3). Existing in a highly re-
duced environment is likely a constant battle for CF microbes as
they fight to maintain a redox balance while waiting for influxes of
electron acceptors. This may explain the success of P. aeruginosa in
CF disease, due to its ability to alleviate redox stress by producing
phenazines that act as electron acceptors (61, 70).

Nitrogen cycling and sulfur reduction in the CF lung. Reduc-
tion of nitrogen oxide species (NOx) is one of the most energeti-
cally favorable pathways of anaerobic respiration in the microbial
world (63). Though denitrification in P. aeruginosa has received
some attention (21, 27, 29), and concentrations of nitrogen spe-
cies have been measured in sputum, the nitrogen cycle and its
relation to CF disease remain unexplored. Nitrate and ammonia
have been shown to be elevated in CF lung fluids compared to
non-CF controls (21, 23, 54), whereas nitric oxide and expression
of human nitric oxide synthase are decreased compared to other
inflammatory airway diseases (23, 71, 72). Outside of P. aerugi-
nosa (21,27), there are few data on how CF pathogens utilize NOx
species in vivo to provide energy for their metabolism.

The normalized abundances of individual nitrogen cycle genes
were calculated to determine which pathways are most likely to
function in the CF lung. Genes devoted to amino acid breakdown
(deamination) and assimilation of ammonia were the most abun-
dant nitrogen cycle genes in the CF metagenomes and were also
transcribed (Fig. 4). The abundance of ammonia assimilation
transcripts was highly variable between sputum samples (see
Fig. S2c in the supplemental material), indicating that it is likely a
temporal response possibly due to influx of this compound. The
abundance of amino acid metabolism genes is consistent with the
KEGG analyses discussed above (Fig. 2), supporting the idea that
amino acids are major carbon and nitrogen sources for CF mi-
crobes, and their deamination may contribute substantially to the
high levels of ammonia in CF sputum (21, 22). High levels of
ammonia were produced by P. aeruginosa in vitro and were re-
duced by antipseudomonal therapy in vivo (21), indicating that
P. aeruginosa may be a major contributor to this species of the
nitrogen cycle.

Of utmost importance to the nitrogen cycle are the energy-
generating reactions (Fig. 4). These reactions include the denitri-
fication of NOx to N, (or to various intermediates), the dissimi-
latory nitrate reduction to ammonia (DNRA) pathway that
reduces NOx to ammonium, and the oxidative pathway nitrifica-
tion. Denitrification has been associated with P. aeruginosa (55),
and DNRA is favored when C/N ratios are high (73, 74), which is
likely the case in the CF lung environment. In our sequencing
data, genes encoding components of these two pathways were
highly abundant and approximately equally expressed. Active
transcription of all intermediate genes in denitrification were also
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detected (Fig. 4), indicating that N, gas could be produced in the
CF lung. Reads to the denitrification intermediate genes nor and
noz were exclusively mapped to Pseudomonas spp., indicating that
this species may be responsible for complete denitrification, while
reads to the DNRA gene nrfA were mostly mapped to Escherichia
(Fig. 4; see Fig. S3c in the supplemental material). Interestingly,
the periplasmic nitrate reductase nap was expressed at a higher
level than nar, though less abundant in the metagenomes. Esche-
richia coli preferentially uses NapA under low-nitrate conditions
(75), consistent with this enzyme’s adeptness at scavenging nitrate
and the phylogenetic distribution of hits to this enzyme (Fig. S3¢)
(76). These results indicate that both of these reductive pathways
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may be used by the CF microbial community. Complete denitri-
fication may contribute to the decreased levels of NO detected in
CF sputum compared to other inflammatory airway diseases, as
this nitrogen species is reduced during denitrification (21, 23, 71,
72). Absent in the sequence data were genes devoted to nitrifica-
tion, indicating that this oxidative process which completes the N
cycle does not likely occur in the CF lung.

Surprisingly, nitrogenase (nif) was abundant and expressed in
CF sputa (Fig. 4). This enzyme, most commonly associated with
bacteria living in soil, is responsible for fixing (or assimilating)
nitrogen, i.e., making atmospheric N, available for incorporation
into biological molecules by converting it into ammonia. Manual
analysis of the phylogenetic association of the nifH reads in our
data showed that the hits were to Rothia mucilaginosa DY-18 ni-
trogenase subunit NifH (49 reads; average hit length = 360 bp;
average identity = 96%). Actinobacteria spp. have been found to
have the minimum components of nitrogenase (77); therefore,
Rothia spp. may be capable of fixing nitrogen in the CF lung, but
determining whether this nifH is properly annotated and func-
tional is required.

Genes responsible for sulfur reduction were also present in the
CF metagenomes, and sulfite reductase was particularly enriched
in the transcriptome (see Table S3 in the supplemental material).
Taxonomic composition of sulfur reduction genes is equally dis-
tributed in these samples (Fig. S3d). Collectively, however, sulfur
reduction genes were less abundant than the comparable denitri-
fication genes (Fig. 4). This indicates that sulfur reduction can be
a source of energy generation for CF microbes but that more ge-
netic potential is devoted to using N species to generate energy
apart from aerobic respiration and fermentation.

Measurement of nitrogen oxides (NOx) in sputum and an in
vitro culture model. To test the hypothesis that ammonia accu-
mulates in the CF lung mucus due to microbial metabolism from
an incomplete N cycle and amino acid breakdown, several nitro-
gen species were measured in sputum samples from 7 CF patients
(two of them are included in the sequencing study). In sputum
samples, nitrate, nitrite,and ammonia were detectable at relatively
equal concentrations, indicating that there was a source of all three
NOx and the system was equilibrated (Fig. 5). However, when the
same sputum samples were inoculated into a sterile culture model
of a CF bronchiole, almost all NOx species were present as ammo-
nia after 48 h of incubation (Fig. 5). This suggests that microbes
from the CF lung rapidly reduce nitrate and nitrite and produce
ammonia. This finding was supported by our sequence analysis,
which did not detect the oxidative pathways of the N cycle that
replenish nitrate in environmental ecosystems. Thus, the nitrate
detected in the sputum samples (18, 43; this study) is not likely
from microbial nitrification which occurs in environmental eco-
systems. Although the in vitro microcosm does not completely
recapitulate the in vivo lung environment, these data provide evi-
dence that N cycling in the CF lung may rely on input of oxidized
NOx species from the host or other external sources.

The accumulation of high levels of ammonia may be a problem
for CF microbes because it could slow their rate of growth. Thus,
the assimilation of ammonia to more oxidized forms of nitrogen
through amino acid synthesis and other anabolic pathways is a
crucial step for microbes to avoid ammonia toxicity. Indeed, our
transcriptomic data indicated that these enzymes are transcribed
(Fig. 4).
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FIG 5 Levels of ammonia, nitrate, and nitrite in CF sputum samples and
artificial sputum media (ASM) before and after inoculation and incubation
with the same sputum samples. A one-way analysis of variance (ANOVA) test
for statistical significance was performed on data from the sputum samples
and media (after 48 h of incubation). Values that were not significantly differ-
ent are indicated by the bar labeled NS. Values that were significantly different
(P value of <0.0001) are indicated by four asterisks (P value of 0.164 or
>0.05). NS, not significant.

