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OPEN

ORIGINAL ARTICLE

Breath gas metabolites and bacterial metagenomes
from cystic fibrosis airways indicate active pH
neutral 2,3-butanedione fermentation

Katrine L Whiteson1, Simone Meinardi2, Yan Wei Lim1, Robert Schmieder1,
Heather Maughan3, Robert Quinn1, Donald R Blake2, Douglas Conrad4 and Forest Rohwer1

1Department of Biology, San Diego State University, San Diego, CA, USA; 2Department of Chemistry,
University of California, Irvine, CA, USA; 3Ronin Institute, Montclair, NJ, USA and 4Department of Medicine,
University of California, San Diego, La Jolla, CA, USA

The airways of cystic fibrosis (CF) patients are chronically colonized by patient-specific polymicrobial
communities. The conditions and nutrients available in CF lungs affect the physiology and composition
of the colonizing microbes. Recent work in bioreactors has shown that the fermentation product
2,3-butanediol mediates cross-feeding between some fermenting bacteria and Pseudomonas
aeruginosa, and that this mechanism increases bacterial current production. To examine bacterial
fermentation in the respiratory tract, breath gas metabolites were measured and several
metagenomes were sequenced from CF and non-CF volunteers. 2,3-butanedione was produced in
nearly all respiratory tracts. Elevated levels in one patient decreased during antibiotic treatment, and
breath concentrations varied between CF patients at the same time point. Some patients had high
enough levels of 2,3-butanedione to irreversibly damage lung tissue. Antibiotic therapy likely
dictates the activities of 2,3-butanedione-producing microbes, which suggests a need for further
study with larger sample size. Sputum microbiomes were dominated by P. aeruginosa, Streptococcus
spp. and Rothia mucilaginosa, and revealed the potential for 2,3-butanedione biosynthesis. Genes
encoding 2,3-butanedione biosynthesis were disproportionately abundant in Streptococcus spp,
whereas genes for consumption of butanedione pathway products were encoded by P. aeruginosa and
R. mucilaginosa. We propose a model where low oxygen conditions in CF lung lead to fermentation
and a decrease in pH, triggering 2,3-butanedione fermentation to avoid lethal acidification.
We hypothesize that this may also increase phenazine production by P. aeruginosa, increasing
reactive oxygen species and providing additional electron acceptors to CF microbes.
The ISME Journal (2014) 8, 1247–1258; doi:10.1038/ismej.2013.229; published online 9 January 2014
Subject Category: Integrated genomics and post-genomics approaches in microbial ecology
Keywords: breath gas; cystic fibrosis; metagenomics; polymicrobial infection; metabolomics; biomarker

Introduction

Cystic fibrosis (CF) is a life-threatening inherited
disease most prominent among Caucasians (affecting
1 in 3200 births), and is characterized by destruction
of pulmonary structure and function arising from
chronic airway polymicrobial infections. Life expec-
tancy for CF patients has risen from infancy to nearly
40 years since the 1960s (Strausbaugh and Davis,
2007). Despite this progress, maintaining lung func-
tion remains problematic. The inability to clear
abnormal, thick mucus from lung airways promotes
chronic infection, and requires time-consuming

treatments to physically loosen and remove mucus
from the airways. Starting as early as childhood, CF
patients develop long-term bacterial infections char-
acterized by the presence of opportunistic patho-
gens, such as Pseudomonas aeruginosa. Daily
symptoms include increased sputum production
and cough, punctuated by intermittent periods of
more severe symptoms referred to as pulmonary
exacerbations (Bilton et al., 2011). A poorly under-
stood combination of changes in microbial infection
and inflammation causes exacerbations, which are
difficult to define or diagnose (Goss and Burns,
2007). Lung function is usually restored toward
pre-exacerbation levels after several days of intra-
venous antibiotic administration. Each exacerbation
is thought to cause irreversible scarring and damage
to lung tissue (Sanders et al., 2010, 2011).

Microbes living in the CF lung persist in the
nutrient rich mixture of abnormally thick mucus,
extracellular DNA, cell debris and toxic immune
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molecules (Conrad et al., 2012; Lynch and Bruce,
2013). Decreasing oxygen availability toward the
center of sputum drives some fraction of the
microbial population to fermentation and anaerobic
respiration (Worlitzsch et al., 2002; Yoon et al.,
2002). The fluid lining the airways in CF has a lower
pH relative to healthy tissue, even before microbial
colonization (Pezzulo et al., 2012), likely because of
impaired bicarbonate transport, and during exacer-
bation pH has been shown to drop even further in
exhaled breath condensate samples (Tate et al.,
2002; Ojoo et al., 2005). Oral microbes that can
aspirate to the lung are known to produce and
tolerate acid in response to fermentation of dietary
sugars (McLean et al., 2012). One mechanism
employed by microbes to avoid lethal acidification
from low pH fermentation products is an alternative
fermentation pathway, known as acetoin metabo-
lism, which produces the pH neutral and buttery
flavored compounds 2,3-butanedione (also known
as diacetyl) and 2,3-butanediol (Figure 1) (Bartowsky
and Henschke, 2004).