Environmental sensing and transport in CF microbes. To as-
sess the chemistry of the environment sensed by CF microbes, the
abundance of transporters and environmental sensing pathways
(e.g., two-component systems) was quantified using the KEGG
module hierarchy (see Fig. S3 in the supplemental material). The
abundance of the peptide/nickel transporters (M00239) is consis-
tent with the utilization of amino acids as carbon sources (dis-
cussed above). The abundance of spermidine/putrescine trans-
porters indicate that there may be amino acid catabolism
occurring as these compounds are principal by-products of this
process. Sugar transporter modules and phosphate transporters
(M00222) were also abundant (Fig. S3)

Specific genes for ABC transporters (ko02010) and sensor his-
tidine kinases (ko02020) were searched for in the sequence data.
The bicarbonate transporter was present and transcribed, indicat-
ing that CF microbes are capable of scavenging bicarbonate and
possibly reducing the already low bicarbonate concentrations in
the CF ASL (78). The zinc transporter znu was also present, as was
its sensor histidine kinase (see Table S4 and Table S6 in the sup-
plemental material), enabling transport of zinc under conditions
of elevated zinc concentrations in CF sputum (79). The manga-
nese starvation two-component system was also present and ex-
pressed (Table S5). Elevated concentrations of zinc have been
shown to disrupt manganese transport, starving cells of this ele-
ment (80). The CF lung has also been found to be elevated in
copper (79), and accordingly, the sensor histidine kinase that re-
sponds to copper, cusSR, was also present and expressed (no ABC
transporter for copper is available in the KEGG database) (Ta-
ble S6). Given the fact that nitrate could be used by CF microbes
(discussed below), it was surprising that the KEGG nitrate trans-
port module was not detected (Table S4). However, the two-
component nitrate sensor system narQPXL was present and ex-
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FIG 6 Illustration of a theoretical mucus-filled CF bronchiole inferred from the major signatures of the sequencing data described. The green section represents
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pressed, indicating that the microbes are sensing nitrate
(Table S5).

Other abundantion transporters in both metagenomes and the
metatranscriptomes included those for iron, ammonium, and
chloride (see Table S4 in the supplemental material). The chemi-
cal state of iron is particularly relevant to microbes in CF. In the
CF lung environment, with low oxygen, low pH, and abundant
reductants such as phenazines, much of the free iron pool is pres-
ent as Fe(Il) instead of Fe(III) (81). Assessing individual iron

March/April 2014 Volume 5 Issue 2 e00956-13

transporters for both chemical states of iron showed that both are
present and expressed, with Fe(II) transporters expressed 5-fold
higher than Fe(III) transporters when also considering abun-
dances in the metagenome (Table S4). Transporters for bound
iron, including those for heme and siderophores, were also de-
tected (Table S4). Siderophore transporters were the most abun-
dant iron transporter in our data set, indicating that CF bacteria
may rely more on chelated iron.

Some genes are known to be transcribed during acid or alkaline
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stress in model microbes such as E. coli and Bacillus subtilis (82—
85). In the CF sequence data, response to both acidic and basic pH
was observed in the metatranscriptome. The detection of re-
sponses to both alkalinity and acidity may result from varied re-
sponses to the known heterogeneity of microenvironments in CF
sputum (28), where some microbes experience acidity and others
experience alkalinity. The main by-products of the two central
catabolic pathways, amino acid breakdown and fermentation,
have opposite effects on environmental pH. Breaking down
amino acids tends to raise pH due to ammonia production,
whereas fermentation lowers pH by producing reduced organic
acids such as lactic acid. If both pathways occur simultaneously in
the microbial community, their synergistic effect would be the
production of a more neutral environment than if they occurred
separately. Tracing the pH response through different states of
disease in a CF patient is an important next step in understanding
microbial physiology during disease flares.

Conclusions. The data reported here provide an indirect view
of CF biogeochemistry based on the strategies encoded and ex-
pressed by the resident bacterial community, augmented by a di-
rect assessment of nitrogen species in CF sputa. The biochemistry
of CF lungs is characterized by aerobic and anaerobic respiration,
fermentation, catabolism and synthesis of amino acids, produc-
tion of ROS quenching molecules, and a system that appears to
accumulate ammonia in a reduced environment. The taxonomic
distribution of the major energy-generating pathways indicates
that in the presence of oxygen, most major CF pathogens in these
samples will respire. As oxygen is depleted deeper in the mucus,
microaerobic respiration by P. aeruginosa may occur, and then
anaerobic metabolism via denitrification in Rothia spp. and Pseu-
domonas spp. or sulfur reduction in a diversity of bacteria may
occur deeper in the mucus plugs. Furthermore, the less energeti-
cally productive fermentation pathways carried out by Streptococ-
cus spp. and other microbes such as Prevotella spp. may occur
simultaneously or be favored when other pathways are not possi-
ble. An overall schematic of the biochemistry occurring in a
mucus-filled CF bronchiole is shown in Fig. 6.

These biochemical signatures are relevant to the development
of novel treatment methods. CF pathogens evolve in their host
over decades and become highly adapted to the CF lung environ-
ment. The data shown here may represent a mix of well-adapted
CF climax community microbes and the invading attack commu-
nity with more aggressive survival strategies as proposed in the
climax-attack model by Conrad et al. (19). A better understanding
of this environment, and the selective pressures it places on the
microbes, will improve our ability to manipulate the environment
in favor of the human host. Antibiotic resistance traits can be
shared between all members of a microbial community, and the
high levels of antibiotic resistance in many CF pathogens compro-
mise the efficacy of antibiotic therapies.

The development of novel treatments in combination with
existing antibiotic therapy may improve treatment overall. For
example, antiprotease therapies could be developed to target
CF microbes that feed on amino acids as principal carbon
sources. Likewise, identifying the source of nitrate in the CF
lung may provide a way of limiting microbial access to it, and
hyperbaric oxygen therapy may disrupt anaerobic respiration
and CF obligate anaerobes. Ultimately, this analysis has shed
light on the ways in which the CF microbial community re-
sponds to local lung biochemistry, providing useful back-
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ground information to help guide the development of novel
therapies.