2,3-butanedione has the potential to harm lung
tissue and benefit microbes. The basis of its toxicity
in the lung may be its reactivity with guanidinium
groups such as those found in arginine side chains
(Mathews et al., 2010). Reactivity with guanidinium
groups also enables colorimetric detection of
2,3-butanedione with the Voges–Proskauer reaction
developed in the 1880s (Voges and Proskauer,
1898). Although at high concentrations (41 mM),

2,3-butanedione has broad antimicrobial activity
(Jay, 1982; Kim et al., 2013), lower doses (nM to
mM) may enhance microbial survival. For example,
when E. coli was exposed to 2,3-butanedione
emitted by B. subtilis, broad changes in gene
expression suggesting increased antibiotic resis-
tance and motility were observed (Kim et al., 2013).

If present in the lung, 2,3-butanedione could also
impact lung function and the resident microbial
community through its effects on the production of
toxic redox active molecules known as phenazines.
In the presence of oxygen, phenazines generate the
deadly oxygen radicals that originally led to their
designation as antibiotics. However, at low oxygen
tensions found in CF lungs, the phenazines could
act as alternative electron acceptors and enable
anaerobic respiration for other members of the
community, potentially recycling their redox state
through contact with occasional oxygen molecules
or abundant iron molecules in the CF lung (Wang
and Newman, 2008; Wang et al., 2010; Ghio et al.,
2012). The last step in the biosynthesis of pyocyanin
highlights the relationship between pyocyanin and
oxygen, as the conversion of phenazine-1-carboxylic
acid to pyocyanin requires oxygen for one of the
phenazine-modifying genes (PhzS), a flavin-containing
mono-oxygenase. Pyocyanin may serve an important
function in low oxygen conditions as an alternative
electron acceptor, and yet pyocyanin production
depends on the presence of oxygen. This is an
interesting puzzle that may relate to the currently
under-explored specializations of different phena-
zines. Each phenazine type has unique properties
including redox potential; the ability to transfer
electrons to O2 or Fe3þ varies and is dependent on
pH (Wang and Newman, 2008).

Although the main CF pathogen and phenazine
producer P. aeruginosa is not known to synthesize
2,3-butanedione, it consumes 2,3-butanedione pro-
duced by cocultured Staphylococcus aureus
(Filipiak et al., 2012b), and responds to 2,3-butane-
diol produced by cocultured Enterobacter aerogenes
by increasing its current production rate and
producing more of the phenazine pyocyanin
(Venkataraman et al., 2011). Increasing concentra-
tions of pyocyanin along with another phenazine,
phenazine-1-carboxylic acid, are associated with
disease severity in CF patients (Hunter et al., 2012).

Because these studies have been limited to
controlled experimental cultures, we took an eco-
system-level approach that investigated whether the
microaerophilic conditions of the CF lung could
steer microbial metabolism toward production of
2,3-butanedione. Here we show that 2,3-butane-
dione is a component of CF and non-CF breath
gas, and identify microbial genes for 2,3-butane-
dione synthesis in CF and non-CF sputum.
2,3-butanedione, likely to be produced by Strepto-
coccus spp., may lead to the increased phenazine
production when consumed by P. aeruginosa, a
relevant and drastic combination for the health ofFigure 1 Schematic of pathway for 2,3-butanedione metabolism.
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CF patients. We discuss a model where increased
production of phenazines offers an alternative
electron acceptor, which may enable phenazines to
recycle their redox state through donation of
electrons to distant oxygen molecules, nitrate or
abundant Fe3þ molecules in the lung.

Materials and methods

Ethical statement
All collection was in accordance with the University
of California Institutional Review Board (HRPP
081500) and San Diego State University Institutional
Review Board (SDSU IRB#2121).

Metagenome collection and analysis
For the longitudinal analysis, breath gases were
sampled from one CF patient and one healthy
individual at approximately monthly intervals. For
the combined cross-sectional analysis of breath
gases and metagenomes, induced sputum samples
were collected from seven CF patients and one
healthy control. Separation of microbial and human
cells was achieved through hypotonic lysis of
eukaryotic cells, followed by washing and DNA
extraction from microbial cells (Lim et al., 2012). Ion
Torrent sequencing of these samples yielded 19.8
million sequences. After removing low quality reads
with PRINSEQ (Schmieder and Edwards, 2011a)
and human sequences using DeconSeq (Schmieder
and Edwards, 2011b) with the commands specified
in the Supplementary Materials, 13.6 million reads
of B140 bp were retained for further analysis
(Supplementary Table 7). Genes related to butane-
dione synthesis from the SEED database (Aziz et al.,
2012) and phenazine synthesis genes from the Patric
database (Snyder et al., 2007) were used in BLASTn
searches for related sequences in metagenomic data
from CF patients. Metagenomic sequences were
selected if they matched butanedione and phena-
zine synthesis pathway genes with a minimum
length of 40 bp, sequence identity of 40% and a
BLAST e-value cutoff of 1� 10�10. Microbial DNA
isolated from SF sputum samples as part of a related
study (Lim et al., 2012) was also mined for
butanedione metabolism related genes. Metatran-
scriptome data from 454 sequencing of 10 sputum
samples from four CF patients (Lim et al., 2012)
consisted of 1 549 273 reads with an average length
of 280 bp, while 806 009 of the reads come from five
time-points taken from patient CF1 (Lim et al.,
2012). Bacterial mRNAs were not especially abun-
dant in these data sets, which have been published
previously (Lim et al., 2012). However, we were able
to examine the transcription of the human ferritin
gene, as mentioned in the Discussion and
Supplementary Information. BLAST hits that were
at least 60 bp long with an e-value cutoff 1� 10�5