MATERIALS AND METHODS

Generation and analysis of sequencing data. Microbial DNA and RNA
were extracted from CF sputum samples (see Table S1 in the supplemental
material), and microbial metagenomes and metatranscriptomes were se-
quenced using 454 Roche technology as described in a previous study (1).
Briefly, DNA was extracted after hypotonic lysis to aid in removal of
human and extracellular DNA. Sputum samples were split into aliquots
for transcriptomes, and for one aliquot from each sample, the RNA was
subjected to mRNA enrichment using the Zymo Clean & Concentrator 25
kit (Zymo Research, Irvine, CA) and treated with RNase-free DNase (1).
All samples were collected in compliance with the University of California
Institutional Review Board (HRPP 081500) and San Diego State Univer-
sity Institutional Review Board (SDSU IRB no. 2121) requirements. This
analysis includes new data from CF patients along with samples from CF
patients previously published (1, 93). Raw reads were dereplicated, and
sequences were removed if they were <60 bp long or had a mean quality
score of less than 15 using Prinseq. Sequences of human origin were fil-
tered out using Deconseq (86, 87). Ten individual samples with >20,000
reads, pooled microbial metagenome (approximately 654,000 reads of
~450 bp from 454 Roche sequencing) and metatranscriptome data (ap-
proximately 200,000 reads of ~450 bp from 454 Roche sequencing) were
processed using the HUMAnN pipeline (38) as follows. (i) A BLASTx
search was conducted with default parameters, including an E value of 10
against the KEGG v54 peptide database including >1,500 prokaryotes.
(ii) HUMAnNN uses the top 20 best BLASTx hits for each read to calculate
aweighted sum of hits to each KEGG orthologous gene group based on hit
quality (inverse BLASTx P value) and normalized by hit gene length. (iii)
Pathway information is constructed using a combination of MinPath,
elimination of pathways from taxa that are not present in the sample, and
gap filling of enzymes that are likely missing based on abundances of hits
inside each pathway (http://huttenhower.sph.harvard.edu/humann). The
metagenomes and metatranscriptomes were pooled due to the tendency
for HUMAnN normalization processes to overrepresent the abundance of
certain pathways in low-sequence-coverage samples. The output was an-
alyzed using multiple KEGG database hierarchies, including the KEGG
BRITE, pathway, module, and individual gene orthologies (derived from
the 04b, 03a, and 03b output files from the HUMAnN pipeline and the
KEGG BRITE hierarchy). When the KEGG Orthology hierarchy was used
for individual genes of interest, all individual gene abundances were nor-
malized to the total number of hits the pooled data set had to the KEGG
Orthology database. The HMP saliva metagenomes were obtained from
the NIH HMP database website (http://www.hmpdacc.org/HMMRC/).
The data obtained contained normalized abundance of KEGG pathways
and modules from 5 healthy human saliva metagenomes; thus, compari-
sons could be made to our CF sequence data only at the level of KEGG
pathways and modules (KEGG Orthology abundances were not publically
available).

Phylogenetic read mapping. The taxonomy of each sequence read
was assigned to the best BLASTn hit against the NCBI nr database (using
a minimum cutoft of 40% identity and 60% coverage of the hit gene) by
the method of Lim et al. (1). To assess which microbes encoded the met-
abolic genes identified in the metagenomes and metatranscriptomes, we
selected 180 genomes from the KEGG Organism database that corre-
sponded to taxa previously observed in our CF sputum samples. Stringent
BLASTn (E value of 1e—40 and an alignment of at least 80 bp with 90%
identity) was used to query each CF microbial metagenome sequence read
against BLAST databases containing KEGG nucleotide sequences of func-
tions of interest, using the KEGG Orthology gene identifiers in the KEGG
fasta headers to select the sequences of functions of interest. The KEGG
organism identifier of the top hit for each sequence read was retained, and
a table with the distributions of hits across bacteria for each KEGG orthol-
ogy of interest was created.
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In vitro culture model and NOx measurement. Artificial sputum me-
dium (ASMDM formulation), originally described in reference 88, was
modified to include 3 ug/ml ferritin as an alternate iron source to more
appropriately reflect the conditions of the CF lung (ASMRQ medium). CF
sputum samples were cultured in glass capillary tubes (75 mm in length
and with an internal diameter of 1.4 mm) (Thermo Fischer Scientific Inc.)
containing ASMRQ medium. The ASMRQ medium was prepared in a
total volume of 500 pl and inoculated with 50 ul of a homogenized spu-
tum sample. The capillary tubes were then filled with this mixture using
capillary action, sealed at the bottom end, and incubated at 37°C and
100% humidity for 48 h. After incubation, the medium was removed from
the tube, and debris was pelleted using a microcentrifuge. Nitrate and
nitrite levels were measured using the Greiss reagent (89), and ammonia
was measured using Nessler’s reagent with appropriate ammonium chlo-
ride standards.

Nucleotide sequence accession numbers. Sequence data were depos-
ited in the Sequence Read Archive (SRA) under accession no. SRP009392
(see http://trace.ddbj.nig.ac.jp/DRASearch/study?acc=SRP009392).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBi0.00956-13/-/DCSupplemental.

Figure S1, PDF file, 0.1 MB.

Figure S2, PDF file, 0.1 MB.

Figure S3, PDF file, 0.1 MB.

Figure S4, PDF file, 0.1 MB.

Table S1, DOCX file, 0.1 MB.

Table S2, DOCX file, 0.1 MB.

Table S3, DOCX file, 0.1 MB.

Table S4, DOCX file, 0.1 MB.

Table S5, DOCX file, 0.1 MB.

Table S6, DOCX file, 0.1 MB.

ACKNOWLEDGMENTS

This work was supported by the National Institutes of Health through
grant ROl GM095384-01 awarded to Forest Rohwer, grant
R01GM095384-01S1 awarded to Katrine Whiteson, and by the Cystic
Fibrosis Research Foundation Elizabeth Nash memorial fellowship
awarded to Robert Quinn.

We also thank John Mokili for his help with this study.

REFERENCES

1. Lim YW, Schmieder R, Haynes M, Willner D, Furlan M, Youle M,
Abbott K, Edwards R, Evangelista J, Conrad D, Rohwer F. 2012.
Metagenomics and metatranscriptomics: windows on CF-associated viral
and microbial communities. J. Cyst. Fibros. 12:154-164. http://
dx.doi.org/10.1016/j.jcf.2012.07.009.

2. Willner D, Furlan M, Haynes M, Schmieder R, Angly FE, Silva J,
Tammadoni S, Nosrat B, Conrad D, Rohwer F. 2009. Metagenomic
analysis of respiratory tract DNA viral communities in cystic fibrosis and
non-cystic fibrosis individuals. PLoS One 4:e7370. http://dx.doi.org/
10.1371/journal.pone.0007370.

3. Zhao J, Schloss PD, Kalikin LM, Carmody LA, Foster BK, Petrosino JF,
Cavalcoli JD, VanDevanter DR, Murray S, Li JZ, Young VB, LiPuma JJ.
2012. Decade-long bacterial community dynamics in cystic fibrosis air-
ways. Proc. Natl. Acad. Sci. U. S. A. 109:5809-5814. http://dx.doi.org/
10.1073/pnas.1120577109.

4. Knowles MR, Stutts MJ, Spock A, Fischer N, Gatzy JT, Boucher RC.
1983. Abnormal ion permeation through cystic fibrosis respiratory epi-
thelium. Science 221:1067-1070.

5. Widdicombe JH, Welsh M]J, Finkbeiner WE. 1985. Cystic fibrosis de-
creases the apical membrane chloride permeability of monolayers cul-
tured from cells of tracheal epithelium. Proc. Natl. Acad. Sci. USA 82:
6167—6171. http://dx.doi.org/10.1073/pnas.82.18.6167.

6. Quinton PM. 1983. Chloride impermeability in cystic fibrosis. Nature
301:421-422. http://dx.doi.org/10.1038/301421a0.

7. Quinton PM. 2008. Cystic fibrosis: impaired bicarbonate secretion and

March/April 2014 Volume 5 Issue 2 e00956-13

20.

21.

22.

23.

24.

25.

Microbial Metagenomics of the CF Lung

mucoviscidosis. Lancet 372:415-417. http://dx.doi.org/10.1016/S0140-
6736(08)61162-9.

. Tate S, MacGregor G, Davis M, Innes JA, Greening AP. 2002. Airways

in cystic fibrosis are acidified: detection by exhaled breath condensate.
Thorax 57:926-929. http://dx.doi.org/10.1136/thorax.57.11.926.

. Newport S, Amin N, Dozor AJ. 2009. Exhaled breath condensate pH and

ammonia in cystic fibrosis and response to treatment of acute pulmonary
exacerbations. Pediatr. Pulmonol. 44:866—-872.

. Pezzulo AA, Tang XX, Hoegger MJ, Alaiwa MH, Ramachandran §,

Moninger TO, Karp PH, Wohlford-Lenane CL, Haagsman HP, van Eijk
M, Béanfi B, Horswill AR, Stoltz DA, McCray PB, Welsh MJ, Zabner ]J.
2012. Reduced airway surface pH impairs bacterial killing in the porcine
cystic fibrosis lung. Nature 487:109-113. http://dx.doi.org/10.1038/
naturel1130.

. Stites SW, Walters B, O’Brien-Ladner AR, Bailey K, Wesselius LJ. 1998.

Increased iron and ferritin content of sputum from patients with cystic
fibrosis or chronic bronchitis. Chest 114:814-819. http://dx.doi.org/
10.1378/chest.114.3.814.

. Reid DW, Lam QT, Schneider H, Walters EH. 2004. Airway iron and

iron-regulatory cytokines in cystic fibrosis. Eur. Respir. J. 24:286-291.
http://dx.doi.org/10.1183/09031936.04.00104803.

. Ghio AJ, Roggli VL, Soukup JM, Richards JH, Randell SH, Muhlebach

MS. 2013. Iron accumulates in the lavage and explanted lungs of cystic
fibrosis patients. J. Cyst. Fibros. 12:390-398.

. Hunter RC, Klepac-Ceraj V, Lorenzi MM, Grotzinger H, Martin TR,

Newman DK. 2012. Phenazine content in the cystic fibrosis respiratory
tract negatively correlates with lung function and microbial complexity.
Am. J. Respir. Cell Mol. Biol. 47:738-745. http://dx.doi.org/10.1165/
rcmb.2012-00880C.

. Wang Y, Kern SE, Newman DK. 2010. Endogenous phenazine antibiot-

ics promote anaerobic survival of Pseudomonas aeruginosa via extracel-
lular electron transfer. J. Bacteriol. 192:365-369. http://dx.doi.org/
10.1128/]B.01188-09.

. Price-Whelan A, Dietrich LE, Newman DK. 2006. Rethinking “second-

ary” metabolism: physiological roles for phenazine antibiotics. Nat.
Chem. Biol. 2:71-78.

. Worlitzsch D, Tarran R, Ulrich M, Schwab U, Cekici A, Meyer KC,

Birrer P, Bellon G, Berger J, Weiss T, Botzenhart K, Yankaskas JR,
Randell S, Boucher RC, Déring G. 2002. Effects of reduced mucus
oxygen concentration in airway Pseudomonas infections of cystic fibrosis
patients. J. Clin. Invest. 109:317-325. http://dx.doi.org/10.1172/
JCI200213870.

. Worlitzsch D, Rintelen C, Bohm K, Wollschliger B, Merkel N, Borneff-

Lipp M, Déring G. 2009. Antibiotic-resistant obligate anaerobes during
exacerbations of cystic fibrosis patients. Clin. Microbiol. Infect. 15:
454-460. http://dx.doi.org/10.1111/j.1469-0691.2008.02659.x.

. Conrad D, Haynes M, Salamon P, Rainey PB, Youle M, Rohwer F. 2013.

Cystic fibrosis therapy: a community ecology perspective. Am. J. Respir.
Cell Mol. Biol. 48:150—156.

Yoon SS, Hennigan RF, Hilliard GM, Ochsner UA, Parvatiyar K,
Kamani MC, Allen HL, DeKievit TR, Gardner PR, Schwab U, Rowe JJ,
Iglewski BH, McDermott TR, Mason RP, Wozniak DJ, Hancock RE,
Parsek MR, Noah TL, Boucher RC, Hassett DJ. 2002. Pseudomonas
aeruginosa anaerobic respiration in biofilms: relationships to cystic fibro-
sis pathogenesis. Dev. Cell 3:593—603. http://dx.doi.org/10.1016/S1534-
5807(02)00295-2.

Gaston B, Ratjen F, Vaughan JW, Malhotra NR, Canady RG, Snyder
AH, Hunt JF, Gaertig S, Goldberg JB. 2002. Nitrogen redox balance in
the cystic fibrosis airway: effects of antipseudomonal therapy. Am. J. Re-
spir. Crit. Care Med. 165:387-390. http://dx.doi.org/10.1164/
ajrccm.165.3.2106006.

Palmer KL, Aye LM, Whiteley M. 2007. Nutritional cues control Pseu-
domonas aeruginosa multicellular behavior in cystic fibrosis sputum. J.
Bacteriol. 189:8079—8087. http://dx.doi.org/10.1128/JB.01138-07.
Grasemann H, Ioannidis I, Tomkiewicz RP, de Groot H, Rubin BK,
Ratjen F. 1998. Nitric oxide metabolites in cystic fibrosis lung disease.
Arch. Dis. Child. 78:49-53. http://dx.doi.org/10.1136/adc.78.1.49.
Thomas SR, Ray A, Hodson ME, Pitt TL. 2000. Increased sputum amino
acid concentrations and auxotrophy of Pseudomonas aeruginosa in severe
cystic fibrosis lung disease. Thorax 55:795-797. http://dx.doi.org/
10.1136/thorax.55.9.795.

Barth AL, Pitt TL. 1996. The high amino-acid content of sputum from
cystic fibrosis patients promotes growth of auxotrophic Pseudomonas

mBio mbio.asm.org 11


http://trace.ddbj.nig.ac.jp/DRASearch/study?acc=SRP009392
http://mbio.asm.org/lookup/suppl/doi:10.1128/mBio.00956-13/-/DCSupplemental
http://mbio.asm.org/lookup/suppl/doi:10.1128/mBio.00956-13/-/DCSupplemental
http://dx.doi.org/10.1016/j.jcf.2012.07.009
http://dx.doi.org/10.1016/j.jcf.2012.07.009
http://dx.doi.org/10.1371/journal.pone.0007370
http://dx.doi.org/10.1371/journal.pone.0007370
http://dx.doi.org/10.1073/pnas.1120577109
http://dx.doi.org/10.1073/pnas.1120577109
http://dx.doi.org/10.1073/pnas.82.18.6167
http://dx.doi.org/10.1038/301421a0
http://dx.doi.org/10.1016/S0140-6736(08)61162-9
http://dx.doi.org/10.1016/S0140-6736(08)61162-9
http://dx.doi.org/10.1136/thorax.57.11.926
http://dx.doi.org/10.1038/nature11130
http://dx.doi.org/10.1038/nature11130
http://dx.doi.org/10.1378/chest.114.3.814
http://dx.doi.org/10.1378/chest.114.3.814
http://dx.doi.org/10.1183/09031936.04.00104803
http://dx.doi.org/10.1165/rcmb.2012-0088OC
http://dx.doi.org/10.1165/rcmb.2012-0088OC
http://dx.doi.org/10.1128/JB.01188-09
http://dx.doi.org/10.1128/JB.01188-09
http://dx.doi.org/10.1172/JCI200213870
http://dx.doi.org/10.1172/JCI200213870
http://dx.doi.org/10.1111/j.1469-0691.2008.02659.x
http://dx.doi.org/10.1016/S1534-5807(02)00295-2
http://dx.doi.org/10.1016/S1534-5807(02)00295-2
http://dx.doi.org/10.1164/ajrccm.165.3.2106006
http://dx.doi.org/10.1164/ajrccm.165.3.2106006
http://dx.doi.org/10.1128/JB.01138-07
http://dx.doi.org/10.1136/adc.78.1.49
http://dx.doi.org/10.1136/thorax.55.9.795
http://dx.doi.org/10.1136/thorax.55.9.795
mbio.asm.org

Quinn et al.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

12

aeruginosa. J. Med. Microbiol. 45:110-119. http://dx.doi.org/10.1099/
00222615-45-2-110.