were retained. Several queries were searched against

the transcriptome data, including: the heavy
and light chain of ferritin (GI:56682958 and
GI:56682960) and the two standards (GI:223459775
and GI:183603937) chosen for their transcription
rate stability across tissue types (Neville et al.,
2011). Raw counts are reported to avoid the
potential for false positives demonstrated with the
reads per kilobase per million mapped reads
measure (Dillies et al., 2012).

Species indicator values were calculated from the
metagenome data using the R package LABDSV
(http://cran.r-project.org/web/packages/labdsv/index.
html) (R: www.R-project.org). An operational taxono-
mical unit table with the relative abundance of each
genus in each sputum sample was used as input
for the ‘indval’ function. The ‘Acute’ and ‘Suppressive’
antibiotic groupings were used to cluster genera for
the ‘indval’ function.

Breath gas sample collection
At each time point, three breath samples were
collected within 5 min from a single CF patient in
a 1.9 L custom-built electro-polished stainless-steel
canister (Kamboures et al., 2005). At the beginning
of the second sample, a simultaneous breath sample
from a healthy control occupying the same room
was taken. At the same time, a background sample of
room air was taken by placing a canister within a
few feet of the human breath sample donors.
Volunteers were instructed to allow the first third
of their breath to escape to the room before turning
the valve to collect the sample in the canister to
avoid collecting breath gases from the oral cavity.
Food and drink in the hours before sampling along
with health status were recorded; volunteers were
instructed to eat and drink normally until 1 h before
sample collection. The analytical system used to
analyze the breath samples is similar to the system
described in (Colman et al., 2001). Briefly,
235±3 cm3 (at Standard Temperature and Pressure)
of an air sample is pre-concentrated in a stainless-
steel loop filled with glass beads and submerged in
liquid nitrogen. The sample is heated to B80 1C and
split into six different column/detector combina-
tions housed in three gas chromatographs using
UHP helium as the carrier gas: (1) DB-1 column
(J&W, Agilent, Santa Clara, CA, USA; 60 m, 0.32 mm
I.D., 1 mm film thickness) output to a flame ioniza-
tion detector and a sulfur chemiluminescence
detector; (2) DB-5 column (J&W, 30 m, 0.25 mm
I.D., 1 mm film thickness) connected in series to a
RESTEK 1701 column (5 m, 0.25 mm I.D., 0.5 mm
film thickness) and output to an electron capture
detector; (3) RESTEK 1701 column (60 m, 0.25 mm
I.D., 0.50 mm film thickness) output to an electron
capture detector; (4) PLOT column (J&W GS-Alumina;
30 m, 0.53 mm I.D.) connected in series to a
DB-1 column (J&W; 5 m, 0.53 mm I.D., 1.5 mm film
thickness) and output to an flame ionization
detector; (5) DB-5ms column (J&W; 60 m, 0.25 mm
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I.D., 0.5 mm film thickness) output to a quadrupole
mass selective detector (MSD, HP 5973). The MSD is
set to operate in scan mode (SCAN) and selected ion
monitoring mode simultaneously. Scan mode was
used for identification, whereas selected ion mon-
itoring (one ion chosen to quantify each compound)
was used in order to achieve the maximum
selectivity and to avoid potential interferences. All
gas chromatographs and detectors used in this study
were manufactured by Hewlett Packard (Palo Alto,
CA, USA).

The first three of the seven longitudinal time-
points were analyzed globally without focused
identification of a particular compound. After
2,3-butanedione was identified in the first two
time-points, pure 2,3-butanedione was diluted to
the parts per billion (ppb) level and then used as a
qualitative standard, focusing the instrument for
detection of 2,3-butanedione in the last four time-
points and for all time-points in the cross-sectional
study. Quantification of 2,3-butanedione was carried
out using both mass spectrometry and one of the
flame ionization detectors.

Statistical analyses
Box-plots, linear regressions, analysis of variance
and non-parametric tests were performed in R
(v3.0.1) or JMP (v5.0.1.2).

Results

2,3-butanedione occurs in healthy and CF breath
samples, and is affected by intravenous antibiotic
therapy
Gas chromatography was used to monitor
2,3-butanedione concentrations longitudinally over
seven time-points in one patient, and cross-sectionally
at the same time-point in seven patients. These
samplings always included simultaneous breath gas
sampling of healthy volunteers in the same room, and
background samples of room air. Volunteers were
instructed to collect only the last two-thirds of
each breath to avoid the gases produced by oral
microbes.