Behrends V, Ryall B, Zlosnik JE, Speert DP, Bundy JG, Williams HD.
2013. Metabolic adaptations of Pseudomonas aeruginosa during cystic
fibrosis chronic lung infections. Environ. Microbiol. 15:398—408. http://
dx.doi.org/10.1111/j.1462-2920.2012.02840.x.

Hoffman LR, Richardson AR, Houston LS, Kulasekara HD, Martens-
Habbena W, Klausen M, Burns JL, Stahl DA, Hassett DJ, Fang FC,
Miller SI. 2010. Nutrient availability as a mechanism for selection of
antibiotic tolerant Pseudomonas aeruginosa within the CF airway. PLoS
Pathog. 6:e1000712.

Hogardt M, Heesemann J. 2013. Microevolution of Pseudomonas
aeruginosa to a chronic pathogen of the cystic fibrosis lung. Curr. Top.
Microbiol. Immunol. 358:91-118

Hogardt M, Heesemann J. 2010. Adaptation of Pseudomonas aeruginosa
during persistence in the cystic fibrosis lung. Int. J. Med. Microbiol. 300:
557-562. http://dx.doi.org/10.1016/j.ijmm.2010.08.008.

Bjarnsholt T, Jensen P@, Fiandaca MJ, Pedersen J, Hansen CR, Ander-
sen CB, Pressler T, Givskov M, Haiby N. 2009. Pseudomonas aeruginosa
biofilms in the respiratory tract of cystic fibrosis patients. Pediatr. Pul-
monol. 44:547-558. http://dx.doi.org/10.1002/ppul.21011.

Rada B, Lekstrom K, Damian S, Dupuy C, Leto TL. 2008. The Pseu-
domonas toxin pyocyanin inhibits the dual oxidase-based antimicrobial
system as it imposes oxidative stress on airway epithelial cells. J. Immunol.
181:4883—-4893.

Delhaes L, Monchy S, Fréalle E, Hubans C, Salleron J, Leroy S, Prevotat
A, Wallet F, Wallaert B, Dei-Cas E, Sime-Ngando T, Chabé M, Vis-
cogliosi E. 2012. The airway microbiota in cystic fibrosis: a complex fungal
and bacterial community—implications for therapeutic management.
PLoS One 7:¢36313. http://dx.doi.org/10.1371/journal.pone.0036313.
Sibley CD, Parkins MD, Rabin HR, Duan K, Norgaard JC, Surette MG.
2008. A polymicrobial perspective of pulmonary infections exposes an
enigmatic pathogen in cystic fibrosis patients. Proc. Natl. Acad. Sci. USA
105:15070-15075. http://dx.doi.org/10.1073/pnas.0804326105.
Salipante SJ, Sengupta DJ, Rosenthal C, Costa G, Spangler J, Sims EH,
Jacobs MA, Miller SI, Hoogestraat DR, Cookson BT, McCoy C, Matsen
FA, Shendure ], Lee CC, Harkins TT, Hoffman NG. 2013. Rapid 16S
rRNA next-generation sequencing of polymicrobial clinical samples for
diagnosis of complex bacterial infections. PLoS One 8:¢65226. http://
dx.doi.org/10.1371/journal.pone.0065226.

Dinsdale EA, Edwards RA, Hall D, Angly F, Breitbart M, Brulc JM,
Furlan M, Desnues C, Haynes M, Li L, Mcdaniel L, Moran MA, Nelson
KE, Nilsson C, Olson R, Paul J, Brito BR, Ruan Y, Swan BK, Stevens R,
Valentine DL, Thurber RV, Wegley L, White BA, Rohwer F. 2008.
Functional metagenomic profiling of nine biomes. Nature 452:629—-632.
Wegley L, Edwards R, Rodriguez-Brito B, Liu H, Rohwer F. 2007.
Metagenomic analysis of the microbial community associated with the
coral Porites astreoides. Environ. Microbiol. 9:2707-2719. http://
dx.doi.org/10.1111/j.1462-2920.2007.01383.x.

Sibley CD, Surette MG. 2011. The polymicrobial nature of airway infec-
tions in cystic fibrosis: Cangene Gold Medal Lecture. Can. J. Microbiol.
57:69-77. http://dx.doi.org/10.1139/W10-105.

Abubucker S, Segata N, Goll J, Schubert AM, Izard J, Cantarel BL,
Rodriguez-Mueller B, Zucker J, Thiagarajan M, Henrissat B, White O,
Kelley ST, Methé B, Schloss PD, Gevers D, Mitreva M, Huttenhower C.
2012. Metabolic reconstruction for metagenomic data and its application
to the human microbiome. PLoS Comput. Biol. 8:e1002358.
Microbiome, Human Project Consortium. 2012. Structure, function and
diversity of the healthy human microbiome. Nature 486:207-214. http://
dx.doi.org/10.1038/nature11234.

Goddard AF, Staudinger BJ, Dowd SE, Joshi-Datar A, Wolcott RD,
Aitken ML, Fligner CL, Singh PK. 2012. Direct sampling of cystic fibrosis
lungs indicates that DNA-based analyses of upper-airway specimens can
misrepresent lung microbiota. Proc. Natl. Acad. Sci. U. S. A. 109:
13769-13774. http://dx.doi.org/10.1073/pnas.1107435109.

Rubin BK. 2007. Mucus structure and properties in cystic fibrosis. Paedi-
atr. Respir. Rev. 8:4-7. http://dx.doi.org/10.1016/j.prrv.2007.02.004.
Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss
DS, Weinrauch Y, Zychlinsky A. 2004. Neutrophil extracellular traps kill
bacteria. Science 303:1532—1535.

Manzenreiter R, Kienberger F, Marcos V, Schilcher K, Krautgartner
WD, Obermayer A, Huml M, Stoiber W, Hector A, Griese M, Hannig
M, Studnicka M, Vitkov L, Hartl D. 2012. Ultrastructural characteriza-

mBio mbio.asm.org

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

tion of cystic fibrosis sputum using atomic force and scanning electron
microscopy. J. Cyst. Fibros. 11:84-92. http://dx.doi.org/10.1016/S1569-
1993(12)60278-1.

Whitchurch CB, Tolker-Nielsen T, Ragas PC, Mattick JS. 2002. Extra-
cellular DNA required for bacterial biofilm formation. Science 295:1487.
Henke MO, John G, Rheineck C, Chillappagari S, Naehrlich L, Rubin
BK. 2011. Serine proteases degrade airway mucins in cystic fibrosis. Infect.
Immun. 79:3438-3444. http://dx.doi.org/10.1128/1A1.01252-10.
Voynow JA, Fischer BM, Zheng S. 2008. Proteases and cystic fibrosis. Int.
J. Biochem. Cell Biol. 40:1238—-1245. http://dx.doi.org/10.1016/
j.biocel.2008.03.003.

Duan K, Sibley CD, Davidson CJ, Surette MG. 2009. Chemical interac-
tions between organisms in microbial communities. Contrib. Microbiol.
16:1-17. http://dx.doi.org/10.1159/000219369.

Moree W], Phelan VV, Wu CH, Bandeira N, Cornett DS, Duggan BM,
Dorrestein PC. 2012. Interkingdom metabolic transformations captured
by microbial imaging mass spectrometry. Proc. Natl. Acad. Sci. U. S. A.
109:13811-13816. http://dx.doi.org/10.1073/pnas.1206855109.

McLean JS, Fansler SJ, Majors PD, McAteer K, Allen LZ, Shirtliff ME,
Lux R, Shi W. 2012. Identifying low pH active and lactate-utilizing taxa
within oral microbiome communities from healthy children using stable
isotope probing techniques. PLoS One 7:32219. http://dx.doi.org/
10.1371/journal.pone.0032219.

Filoche S, Wong L, Sissons CH. 2010. Oral biofilms: emerging concepts
in microbial ecology. J. Dent. Res. 89:8—18. http://dx.doi.org/10.1177/
0022034509351812.

Sriramulu DD, Liinsdorf H, Lam JS, Rémling U. 2005. Microcolony
formation: a novel biofilm model of Pseudomonas aeruginosa for the
cystic fibrosis lung. J. Med. Microbiol. 54:667—676. http://dx.doi.org/
10.1099/jmm.0.45969-0.

Palmer KL, Mashburn LM, Singh PK, Whiteley M. 2005. Cystic fibrosis
sputum supports growth and cues key aspects of Pseudomonas aeruginosa
physiology. J. Bacteriol. 187:5267-5277. http://dx.doi.org/10.1128/
JB.187.15.5267-5277.2005.

Verhoogt HJ, Smit H, Abee T, Gamper M, Driessen AJ, Haas D,
Konings WN. 1992. arcD, the first gene of the arc operon for anaerobic
arginine catabolism in Pseudomonas aeruginosa, encodes an arginine-
ornithine exchanger. J. Bacteriol. 174:1568-1573.

Ng AW, Bidani A, Heming TA. 2004. Innate host defense of the lung:
effects of lung-lining fluid pH. Lung 182:297-317. http://dx.doi.org/
10.1007/s00408-004-2511-6.

Schobert M, Jahn D. 2010. Anaerobic physiology of Pseudomonas
aeruginosa in the cystic fibrosis lung. Int. J. Med. Microbiol. 300:549-556.
http://dx.doi.org/10.1016/j.ijmm.2010.08.007.

Spalding MD, Prigge ST. 2010. Lipoic acid metabolism in microbial
pathogens. Microbiol. Mol. Biol. Rev. 74:200—228. http://dx.doi.org/
10.1128/MMBR.00008-10.

Thomson E, Brennan S, Senthilmohan R, Gangell CL, Chapman AL, Sly
PD, Kettle AJ, Balding E, Berry LJ, Carlin JB, Carzino R, de Klerk N,
Douglas T, Foo C, Garratt LW, Hall GL, Harrison J, Kicic A, Laing IA,
Logie KM, Massie J, Mott LS, Murray C, Parsons F, Pillarisetti N,
Poreddy SR, Ranganathan SC, Robertson CF, Robins-Browne R, Rob-
inson PJ, Skoric B, Stick SM, Sutanto EN, Williamson E. 2010. Identi-
fying peroxidases and their oxidants in the early pathology of cystic fibro-
sis. Free Radic. Biol. Med. 49:1354—1360. http://dx.doi.org/10.1016/
j.freeradbiomed.2010.07.010.

Galli F, Battistoni A, Gambari R, Pompella A, Bragonzi A, Pilolli F,
Tuliano L, Piroddi M, Dechecchi MC, Cabrini G, Working Group on
Inflammation in Cystic Fibrosis. 2012. Oxidative stress and antioxidant
therapy in cystic fibrosis. Biochim. Biophys. Acta 1822:690—-713. http://
dx.doi.org/10.1016/j.bbadis.2011.12.012.

Pierson LS, Pierson EA. 2010. Metabolism and function of phenazines in
bacteria: impacts on the behavior of bacteria in the environment and bio-
technological processes. Appl. Microbiol. Biotechnol. 86:1659-1670.
http://dx.doi.org/10.1007/s00253-010-2509-3.

Cantin AM. 2004. Potential for antioxidant therapy of cystic fibrosis.
Curr. Opin. Pulm. Med. 10:531-536. http://dx.doi.org/10.1097/
01.mcp.0000138997.29276.al.

Price-Whelan A, Dietrich LE, Newman DK. 2007. Pyocyanin alters redox
homeostasis and carbon flux through central metabolic pathways in Pseu-
domonas aeruginosa PA14. J. Bacteriol. 189:6372—6381. http://
dx.doi.org/10.1128/JB.00505-07.

Marks MI. 1984. Treatment of cystic fibrosis with trimethoprim-

March/April 2014 Volume 5 Issue 2 e00956-13


http://dx.doi.org/10.1099/00222615-45-2-110
http://dx.doi.org/10.1099/00222615-45-2-110
http://dx.doi.org/10.1111/j.1462-2920.2012.02840.x
http://dx.doi.org/10.1111/j.1462-2920.2012.02840.x
http://dx.doi.org/10.1016/j.ijmm.2010.08.008
http://dx.doi.org/10.1002/ppul.21011
http://dx.doi.org/10.1371/journal.pone.0036313
http://dx.doi.org/10.1073/pnas.0804326105
http://dx.doi.org/10.1371/journal.pone.0065226
http://dx.doi.org/10.1371/journal.pone.0065226
http://dx.doi.org/10.1111/j.1462-2920.2007.01383.x
http://dx.doi.org/10.1111/j.1462-2920.2007.01383.x
http://dx.doi.org/10.1139/W10-105
http://dx.doi.org/10.1038/nature11234
http://dx.doi.org/10.1038/nature11234
http://dx.doi.org/10.1073/pnas.1107435109
http://dx.doi.org/10.1016/j.prrv.2007.02.004
http://dx.doi.org/10.1016/S1569-1993(12)60278-1
http://dx.doi.org/10.1016/S1569-1993(12)60278-1
http://dx.doi.org/10.1128/IAI.01252-10
http://dx.doi.org/10.1016/j.biocel.2008.03.003
http://dx.doi.org/10.1016/j.biocel.2008.03.003
http://dx.doi.org/10.1159/000219369
http://dx.doi.org/10.1073/pnas.1206855109
http://dx.doi.org/10.1371/journal.pone.0032219
http://dx.doi.org/10.1371/journal.pone.0032219
http://dx.doi.org/10.1177/0022034509351812
http://dx.doi.org/10.1177/0022034509351812
http://dx.doi.org/10.1099/jmm.0.45969-0
http://dx.doi.org/10.1099/jmm.0.45969-0
http://dx.doi.org/10.1128/JB.187.15.5267-5277.2005
http://dx.doi.org/10.1128/JB.187.15.5267-5277.2005
http://dx.doi.org/10.1007/s00408-004-2511-6
http://dx.doi.org/10.1007/s00408-004-2511-6
http://dx.doi.org/10.1016/j.ijmm.2010.08.007
http://dx.doi.org/10.1128/MMBR.00008-10
http://dx.doi.org/10.1128/MMBR.00008-10
http://dx.doi.org/10.1016/j.freeradbiomed.2010.07.010
http://dx.doi.org/10.1016/j.freeradbiomed.2010.07.010
http://dx.doi.org/10.1016/j.bbadis.2011.12.012
http://dx.doi.org/10.1016/j.bbadis.2011.12.012
http://dx.doi.org/10.1007/s00253-010-2509-3
http://dx.doi.org/10.1097/01.mcp.0000138997.29276.a1
http://dx.doi.org/10.1097/01.mcp.0000138997.29276.a1
http://dx.doi.org/10.1128/JB.00505-07
http://dx.doi.org/10.1128/JB.00505-07
mbio.asm.org