A CF patient produced more 2,3-butanedione than
the healthy control, except when receiving intrave-
nous antibiotic therapy. In the longitudinal study
one patient and a healthy control were simulta-
neously sampled approximately monthly. The
non-CF and air controls contained between 3 and
2287 parts per trillion (ppt) 2,3-butanedione,
whereas the CF samples contained between 1482
and 26 751 ppt (Figure 2 and Supplementary
Table 3). In this longitudinal sample, 2,3-butane-
dione concentrations in CF versus non-CF were
significantly different (repeated measures analysis
of variance; F¼ 336.7; P¼ 0.0004). Most interestingly,
the 2,3-butanedione concentration decreased over
10-fold in this patient during treatment with

intravenous antibiotics (azithromycin, trimethoprim/
sulfamethoxazole and tobramycin) (Figure 2).

2,3-butanedione production varied significantly
between CF and non-CF volunteers. The results
from our longitudinal study prompted us to examine
2,3-butanedione in additional CF and non-CF
volunteers. CF patients harboring microbial
communities dominated by different bacteria as
indicated by clinical sputum culture data were
chosen. This cross-sectional study sampled six CF
patients in addition to the one patient followed
longitudinally (Figure 2), four non-CF controls (each
of which were sampled at the same time and in the
same room as the matched CF patient), and ambient
room air (Figure 3 and Supplementary Table 4).
Only four non-CF volunteers donated breath
samples because one volunteer donated samples
(at different times) for multiple CF patients (CF2,
CF4, CF5 and CF7 in Figure 3 and Table 1).

Four of the seven CF patients sampled (CF1-4) had
elevated 2,3-butanedione concentrations in their
breath samples compared with the simultaneous
non-CF volunteers and room air samples. They were
considered to be in a stable disease state at the time
of sampling (Table 1). However, at the time of
sampling patients CF6 and CF7 were undergoing
antibiotic treatment for exacerbation, and patient
CF5 was completing a 4 week course of intravenous
tobramycin and aztreonam. These three patients
were further classified as undergoing ‘Acute’
antibiotic therapy. Importantly, all of the patients
regularly take antibiotics for maintenance, and those
patients only undergoing maintenance therapy were
classified as ‘Suppressive’ (Table 1).

Antibiotic therapy may affect 2,3-butanedione
production in all patients. On the basis of the
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Figure 2 Box-plot showing concentrations of 2,3-butanedione
from seven time-points taken over the course of 6 months in one
CF patient (red), one gender matched healthy volunteer (gray) and
room air samples (black). The red boxes represent the middle 50%
of the data from the three CF breath samples taken at each time-
point, whereas the whiskers show the minimum and maximum
values, and circles represent outliers. 2,3-butanedione levels on
the y axis are plotted on a logarithmic scale. The asterisks indicate
room samples with a level of 2,3-butanedione that was
undetectable (the 36-day time-point), or below the range of the
y axis (177ppt, 162-day time-point).
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results from the longitudinal sampling, we examined
the effect of antibiotic therapy on 2,3-butanedione
production in this cross-sectional sample of CF and
non-CF volunteers (Figure 3b). CF patients were
classified as either being only on ‘Suppressive’
therapy, which is the maintenance dose of anti-
biotics all CF patients are prescribed during times of
relatively good health, or ‘Acute’ therapy, which is

typically intravenous administration of antibiotics
during times of exacerbation or relatively poor
health. Non-CF volunteers were not taking antibio-
tics, and were classified as ‘Healthy’.

When all replicate measurements were analyzed
as separate data points, patients undergoing ‘Acute’
versus ‘Suppressive’ antibiotic therapy had signifi-
cantly different levels of 2,3-butanedione present
(analysis of variance; F¼ 11.384; P¼ 0.00251).
‘Healthy’ breath gases were intermediate (Figure 3b
shows a box-plot of all measurements for each
category). However, because replicate measurements
were not combined for this analysis, we also
performed the same analysis using the median value
of replicate measurements. Using a single median
value for each patient led to results that were
statistically insignificant, though the trend was
maintained. A power analysis suggested that the
available sample size was insufficient to detect an
effect: a sample size of 12 with an a¼ 0.05 had
only 0.0961 power (1 is maximum). Obtaining
significance at the a¼ 0.5 level would require 93
volunteers, and at the a¼ 0.1 level would require 72
volunteers.

Metagenomes indicate potential for 2,3-butanedione
production
To identify microbial candidates that may be
responsible for 2,3-butanedione production, we
sequenced metagenomes from sputum induced in
our cross-sectional CF volunteers, and one non-CF
volunteer. Although our conclusions will be limited
by this small sample size, complete metagenomes
provide an enormous volume of data for generating
new, and testing existing, hypotheses.

Table 1 Samples from CF and non-CF volunteers

Study Patient Time-point Disease
severity

Clinical state Antibiotic
therapy

Metagenome
data

Breath gas
data

Healthy
control

Longitudinal CF1 A Mild/moderate Stable Suppressive No Yes H5
Longitudinal CF1 B Stable Suppressive No Yes H5
Longitudinal CF1 C Treatment Acute No Yes H5
Longitudinal CF1 D Stable Suppressive No Yes H5
Longitudinal CF1 E Stable Suppressive No Yes H5
Longitudinal CF1 F Stable Suppressive No Yes H5
Longitudinal CF1 G Stable Suppressive No Yes H5
Cross-sectional CF1 H Stable Suppressive Yes Yes H3
Cross-sectional CF2 A Moderate Stable Suppressive Yes Yes H2
Cross-sectional CF3 A Moderate Stable Suppressive Yes Yes H1
Cross-sectional CF4 A Mild Stable Suppressive Yes Yes H2
Cross-sectional CF5 A Severe Stable Acute Yes Yes H2
Cross-sectional CF6 A Moderate Treatment Acute Yes Yes H4
Cross-sectional CF7 A Severe Post treatment Acute Yes Yes H2
Cross-sectional H1 A None None None No Yes
Cross-sectional H2 A None None None Yes Yes
Cross-sectional H3 A None None None No Yes
Cross-sectional H4 A None None None No Yes
Longitudinal H5 A None None None No Yes

Abbreviation: CF, cystic fibrosis.
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Figure 3 Box-plots of 2,3-butanedione concentrations in a cross-
sectional study of CF patients and paired non-CF volunteers.
(a) Breath samples from seven CF patients and five non-CF
volunteers showing 2,3-butanedione levels. Patient CF1 and H5
are the same individuals shown in Figure 2. Patient CF5 was
completing a 4 week course of intravenous tobramycin and
aztreonam at the time of sampling, and patients CF6 and CF7
were undergoing antibiotic treatment for exacerbation (see Table 1
for clinical information). (b) Box-plot of samples grouped by type
of antibiotic therapy.

2,3-butanedione fermentation in CF airways
KL Whiteson et al

1251

The ISME Journal



Genes for butanedione metabolism and phenazine
production are present in sputa from CF patients.
Microbial DNA was isolated and sequenced as
described in the Materials and methods. The overall
taxonomic distribution of each sample was deter-
mined through identification of sequences known to
be unique to sequenced strains of bacteria using
Metaphlan (Segata et al., 2012), revealing that
polymicrobial infections in sputum samples in these
patients are unique to each individual, and domi-
nated by R. mucilaginosa, Streptococcus spp., and
P. aeruginosa (Figure 4). Interestingly, the microbes
found in the healthy volunteer were remarkably
similar to those from the CF patients, being domi-
nated by Rothia, Pseudomonas and Streptococcus.
Although R. mucilaginosa was present in both CF and
non-CF, the dominant Streptococcus spp. in CF
samples were S. parasanguinis and S. salivarius,
whereas the non-CF volunteer had S. mitis, S. oralis,
S. infantis and S. australis.

The metagenomes were mined for genes related to
acetoin biosynthesis, including acetolactate
synthase (budB), acetolactate decarboxylase (budA)
and butanediol dehydrogenase (budC; the metabolic
pathways are summarized in Figure 1). A total of
6278 raw reads matched the known butanedione
metabolism genes (BLASTn; e-value cutoff 1� 10�10,
with at least 40 bp query coverage and 40% sequence
identity). The taxonomic distribution of these genes
was distinct from that of the total community, by
having an over-representation of Streptococcus spp.
(Figure 5). The 466 reads with high quality hits to
acetoin metabolism genes (BLASTn; e-value cutoff
1� 10� 10, with at least 60 bp query coverage and

90% sequence identity) were heavily dominated by
Streptococcus spp. (335 of 446 top hits), despite
P. aeruginosa and R. mucilaginosa being numeri-
cally dominant in most patients. Reanalysis
of 18 published metagenomes from six CF patients
(Lim et al., 2012) confirmed the over-represen-
tation of Streptococcus-associated genes for butane-
dione metabolism (Supplementary Figure 1 and
Supplementary Table 1). Fragment recruitment of
metagenomic reads against the butanedione path-
way genes from S. parasanguinus, a common
species in these samples, is shown in Figure 6.

Streptococcus spp. were the only bacteria in these
microbial communities that encoded all of the
enzymes in the 2,3-butanedione pathway. budA
was not present in P. aeruginosa (in these CF
metagenomes from San Diego nor in publically
available fully sequenced genomes (Winsor et al.,
2011), and budC was not present in the highly
abundant R. mucilaginosa. However, R. mucilaginosa
and/or P. aeruginosa have the ability to consume
2,3-butanedione, as they encode acoA and acoB, the
genes whose products catabolize acetoin for use in
central metabolism.

Electrical current production increases when
P. aeruginosa is directly fed 2,3-butanediol or when
it is cocultured with microbes that produce it
(Venkataraman et al., 2011). Under these micro-
aerobic conditions, P. aeruginosa increases its
production of the redox active phenazine, pyocyanin
(Venkataraman et al., 2011), which may act as an
alternative electron acceptor (Cox, 1986; Wang and
Newman, 2008; Wang et al., 2011). Therefore, to
identify whether these microbial communities
had the potential for this 2,3-butanediol-induced
phenazine production, we mined the metagenome
data for genes that encode phenazines. As shown in
Figure 5, phenazine biosynthesis genes were present
in the CF metagenomes (BLASTn; 4109 hits with
e-value 1� 10�10, 40 bp length and 40% identity),
the vast majority of which (95%) were found in
P. aeruginosa.

Figure 4 Taxonomy of microbial communities as assessed by
Metaphlan for seven CF patients, from 13.5 million Ion Torrent
reads of B140 bp in length. The average fractional abundance of
taxa for the seven CF patients from the cross-sectional study is
also shown (CF average), in addition to the taxonomy of one
sputum sample induced in a healthy volunteer (Healthy), and the
pooled data from a previous data set taken from six CF patients at
two to four time-points (Pooled CF) (Lim et al., 2012). Relative
abundance data can be found in Supplementary Table 10.

Figure 5 Taxonomy of BLASTn hits to genes involved in 2,3-
butanedione metabolism (6278 hits) and phenazine synthesis
(4109 hits). budB small and budB large refer to short and long
subunits of budB, respectively.
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Microbial abundance and 2,3-butanedione production.
To identify how varying abundances of each
candidate genus could predict the amount of
2,3-butanedione produced, we used linear models
to identify how much variation in 2,3-butanedione
concentration could be explained by the relative
abundances of Streptococcus, Rothia and Pseudo-
monas in the CF patients. Only variability in
Streptococcus could significantly predict differences
in 2,3-butanedione concentration (Supplementary
Figure 4: r2¼ 0.76; P¼ 0.01), whereas Rothia
(r2¼ 0.00; P¼ 0.94) and Pseudomonas (r2¼ 0.00;
P¼ 0.97) abundances had no effect. Additional
patient information, microbial abundances and a
corroborating correlation analysis can be found in
Supplementary Tables 8 and 9.

The effects of antibiotic treatment on microbial
communities. The potential for ‘Acute’ antibiotic
therapies to influence the production of 2,3-butane-
dione prompted us to examine how these therapies

affect the microbial composition and physiology of
lung communities. Particularly, we aimed to identify
which genera were indicative of antibiotic therapy
group membership. Using the LABDSV package in R,
we attempted to identify genera that were signifi-
cantly associated with ‘Acute’ or ‘Suppressive’
therapies. None of the genera in the metagenomic
data set were significantly associated with patients
undergoing ‘Acute’ or ‘Suppressive’ therapy. Either
this analysis suffered from the same lack of power as
the analysis of variance mentioned above, or the
different antibiotic therapies do not predictably alter
the underlying microbial communities. Thus, any
effects antibiotic treatment may have on 2,3-butane-
dione production could be due to altering the
physiology of the microbes present, rather than
altering the abundances of individual microbes.

Discussion

The presence of 2,3-butanedione in breath indicates
low pH, low oxygen conditions and can serve as a
cue to neighboring microbes. Here we have shown
that 2,3-butanedione is abundant in CF patients, that
its concentration varies with antibiotic therapy, and
that it may be produced by Streptococcus species.

2,3-butanedione in the breath gases
Healthy people emit hundreds to thousands of
breath gases in the ppb to parts per quadrillion
concentration range (Pauling et al., 1971; Cao and
Duan, 2006). These products are derived from:
(i) exchange of human metabolic products from the
blood across the lung epithelia; (ii) inhalation of
gases from the environment, which may be altered
enzymatically or absorbed in the lung; (iii) microbial
metabolites produced in the airways or oral cavity
(Kamboures et al., 2005; Scott-Thomas et al., 2010)
and (iv) hydrocarbons that may derive from the
breakdown of cell membranes by reactive oxygen
species and other toxic molecules secreted in the
context of inflammation (Robroeks et al., 2010).
Breath gases can be used to identify the cause of an
infection if the metabolite is unique to a particular
species of bacteria, or the physiology of the micro-
bial community if the metabolite is only produced
under particular conditions, such as low pH or
oxygen (Bos et al., 2013).

Healthy people can have a low background of
2,3-butanedione from intestinal and oral microbial
metabolism (de Graaf et al., 2010). This may explain
higher levels of 2,3-butanedione in healthy controls
compared with the room signal. To mitigate the
signal from these oral microbes as much as possible,
we included non-CF volunteers, and all sampled
individuals were instructed to discard the first few
seconds of their breath sample.

In this study, volunteers were requested not to
consume anything but water for 1 h before sampling,
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Figure 6 Fragment recruitment diagrams showing hits to
Streptococcus parasanguinus acetoin metabolism genes from
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and reported what they had consumed in the hours
leading up to sample collection. One non-CF
volunteer who had high concentrations of breath
2,3-butanedione (H4) reported that he or she did not
consume anything other than water in the 2 h before
sampling, and that he or she did not have any
respiratory infections or symptoms in the month
preceding the sampling. The origin of 2,3-butane-
dione in this individual is unknown, and warrants
further study of 2,3-butanedione concentrations in
breath gases from a larger study population.
In general, detection of 2,3-butanedione in the
breath may derive from food or from the metabolism
of microbes in the airways. It is not found in the
blood, and when compared with the room air was
found to be at a threefold higher concentration in the
breath samples of 28 healthy volunteers who did not
fast and remained still for 10 min in the same
room where samples were collected (Mochalski
et al., 2013). Alcohol metabolism may also lead to
detectable levels of 2,3-butanediol in human blood
and urine (Otsuka et al., 1999).

During a 6-month longitudinal study, the concen-
tration of 2,3-butanedione was consistently elevated
in CF1 with the exception of time-point C (Figure 2).
The first two and the last four samples were taken
during periods of stability for the CF patient. Time-
point C was the only one taken when the patient was
in the hospital; breath sampling occurred 5 days
after the patient began a course of acute antibiotic
treatment. Furthermore, in the cross-sectional study,
patients who had recently finished (CF5), or were
undergoing (CF6 and CF7), acute treatment also had
lower levels of 2,3-butanedione. 2,3-butanedione in
breath samples taken after discarding the first third
of the breath may indicate that oral microbes such as
Streptococcus have moved into the lung. There,
these immigrant microbes may influence the
physiology of the microbial community, though
their activities may be more sensitive to antibiotics
than long-time residents of the lung such as
P. aeruginosa. Decreases in 2,3-butanedione concen-
tration during acute therapy could be attributed to a
reduction in the density of the producing bacteria,
a change in the metabolism of the bacterial
community, or the consumption of this metabolite.
Identifying whether a causative link exists between
2,3-butanedione production, antibiotic therapy and
patient health is an important goal for future
research with a larger cohort.

Streptococcus spp. likely produced 2,3-butanedione
detected in the CF breath gases
The presence of 2,3-butanedione in the breath of
these individuals suggests active production of 2,3-
butanedione. Our metagenome data combined with
the presence of 2,3-butanedione in culture head-
space samples (Filipiak et al., 2012a,b) indicate that
Streptococcus spp. were most likely producing
2,3-butanedione in these samples. Activity of
Streptococcus spp. in one patient, with significant

2,3-butanedione production, was suggested by
metatranscriptome data from a previous study;
however, sequence read coverage was too low to
detect the presence of acetoin biosynthesis genes
(Lim et al., 2012). Although the Pseudomonas in
the samples described here did encode part of the
acetoin biosynthesis pathway, they lacked the
essential enzyme BudA (Figure 5). 2,3-butanedione
can be produced spontaneously from acetolactate
(Figure 1), however, Lactococcus mutants lacking
acetolactate decarboxylase (BudA) do not produce
nearly as much 2,3-butanedione (Aymes et al.,
1999). This is consistent with previous reports
showing P. aeruginosa does not produce 2,3-buta-
nedione (Filipiak et al., 2012b).

The interplay between Streptococcus and
Pseudomonas is important for a polymicrobial
understanding of CF lung communities, because
these bacteria usually colonize CF children and
adults for the long term (Zemanick et al., 2011;
Delhaes et al., 2012; Zhao et al., 2012). Streptococcous
spp are considered to be generally dominant in the
oral cavity of humans, comprising 420% of the oral
microbial communities that were sequenced as part of
the human microbiome project (Bik et al., 2010; Grice
and Segre, 2012). Likewise, R. mucilaginosa is a
common although less dominant oral bacteria
(Grice and Segre, 2012). Oral origin of lung infection
is well accepted; aspiration of oral material is
known to cause about half of Pneumonia in the
general population (Bousbia et al., 2012); a similar
mechanism may be even more important in CF.

In several recent studies using culture indepen-
dent approaches, Streptococcus spp. are among the
top 5–10 most abundant microbes in the CF sputum
samples (Blainey et al., 2012; Filkins et al., 2012;
Fodor et al., 2012; Goddard et al., 2012; Lim et al.,
2012; Zhao et al., 2012; Supplementary Table 2).
The Streptococcus milleri group (S. anginosus,
S. constellatus, and S. intermedius) has been
associated with exacerbations in a Canadian CF
cohort and antibiotic treatment targeting this group
resolved respiratory symptoms in the patients
(Sibley et al., 2008). S. pneumoniae and its virulent
phage Dp-1 were abundant in patient CF1
(Supplementary Figure 2) (Lim et al., 2012), and
Streptococcus reads accounted for a relatively high
percentage of all sequence reads from CF patients
examined herein, further supporting the presence of
Streptococcus spp. in CF microbial communities,
though most clinical labs discard plates containing
Streptococcus spp. and other typical members of the
oral cavity as contaminants.

2,3-butanedione and its potential effects on CF lung
microbial community physiology
Placing these results in the context of the phenazine
literature, we propose a model of cross-feeding
between 2,3-butanedione producers such as
Streptococcus spp. and phenazine producing
P. aeruginosa (Figure 7a). Cross-feeding could occur
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throughout the CF airways, as a volatile molecule
such as 2,3-butanedione could easily travel through
the airways, affecting microbes at greater distances.
In response to 2,3-butanediol, P. aeruginosa pro-
duces phenazines (Venkataraman et al., 2011) that
are known to increase in concentration as CF
progresses (Hunter et al., 2012). The abundance of
phenazines could then offer an alternative electron
acceptor in oxygen limited conditions, thereby
increasing 2,3-butanedione production and growth
or survival of acetoin metabolizing strains (for
example, Streptococcus spp.). Phenazine producing
mutants of P. aeruginosa have been shown to form
biofilms with architecture that increases surface
area to increase access to oxygen, supporting the
role of phenazines as alternative electron acceptors
when access to oxygen is reduced (Dietrich et al.,
2013). As shown in Figure 7b, phenazines that
accept electrons from NADH that is produced in the
course of microbial catabolism may recycle their

redox state when they come into contact with O2 or
Fe3þ , depending on oxygen availability, pH and the
redox potential of the phenazine (Wang and
Newman, 2008).

Elucidating the relationship between the redox
state of phenazines and Fe3þ is important because
CF patients are often anemic, and high sputum iron
content has been measured in CF patients during
stable periods and exacerbations (Stites et al., 1998;
Reid et al., 2007; Ghio et al., 2012; Gifford et al.,
2012). The amount of iron sequestered in CF sputum
is a considerable fraction of the total iron stores in
the body, and is consistent with the possibility that
iron in sputum originated from ferritin, which stores
an average of 20–30% of the iron in a healthy adult
(Lieu et al., 2001). Several studies of CF sputum
have observed high iron and ferritin concentrations.
The ferritin transcription in the San Diego CF
patient’s sputa (Supplementary Figure 3) is consis-
tent with antioxidants controlling transcription of
ferritin, and demonstrates the co-occurrence of
ferritin transcription and high butanedione levels
in the breath of the same CF patient. Under low
oxygen conditions, nitrate or abundant Fe3þ could
act as an alternative electron acceptor, recycling the
redox state of the phenazines and maintaining a
supply of NADþ (Figure 7b). Evidence supporting
this mechanism can be found in recent studies of
iron redox state in CF sputum, where an increasing
fraction of iron was observed to be in the Fe2þ rather
than the Fe3þ state as disease state progressed
(Hunter et al., 2013). Because alternative electron
acceptors provide a crucial survival advantage in the
CF lung, limiting access to components that may
contribute to their production—iron, butanedione or
phenazines—could be a tool to control microbial
infection and inflammation in the CF lung. For
example, Gallium has been used successfully to
interfere with P. aeruginosa iron metabolism
(Kaneko et al., 2007).

2,3-butanedione as a biomarker for Streptococcus
activity and an anoxic lung environment
A colorimetric assay to detect acetoin known as the
Voges–Proskauer test was developed in Germany in
the 1890s (Voges and Proskauer, 1898). Using this
inexpensive assay, it may be possible to develop
accessible methods for detecting the active, low
pH metabolism of Streptococcus spp. and other
butanedione-producing bacteria in respiratory
patients. Detection of 2,3-butanedione in breath
gases is important to better understand the resident
bacterial community, and also has practical impor-
tance for lung health (Supplementary Tables 5
and 6). For example, microwave popcorn factory
workers developed Bronchiolitis Obliterans after
occupational exposure to 2,3-butanedione, leading
to passage of the Popcorn Workers Lung Disease
Prevention Act (H.R. 2693) in 2007 with recommen-
dations to reduce exposure to inhaled 2,3-butane-
dione. The concentrations of 2,3-butanedione that

Figure 7 Model for synergism between Streptococcus (or other
butanediol producers) and Pseudomonas (or other phenazine
producers). (a) In low O2, low pH and quorum sensing conditions,
Streptococcus and some other bacteria activate their acetoin
metabolism, producing 2,3-butanedione and 2,3-butanediol. This
has been shown to elevate phenazine production in P. aeruginosa
(Venkataraman et al., 2011). (b) In low O2, phenazines can act as
an alternative electron acceptor, and Fe3þ or other electron
acceptors could recycle the phenazine redox state in the absence
of Oxygen. Blue and white triangles indicate reduced and
oxidized phenazine molecules, respectively.
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were detected in our study are thought to be high
enough to cause lung damage, and are above the
proposed standard of 1 ppb over an 8 h workday
(Egilman et al., 2011).

Both 2,3-butanedione and 2,3-butanediol have
been studied in a wide variety of host–microbe
interactions (Supplementary Tables 5 and 6). 2,3-
butanedione has been shown to reduce the ability of
mosquitos to detect CO2, preventing them from
finding a host to prey on (Turner et al., 2011). In
plant infections, microbial acetoin metabolism
triggers the plant immune response, and is carefully
timed to occur after cellulose degrading enzymes
have already caused the damage needed for a
successful infection (Effantin et al., 2011). One
Vibrio cholera biotype secretes 2,3-butanediol and
inhibits pro-inflammatory signals from epithelial
cells (Bari et al., 2011), and 2,3-butanediol has also
been shown to inhibit neutrophils in rats (Hsieh
et al., 2007). The complexity of these interactions
suggests that acetoin producing microbes and hosts
have evolved together.

Conclusions

The physicians and spouses of some CF patients
report that they can detect an odor associated with
exacerbation (Cao and Duan, 2006). CF also leads to
changes in the abundance of breath gases that are
universally detected in human breath (Montuschi
et al., 2012). In the case of infection, distinct gases
that are unique to specific microbial metabolism or
immune action may be present.

Linking together products unique to microbial
metabolism from breath gas measurements with the
genes detected by metagenomic sequences of micro-
bial communities in sputum may enable development
of biomarkers for early detection of exacerbations.
Elucidation of the molecular signaling that occurs in
CF microbial communities could also lead to new
treatment strategies for altering microbial physiology.
The detection of 2,3-butanedione in the breath of CF
patients indicates: (i) active metabolism in the air-
ways by 2,3-butanedione-producing bacteria, such as
Streptococcus spp; (ii) synergism with other bacteria,
where 2,3-butanedione acts as a carbon source and/or
signaling molecule and (iii) 2,3-butanedione likely
interacts with the host immune system, and causes
direct physical damage through destruction of argi-
nine side chains.
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