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

March/April 2014 Volume 5

sulfamethoxarole. J. Pediatr. 105:679-680. http://dx.doi.org/10.1016/
S0022-3476(84)80460-6.

Falkowski PG, Fenchel T, Delong EF. 2008. The microbial engines that
drive Earth’s biogeochemical cycles. Science 320:1034—1039.

Guevara I, Iwanejko J, Dembinska-Kie¢ A, Pankiewicz J, Wanat A,
Anna P, Golabek I, Bartus$ S, Malczewska-Malec M, Szczudlik A. 1998.
Determination of nitrite/nitrate in human biological material by the sim-
ple Griess reaction. Clin. Chem. Acta 274:177-188.

Gilchrist M, Winyard PG, Benjamin N. 2010. Dietary nitrate—good or
bad? Nitric Oxide 22:104-109. http://dx.doi.org/10.1016/
j.1n10x.2009.10.005.

Robinson CV, Elkins MR, Bialkowski KM, Thornton DJ, Kertesz MA.
2012. Desulfurization of mucin by Pseudomonas aeruginosa: influence of
sulfate in the lungs of cystic fibrosis patients. J. Med. Microbiol. 61:
1644-1653. http://dx.doi.org/10.1099/jmm.0.047167-0.

Pitcher RS, Brittain T, Watmough NJ. 2002. Cytochrome cbb(3) oxidase
and bacterial microaerobic metabolism. Biochem. Soc. Trans. 30:
653—658.

Alvarez-Ortega C, Harwood CS. 2007. Responses of Pseudomonas
aeruginosa to low oxygen indicate that growth in the cystic fibrosis lung is
by aerobic respiration. Mol. Microbiol. 65:153-165. http://dx.doi.org/
10.1111/j.1365-2958.2007.05772.x.

Gorby YA, Yanina S, McLean JS, Rosso KM, Moyles D, Dohnalkova A,
Beveridge TJ, Chang IS, Kim BH, Kim KS, Culley DE, Reed SB, Romine
MF, Saffarini DA, Hill EA, Shi L, Elias DA, Kennedy DW, Pinchuk G,
Watanabe K, Ishii S, Logan B, Nealson KH, Fredrickson JK. 2006.
Electrically conductive bacterial nanowires produced by Shewanella one-
idensis strain MR-1 and other microorganisms. Proc. Natl. Acad. Sci.
U.S. A.103:11358-11363. http://dx.doi.org/10.1073/pnas.0604517103.
Mavrodi DV, Parejko JA, Mavrodi OV, Kwak YS, Weller DM, Blan-
kenfeldt W, Thomashow LS. 2013. Recent insights into the diversity,
frequency and ecological roles of phenazines in fluorescent Pseudomonas
spp. Environ. Microbiol. 15:675-686.

Zheng S, Xu W, Bose S, Banerjee AK, Haque SJ, Erzurum SC. 2004.
Impaired nitric oxide synthase-2 signaling pathway in cystic fibrosis air-
way epithelium. Am. J. Physiol. Lung Cell. Mol. Physiol. 287:L374-L381.
http://dx.doi.org/10.1152/ajplung.00039.2004.

Grasemann H, Knauer N, Biischer R, Hiibner K, Drazen JM, Ratjen F.
2000. Airway nitric oxide levels in cystic fibrosis patients are related to a
polymorphism in the neuronal nitric oxide synthase gene. Am. J. Respir.
Crit. Care Med. 162:2172-2176. http://dx.doi.org/10.1164/
ajrcem.162.6.2003106.

Riitting T, Boeckx P, Miiller C, Klemedtsson L. 2011. Assessment of the
importance of dissimilatory nitrate reduction to ammonium for the ter-
restrial nitrogen cycle. Biogeosciences 8:1779-1791. http://dx.doi.org/
10.5194/bg-8-1779-2011.

Burgin AJ, Hamilton SK. 2007. Have we overemphasized the role of
denitrification in aquatic ecosystems? A review of nitrate removal path-
ways. Front. Ecol. Environ. 5:89-96. http://dx.doi.org/10.1890/1540-
9295(2007)5[89:HWOTRO]2.0.CO;2.

Wang H, Tseng CP, Gunsalus RP. 1999. The napF and narG nitrate
reductase operons in Escherichia coli are differentially expressed in re-
sponse to submicromolar concentrations of nitrate but not nitrite. J. Bac-
teriol. 181:5303-5308.

Richardson DJ, Berks BC, Russell DA, Spiro S, Taylor CJ. 2001. Func-
tional, biochemical and genetic diversity of prokaryotic nitrate reductases.
Cell. Mol. Life Sci. 58:165-178. http://dx.doi.org/10.1007/PL00000845.
Dos Santos PC, Fang Z, Mason SW, Setubal JC, Dixon R. 2012.
Distribution of nitrogen fixation and nitrogenase-like sequences amongst
microbial genomes. BMC Genomics 13:162. http://dx.doi.org/10.1186/
1471-2164-13-162.

Issue 2 e€00956-13

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Microbial Metagenomics of the CF Lung

Quinton PM. 2010. Role of epithelial HCO3~ transport in mucin
secretion: lessons from cystic fibrosis. Am. J. Physiol. Cell Physiol. 299:
C1222—C1233. http://dx.doi.org/10.1152/ajpcell.00362.2010.

Gray RD, Duncan A, Noble D, Imrie M, O’Reilly DS, Innes JA,
Porteous DJ, Greening AP, Boyd AC. 2010. Sputum trace metals are
biomarkers of inflammatory and suppurative lung disease. Chest 137:
635—641. http://dx.doi.org/10.1378/chest.09-1047.

McDevitt CA, Ogunniyi AD, Valkov E, Lawrence MC, Kobe B, McEwan
AG, Paton JC. 2011. A molecular mechanism for bacterial susceptibility
to zinc. PLoS Pathog. 7:€1002357. http://dx.doi.org/10.1371/
journal.ppat.1002357.

Hunter RC, Asfour F, Dingemans J, Osuna BL, Samad T, Malfroot A,
Cornelis P, Newman DK. 2013. Ferrous iron is a significant component
of bioavailable iron in cystic fibrosis airways. mBio 4(4):e00557-13. http://
dx.doi.org/10.1128/mBi0.00557-13.

Padan E, Bibi E, Ito M, Krulwich TA. 2005. Alkaline pH homeostasis in
bacteria: new insights. Biochim. Biophys. Acta 1717:67-88. http://
dx.doi.org/10.1016/j.bbamem.2005.09.010.

Bearson S, Bearson B, Foster JW. 1997. Acid stress responses in entero-
bacteria. FEMS Microbiol. Lett. 147:173—180. http://dx.doi.org/10.1111/
j.1574-6968.1997.tb10238.x.

Kanjee U, Gutsche I, Alexopoulos E, Zhao B, El Bakkouri M, Thibault
G, Liu K, Ramachandran S, Snider J, Pai EF, Houry WA. 2011. Linkage
between the bacterial acid stress and stringent responses: the structure of
the inducible lysine decarboxylase. EMBO J. 30:931-944. http://
dx.doi.org/10.1038/emboj.2011.5.

Feehily C, Karatzas KA. 2013. Role of glutamate metabolism in bacterial
responses towards acid and other stresses. J. Appl. Microbiol. 114:11-24.
http://dx.doi.org/10.1111/j.1365-2672.2012.05434.x.

Schmieder R, Edwards R. 2011. Fast identification and removal of se-
quence contamination from genomic and metagenomic datasets. PLoS
One 6:¢17288. http://dx.doi.org/10.1371/journal.pone.0017288.
Schmieder R, Edwards R. 2011. Quality control and preprocessing of
metagenomic datasets. Bioinformatics 27:863—864. http://dx.doi.org/
10.1093/bioinformatics/btr026.

Fung C, Naughton S, Turnbull L, Tingpej P, Rose B, Arthur J, Hu H,
Harmer C, Harbour C, Hassett DJ, Whitchurch CB, Manos J. 2010.
Gene expression of Pseudomonas aeruginosa in a mucin-containing syn-
thetic growth medium mimicking cystic fibrosis lung sputum. J. Med.
Microbiol. 59:1089-1100.

Miranda KM, Espey MG, Wink DA. 2001. A rapid, simple spectropho-
tometric method for simultaneous detection of nitrate and nitrite. Nitric
Oxide 5:62-71. http://dx.doi.org/10.1006/ni0x.2000.0319.

Charlson ES, Bittinger K, Haas AR, Fitzgerald AS, Frank I, Yadav A,
Bushman FD, Collman RG. 2011. Topographical continuity of bacterial
populations in the healthy human respiratory tract. Am. J. Respir. Crit.
Care Med. 184:957-963. http://dx.doi.org/10.1164/rccm.201104-
06550C.

Pezzulo AA, Kelly PH, Nassar BS, Rutland CJ, Gansemer ND, Dohrn
CL, Costello AJ, Stoltz DA, Zabner J. 2013. Abundant DNase I-sensitive
bacterial DNA in healthy porcine lungs and its implications for the lung
microbiome. Appl. Environ. Microbiol. 79:5936-5941. http://dx.doi.org/
10.1128/AEM.01752-13

Martiny AC, Huang Y, Li W. 2009. Occurrence of phosphate acquisition
genes in Prochlorococcus cells from different ocean regions. Environ. Mi-
crobiol. 11:1340-1347.

Lim YW, Evangelista JS, Schmieder R, Bailey B, Haynes M, Furlan M,
Maughan H, Edwards R, Rohwer F, Conrad D. 2014. Clinical insights
from metagenomic analysis of sputum samples from patients with cystic
fibrosis. J. Clin. Microbiol. 52:425—437.

mBio mbio.asm.org 13


http://dx.doi.org/10.1016/S0022-3476(84)80460-6
http://dx.doi.org/10.1016/S0022-3476(84)80460-6
http://dx.doi.org/10.1016/j.niox.2009.10.005
http://dx.doi.org/10.1016/j.niox.2009.10.005
http://dx.doi.org/10.1099/jmm.0.047167-0
http://dx.doi.org/10.1111/j.1365-2958.2007.05772.x
http://dx.doi.org/10.1111/j.1365-2958.2007.05772.x
http://dx.doi.org/10.1073/pnas.0604517103
http://dx.doi.org/10.1152/ajplung.00039.2004
http://dx.doi.org/10.1164/ajrccm.162.6.2003106
http://dx.doi.org/10.1164/ajrccm.162.6.2003106
http://dx.doi.org/10.5194/bg-8-1779-2011
http://dx.doi.org/10.5194/bg-8-1779-2011
http://dx.doi.org/10.1890/1540-9295(2007)5[89:HWOTRO]2.0.CO;2
http://dx.doi.org/10.1890/1540-9295(2007)5[89:HWOTRO]2.0.CO;2
http://dx.doi.org/10.1007/PL00000845
http://dx.doi.org/10.1186/1471-2164-13-162
http://dx.doi.org/10.1186/1471-2164-13-162
http://dx.doi.org/10.1152/ajpcell.00362.2010
http://dx.doi.org/10.1378/chest.09-1047
http://dx.doi.org/10.1371/journal.ppat.1002357
http://dx.doi.org/10.1371/journal.ppat.1002357
http://dx.doi.org/10.1128/mBio.00557-13
http://dx.doi.org/10.1128/mBio.00557-13
http://dx.doi.org/10.1016/j.bbamem.2005.09.010
http://dx.doi.org/10.1016/j.bbamem.2005.09.010
http://dx.doi.org/10.1111/j.1574-6968.1997.tb10238.x
http://dx.doi.org/10.1111/j.1574-6968.1997.tb10238.x
http://dx.doi.org/10.1038/emboj.2011.5
http://dx.doi.org/10.1038/emboj.2011.5
http://dx.doi.org/10.1111/j.1365-2672.2012.05434.x
http://dx.doi.org/10.1371/journal.pone.0017288
http://dx.doi.org/10.1093/bioinformatics/btr026
http://dx.doi.org/10.1093/bioinformatics/btr026
http://dx.doi.org/10.1006/niox.2000.0319
http://dx.doi.org/10.1164/rccm.201104-0655OC
http://dx.doi.org/10.1164/rccm.201104-0655OC
http://dx.doi.org/10.1128/AEM.01752-13
http://dx.doi.org/10.1128/AEM.01752-13
mbio.asm.org

	Biogeochemical Forces Shape the Composition and Physiology of Polymicrobial Communities in the Cystic Fibrosis Lung
	RESULTS AND DISCUSSION
	Microbial metabolism in CF sputum. 
	Microbial respiration in the CF lung. 
	Nitrogen cycling and sulfur reduction in the CF lung. 
	Measurement of nitrogen oxides (NOx) in sputum and an in vitro culture model. 
	Environmental sensing and transport in CF microbes. 
	Conclusions. 

	MATERIALS AND METHODS
	Generation and analysis of sequencing data. 
	Phylogenetic read mapping. 
	In vitro culture model and NOx measurement. 
	Nucleotide sequence accession numbers. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES


