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During cystic fibrosis (CF) chronic lung infections, bacteria of the Burkholderia
cepacia complex (Bcc) are exposed for several years to a stressful and changing
environment. These environmental challenges results in genetic changes of the initial
infecting strain with the consequent diversification of genotypes and phenotypes.
The exploitation of functional and comparative genomic approaches has suggested
that such diversification is associated with massive metabolic remodeling but these
alterations are poorly understood. In the present work, we have explored a high
resolution 1H-NMR-based metabolomic approach coupled to multivariate analysis to
compare the endometabolome of three B. cenocepacia clonal variants retrieved from a
CF patient from the onset of infection (IST439) until death with cepacia syndrome after
3.5 years (IST4113 and IST4134), to complement former proteomic and transcriptomic
analyses. A fourth clonal variant (IST4129) retrieved from the same CF patient when
the clinical condition worsened during the last months of life, was also examined
since it was found to lack the third replicon. The metabolomic profiles obtained,
based on the complete 1H-NMR spectra, highlight the separation of the four clonal
variants examined, the most distinct profile corresponding to IST4129. Results indicate
a variable content of several amino acids in the different isolates examined and suggest
that glycolysis and the glyoxylate shunt are favored in late variants. Moreover, the
concentration of two metabolites with demonstrated cellular protective functions against
stress, glycine-betaine and trehalose, is different in the different isolates examined.
However, no clear correlation could be established between their content and stress
tolerance. For example, IST4113, previously found to be the most resistant variant to
antimicrobials of different classes, exhibits low levels of trehalose and glycine-betaine
but the highest resistance to heat and oxidative stress. Also, IST4129, with a high
level of glycine-betaine but lacking the third replicon, previously associated with stress
resistance and virulence, exhibits the highest susceptibility to all the stresses tested.
Taken together, results from this study provide insights into the metabolic diversification
of B. cenocepacia clonal variants during long-term infection of the CF airways.

Keywords: Burkholderia cepacia complex, 1H-NMR based metabolomics, cystic fibrosis, chronic respiratory
infection, stress tolerance, clonal variation, trehalose, glycine-betaine
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INTRODUCTION

Cystic fibrosis (CF) chronic lung infections caused by
Burkholderia cepacia complex (Bcc) bacteria are usually
associated with a rapid decline in lung function and decreased
life expectancy (Mahenthiralingam et al., 2005; Lipuma, 2010).
Once inside the CF lung, Bcc bacteria face a changing and
stressful environment resulting from the activity of the host
immune system, antimicrobial therapy, fluctuating levels of
nutrients, decreasing oxygen availability and the presence of
other co-infecting microbes (Döring et al., 2011). As proposed
for Pseudomonas aeruginosa (Smith et al., 2006; Clark et al.,
2015; Marvig et al., 2015), it is believed that these challenging
environmental conditions stimulate genetic alterations in the
initial infecting strain, leading to the diversification of genotypes
and phenotypes and to the emergence of multiple clonal variants
from the underlying Bcc population (Coutinho et al., 2011a,b;
Lieberman et al., 2011, 2014; Moreira et al., 2014; Zlosnik et al.,
2014; Miller et al., 2015; Maldonado et al., 2016).

The genome sequence and expression alterations experienced
by Bcc bacteria during chronic infections have recently been
on the focus of several studies. The genome sequences of
late Burkholderia cenocepacia isolates retrieved from a CF
patient after 10 years of chronic infection were compared with
the initial infecting strain and mutations in genes involved
in metabolism, including genes from amino acid, iron and
purine metabolism, were identified (Miller et al., 2015). Another
comparative genomic study focusing on B. multivorans isolates
retrieved from a CF patient over 20 years of infection has shown
that genes involved in gene expression regulation, cell envelope
biogenesis, fatty acid and amino acid metabolism exhibit
recurrent mutation patterns (Silva et al., 2016). Comparative
genomic analysis of 112 B. dolosa isolates retrieved from 14
CF patients over 16 years of epidemic outbreak suggested that
genes involved in secretion, outer membrane synthesis, oxygen-
dependent regulation and antibiotic resistance are under strong
selective pressure (Lieberman et al., 2011). Non-synonymous
mutations in other genes involved in central metabolism were
also detected, including five mutations in genes coding for
three components of the 2-oxoglutarate dehydrogenase complex
(Lieberman et al., 2011); two of these genes were also found
to be mutated in a B. cenocepacia biofilm community after
more than 1000 generations of selection (Traverse et al., 2013).
The importance of cellular metabolism in Bcc persistence and
pathogenesis was further supported by the demonstration of the
crucial role of 21 metabolism-related genes in B. cenocepacia
K56-2 survival (Hunt et al., 2004). Moreover, the comparison of
genomic expression analyses based on quantitative proteomics
and transcriptomics of three B. cenocepacia clonal variants
retrieved from the same chronically infected CF patient during
3.5 years is also consistent with metabolism diversification

Abbreviation: Bcc, Burkholderia cepacia complex; CF, cystic fibrosis; CPMG, Carr-
Purcell-Meiboom-Gill; d4-TSP, trimethylsilyl-2,2,3,3-tetradeuteropropionate; 1H-
NMR, proton nuclear magnetic resonance; HSM, Hospital de Santa Maria;
O-PLS-DA, orthogonal partial least squares discriminant analysis; PCA, principal
component analysis; ROS, reactive oxygen species; TCA, tricarboxylic acid cycle;
VIP, variable importance projection.

during chronic CF lung infection (Coutinho et al., 2011a,b;
Madeira et al., 2011, 2013; Mira et al., 2011). The three isolates
examined in these genome-wide expression analyses include the
first and the last isolates retrieved from the patient before death
with the cepacia syndrome (IST439 and IST4134, respectively),
and one intermediate isolate exhibiting a high resistance to
several antimicrobial of different classes, retrieved after a period
of exacerbated pulmonary function and intravenous therapy,
IST4113. Several genes and proteins found to exhibit an altered
expression in the two late isolates compared with the first isolate
are involved in amino acid, purine, pyrimidine, tricarboxylic acid
(TCA) cycle, glycolysis/gluconeogenesis, pyruvate metabolism,
and oxidative phosphorylation. Taken together, these reports
suggest a relevant role for metabolic reprogramming during Bcc
persistence in the CF lung, even though the specific metabolic
changes occurring along CF chronic lung infection are still poorly
characterized.

Metabolomic approaches are of uttermost importance since
metabolites are further down the line from gene to function,
reflecting more closely the cellular activity at a functional level.
However, studies involving this type of analysis are scarce, though
the usefulness of a metabolomic approach for the understanding
of bacterial metabolic adaptation was already demonstrated
through the analysis of the osmotic stress effect in B. cenocepacia
clinical isolates (Behrends et al., 2011) and the metabolomic
footprinting of 179 P. aeruginosa isolates retrieved from several
CF patients (Behrends et al., 2013). In the present work, we
have performed an endometabolomic analysis of the three above
referred B. cenocepacia clonal isolates (IST439, IST4113 and
IST4134) whose genome-wide expression analysis was previously
examined in our laboratory. This metabolomics analysis was
based on 1H-NMR aiming to unveil the alterations occurring in
the metabolome of these B. cenocepacia clonal variants during
a chronic infection. This comparative analysis was extended
to a fourth clonal variant (IST4129) retrieved from the same
CF patient 3 months before death with the cepacia syndrome
when the clinical condition worsened, given that it was found
to lack the third replicon (Moreira et al., 2016). This replicon
is required for virulence, tolerance to multiple stresses, D-xylose,
pyrimidine and fatty acid utilization, as well as exopolysaccharide
production and protease activity in some strains (Agnoli et al.,
2012, 2014). Moreover, from the 776 predicted coding sequences
of the B. cenocepacia J2315 third replicon, a high percentage
corresponds to hypothetical proteins and genes with unknown
function (Holden et al., 2009). Since our goal was to compare
the data gathered in the present work for four previously
characterized clonal variants (Cunha et al., 2003; Coutinho
et al., 2011a; Moreira et al., 2016) retrieved from the same
patient during chronic infection with the information previously
obtained using other genome-wide expression approaches, cells
were grown under conditions identical to those tested before
and though to mimic those expected to occur during growth
in the CF lung (Madeira et al., 2011, 2013; Mira et al., 2011).
Although static measurement of metabolite pool sizes cannot be
used to infer about metabolic fluxes, the observed changes may
indicate potential alterations in pathway activity (Nandakumar
et al., 2014). To the best of our knowledge, this is the first study
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using an endometabolomic approach coupled to multivariate
statistical analysis to get insights into the metabolic diversity of
B. cenocepacia during chronic infection of the CF airways.

MATERIALS AND METHODS

Bacterial Isolates and Growth Conditions
The four Burkholderia cenocepacia clonal variants examined
in this study, IST439, IST4113, IST4129 and IST4134, were
recovered from the sputum of a CF patient under surveillance
at the major Portuguese CF Center in the Hospital de Santa
Maria from Centro Hospitalar Lisboa Norte EPE, Lisbon, from
January 1999 to July 2002, as part of the hospital routine (Cunha
et al., 2003; Coutinho et al., 2011a; Moreira et al., 2016). For
each isolation date, one well isolated colony capable of growing
onto the selective B. cepacia Selectatab medium was picked at
random. Bacterial growth was carried out in Lysogeny Broth,
Lennox (LB; Conda, Pronadisa), at 37◦C and 250 rpm, or in
LB agar plates obtained by supplementation of LB with 2% agar
(Iberagar, Portugal).

Endometabolome Profiling
Cell Sampling and Metabolite Extraction
B. cenocepacia isolates were grown in LB broth until mid-
exponential phase (OD640 nm of 0.4 ± 0.04). After dilution to a
standardized OD640 nm of 0.2 ± 0.02 in 0.9% NaCl (w/v), 100 µl
of these cell suspensions were plated onto plates containing
30 ml of LB agar and then incubated for 24 h at 37◦C. These
growth conditions mimic those previously used to obtain cells
to perform genome-wide expression analyses dedicated to three
of the B. cenocepacia clonal isolates examined during the present
study (Madeira et al., 2011, 2013; Mira et al., 2011), as well as
the surface-attached growth expected to occur in the CF lung
(Coutinho et al., 2011b; Madeira et al., 2011). Cells were washed
from plates with 3 ml of 0.9% NaCl (w/v) and collected by
centrifugation at 4500 × g, 4◦C, during 10 min. The pellet was
washed with 5 ml of 0.9% NaCl (w/v) and centrifuged again. One
and a half ml of glass beads (0.4–0.6 mm diameter) and 9 ml of
ethanol/water (75:25 v/v) heated to 80◦C in a water bath were
added to the pellets. The mixture was vortexed for 30 s, heated
for 3 min to 80◦C, vortexed again for 30 s and pelleted in a
centrifuge cooled to −10◦C (4500 × g, 10 min). The supernatant
was transferred to a new tube and the extraction step was repeated
with 6 ml of ethanol (75:25 v/v). The supernatants were mixed,
cleared by centrifugation (10000 × g, −10◦C, 10 min), dried
under vacuum and stored at −80◦C until NMR analysis. To
increase signal sensitivity and reduce biological variation, two
extracts from the same isolate and independently prepared were
mixed together, producing a single sample (Malmendal et al.,
2006; Colinet et al., 2013). For each isolate, six independent
samples were analyzed by proton-NMR.

NMR Data Acquisition, Processing and Resonance
Assignments
The dried extracts were dissolved in 1 ml of buffer (0.1 M
phosphate buffer pH 7.00 in D2O, containing 0.1 M of d4-TSP)

and transferred to 5 mm diameter NMR tubes. The samples
were analyzed using a 500 MHz Avance III Bruker spectrometer,
equipped with a 5 mm inverse probe (TXI), at 296 K, at the IST
campus (Centro de Química Estrutural, CQE). One dimensional
(1D) proton spectra were acquired using a train of CPMG
echoes, of 40 ms long, to reduce macromolecules broad signal.
All proton spectra were manually phased, baseline corrected
and referenced to d4-TSP (δ 0.00 ppm) using Mnova v7.1 for
NMR data processing. For metabolite identification purpose
Total Correlation Spectroscopy (TOCSY; 512 × 2 K data points,
relaxation delay of 2 s, mixing time of 60 ms and 64 transients
per FID), and Heteronuclear Single Quantum Coherence (HSQC;
512 × 2 K data points, relaxation delay of 1.5 s, 64 transients
per FID and a spectral width of 174 ppm in indirect dimension)
spectra were collected for representative samples. Metabolite
identity was assigned by careful analysis of chemical shifts,
intensities, J couplings and multiplicities of the peaks present
in 1D proton spectra, complemented with information from
TOCSY and HSQC spectra and data gathered from different
databases, as described previously (Lourenço et al., 2011, 2013).
The identity of each metabolite was confirmed by comparison
with spectra obtained for each authentic standard using the same
sample conditions and NMR parameters.

Multivariate Data Analysis
The methodology used herein for the analysis of the NMR
metabolic data has been extensively reviewed (Griffin, 2004;
Trygg et al., 2007; Worley and Powers, 2013). Briefly, the
spectra regions corresponding to residual water and ethanol were
excluded (5.15-4.50, 3.73-3.63, 1.26-1.14 ppm). Each spectrum
was integrated over a series of fixed width bins (0.005 ppm)
using Mnova v7.1 features and normalized to its total intensity
between 9.95 and 0.08 ppm. All spectra data were then put in
a data table form in an ASCI format file and imported into
the software SIMCA-P12+ for multivariate data analysis. The
data was pre-processed in SIMCA-P12+ using Pareto scaling.
PCA and O-PLS-DA were performed. Preliminary application of
an unsupervised method like PCA provides an informative first
look at the dataset structure and relationships between groups.
After PCA, the supervised method O-PLS-DA was used to better
discriminate between clusters evidenced by the PCA (Worley
and Powers, 2016). SIMCA-P12+ provides a model summary
table with different statistical measures for evaluating the model
quality. Namely, the Sum of Squares of all the x-variables
explained by the components (R2X), the Sum of Squares of
all the y-variables explained by the components (R2Y) for the
O-PLS-DA and the predicted power (Q2), calculated by sevenfold
internal cross-validation, of the model. The R2 and Q2 should be
similar. The value of Q2 ranges from 0 to 1 and typically a Q2

value higher than 0.4 is considered a good model, whereas if Q2

is substantially lower than R2 then the robustness of the model
is poor (Westerhuis et al., 2008; Wheelock and Wheelock, 2013)
For the O-PLS-DA modeling, a measure of the degree to which
a particular variable explains cluster membership was obtained
with the Variable Importance in the Projection (VIP) plot (with
confidence intervals derived from jack knifing routine). Variables
with VIP value above 1 are important for class membership.
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Statistical Analysis
Statistical analysis was performed using Prism GraphPad
software 6.05 (GraphPad Software, San Diego, CA, USA). To
test if the data for each isolate and metabolite has a normal
distribution, the Kolmogorov–Smirnov test was used. The
statistical significance of the differences obtained in the relative
abundance of each identified metabolite between the first isolate
(IST439) and the late isolates was calculated using unpaired two
tailed Student’s t-test for populations with Gaussian distribution,
or the Mann–Whitney test for populations without Gaussian
distribution. P≤ 0.05 was considered statistically significant. Box
and whisker plots were generated using GraphPad Prism 6.05
Software.

Comparison of the Susceptibility of the
Different B. cenocepacia Clonal Variants
to Stress Conditions
Osmotic Stress
Liquid cultures grown in LB medium at 37◦C and 250 rpm until
mid-exponential phase were used to inoculate, at an initial OD640
of 0.05, 5 ml of LB broth supplemented with additional NaCl to
a total concentration of 2 M or 3 M. Cultures were incubated
in these media at 37◦C and 250 rpm, and colony-forming units
(CFUs) were determined by plating serial dilution of these cell
suspensions in LB plates at different intervals. Results are the
mean of at least three independent experiments.

Oxidative Stress
Liquid cultures grown in LB medium at 37◦C and 250 rpm
until mid-exponential phase were used to inoculate, at an initial

OD640 of 0.05, 5 ml of LB broth supplemented with 0.01% H2O2.
Cultures were incubated in this media at 37◦C and 250 rpm, and
CFUs were determined by plating serial dilutions of these cell
suspensions in LB plates at different intervals. Results are the
mean of at least three independent experiments.

Heat Stress
Liquid cultures grown in LB medium at 37◦C and 250 rpm until
mid-exponential phase were used to inoculate, at an initial OD640
of 0.05, 5 ml of LB broth. Cultures were incubated at 42◦C or 44◦C
at 250 rpm, and CFUs were determined by plating serial dilutions
of these cell suspensions in LB plates at different intervals. Results
are the mean of at least three independent experiments.

Ethics
Research studies involving the clinical Bcc isolates examined in
this study and obtained as part of the HSM routine were approved
by the hospital ethics committee and the patient’s anonymity is
preserved.

RESULTS

Alterations in the Endometabolome of
Burkholderia cenocepacia Clonal
Isolates Retrieved during Chronic
Infection
The 1H-NMR spectra acquired from extracts obtained from
B. cenocepacia cells grown 24 h at 37◦C onto the surface of LB
agar medium allowed the detection of hundreds of resonances
(Figure 1). Several classes of biomolecules were identified,

FIGURE 1 | Representative endo-metabolome profiles. High resolution 1H NMR spectra from the endometabolomes of B. cenocepacia sequential clonal
variants retrieved from a CF patient chronically colonized for 3.5 years. Spectra are representative of all the replicates obtained for each isolate and were normalized
to the reference, TSP (δ = 0.0 ppm).
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including amino acids (L-alanine, L-valine, L-methionine, L-
serine, glycine, L-glutamic acid, L-glutamine, L-aspartic acid,
L-tyrosine, L-phenylalanine), osmolytes (trehalose and glycine-
betaine), cofactors (NADH and NAD+), organic acids (acetic,
fumaric and succinic acids), and metabolites associated with
energy metabolism (ADP and AMP) (Figure 1, Supplementary
Table S1).

Modulation of the endometabolome data using PCA
generated a model with four principal components (PCs)
(R2X = 0.911 and Q2

= 0.862) (Figure 2A). The different
biological replicates were grouped in four distinct clusters, which
correspond to the four isolates under analysis, IST439, IST4113,
IST4129 and IST4134 (Figures 2A,C). The analysis of both
the score plot and dendrogram shows that the most distinct
metabolic profile belongs to IST4129. Further analysis of this data
using Orthogonal-Partial Least Squares-Discriminant Analysis
(O-PLS-DA), and in accordance with the PCA modeling, clearly
distinguished the different isolates under study (Supplementary
Table S2), indicating that each of the four isolates is metabolically
distinct from the others. Additionally, the loading plot reveals
that glycine-betaine, trehalose, L-methionine, L-glycine, and
L-serine were the metabolites that contributed more to cluster
separation (Figure 2B). VIP analysis showed that glycine-betaine,
trehalose, and glycine are three of the most important identified
metabolites contributing to separate IST439 from IST4113 and
IST4129, while glycine-betaine, L-valine, and succinic acid are the
three identified metabolites that contribute more to separation
between IST439 and IST4134. This analysis also revealed a
significant contribution of a still unidentified metabolite, at
2.18 ppm, for separation between IST439 and IST4113.

Overall, no isolation time-dependent pattern of alteration
in the relative abundance of several metabolites was identified
(Figures 3 and 4). However, late isolates IST4129 and IST4134
showed higher levels of L-alanine, L-valine, L-tyrosine, L-aspartic
acid, glycine-betaine, NAD+, ADP and AMP than the isolates
retrieved before from the patient. Moreover, the levels of
succinic acid and L-glutamic acid were higher in the first
isolate retrieved from the patient, compared with the three late
isolates. A metabolite-to-metabolite correlation analysis of the
endometabolome data from each late isolate and isolate IST439
suggested that some metabolite concentration changes may be
linked, namely succinic acid with L-glutamate, NAD+ with
glycine-betaine, L-tyrosine and L-leucine, though with different
R2 values (Supplementary Figure S1).

Comparison of B. cenocepacia Clonal
Variants Tolerance to Multiple Stresses
Since glycine-betaine and trehalose levels were found to exhibit
significant differences between the B. cenocepacia clonal variants
examined (Figure 4) we have compared the ability that the
different variants grown in the absence of stress have to survive
to sudden exposure to heat, oxidative or osmotic (saline) stresses
(Figure 5). In fact, these solute compatible compounds have been
implicated in B. cenocepacia response to osmotic (saline) stress
(Behrends et al., 2011) and shown to have additional roles in
microbial protection against temperature and oxidative stress

FIGURE 2 | Endometabolome multivariate analysis of four
B. cenocepacia sequential clonal variants retrieved from a CF patient
chronically infected for 3.5 years. (A) 2D score plot displaying the space
formed by the two first principal components (R2X for PC1 equal to 0.693 and
R2X for PC2 equal to 0.139), (B) 2D loading plot displaying the space formed
by the two first principal components and displaying the characteristic bins for
a set of metabolites, and (C) dendrogram based on the PCA scores (ward
clustering distance measure) considering all principal components of the
model. For the 2D score plot shown in (A), each point represents a spectra
obtained for independent samples, resulting in six samples for each isolate.
Key: (1) Trehalose, (2) Glycine, (3) L-serine, (4) Glucose, (5) Uracil, (6)
Fumarate, (7) L-aspartic acid, (8) Oxidized glutathione, (9) AMP, (10) L-alanine,
(11) NAD+, (12) L-valine, (13) ADP, (14) L-tyrosine, (15) NADP+, (16) Succinic
acid, (17) L-glutamic acid, (18) L-phenylalanine, (19) NADH, (20) L-methionine,
and (21) Glycine-betaine.

(Caldas et al., 1999; Canovas et al., 2001; Alvarez-Peral et al., 2002;
Liu et al., 2011; Pilonieta et al., 2012).

In general, isolate IST4129, lacking the third replicon
previously described as being involved in resistance to multiple
stresses (Agnoli et al., 2014) but exhibiting the highest abundance
of glycine-betaine and the lowest abundance of trehalose, was
found to be the most susceptible clonal isolate to all the
stresses tested (Figure 5). However, a slightly higher tolerance
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FIGURE 3 | Relative abundance of the amino acids detected through the comparative analysis of the endometabolomes of four B. cenocepacia
sequential clonal variants retrieved from a CF patient chronically infected for 3.5 years. Each plot shows the variation of the relative abundance of a
representative bin in all the spectra for each metabolite and B. cenocepacia isolate. Median values are represented by the line in the middle of the box with the ends
showing the 25th and 75th percentiles. Upper and lower ends of the lines represent the maximum and minimum values respectively. ∗P < 0.05 when each late
B. cenocepacia isolate was compared to the first isolate, IST439.

was apparently observed during the first 10 min following
sudden exposure to osmotic stress with 3M NaCl (Figure 5B).
Remarkably, whereas IST439 was the isolate with the highest
tolerance to osmotic stress (Figures 5A,B), IST4113, which
was the isolate with lowest levels of both glycine-betaine and
trehalose, exhibits the highest tolerance to heat and oxidative
stresses (Figures 5C–E).

DISCUSSION

The multivariate analysis of the metabolic profiles of the four
Burkholderia cenocepacia clonal variants examined in this work
shows that isolate IST439, the first isolate retrieved from
the patient, is metabolically closer to the last clonal variant
retrieved from the patient, IST4134, than to clonal variant
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FIGURE 4 | Relative abundance of cofactors, metabolites involved in energy metabolism, organic acids, sugars, uracil and osmolytes, detected
through comparative analysis of the endometabolomes of four B. cenocepacia sequential clonal variants retrieved from a CF patient chronically
infected for 3.5 years. Each plot shows the variation of the relative abundance of a representative bin in all the spectra for each metabolite and B. cenocepacia
isolate. Median values are represented by the line in the middle of the box with the ends showing the 25th and 75th percentiles. Upper and lower ends of the lines
represent the maximum and minimum values respectively. ∗P < 0.05 when each late B. cenocepacia isolate was compared to the first isolate, IST439.
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FIGURE 5 | Effect of different stresses in the viability of the cultures of four B. cenocepacia sequential clonal variants examined. Cultures of the four
isolates under study, IST439 (N), IST4113 (�), IST4129 (�) and IST4134 ( ) cultivated in the absence of stress were exposed to different stresses, namely osmotic
(saline) stress using 2M NaCl (A) or 3M NaCl (B), heat stress at 42◦C (C) or 44◦C (D), and oxidative stress using 0.01% hydrogen peroxide (E). Error bars represent
standard deviation.
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IST4113 retrieved 9 months before the patient’s death and
previously found to be remarkably resistant to antimicrobials
of different classes (Coutinho et al., 2011a). Consistent with
this conclusion is the expression proteomic data previously
obtained for isolates IST4113 and IST4134 that also indicates
that the number of proteins exhibiting different content in
IST439 compared with the two late isolates is lower for
IST4134 than for IST4113, with several proteins showing an
altered content in IST4113, but not in IST4134, compared to
IST439 (Madeira et al., 2013). The endometabolome profile
analysis also showed that the clonal variant IST4129 lacking
the third replicon (Moreira et al., 2016), exhibits the most
distinct metabolic profile. Even though IST4129 and IST4134
were retrieved in the last stages of the illness at isolation dates
separated by only 9 months (Coutinho et al., 2011a), it is
intriguing why the loss of such a large genomic element in
IST4129 does not significantly change the relative abundances
of several of the metabolites that were identified in these
isolates. However, this appears to be consistent with the
conclusions from a previous transcriptomic analysis comparing
B. cenocepacia H111 with the derived mutant lacking the
third replicon that has shown that only one half of the
third replicon genes are expressed in LB medium and only a
few genes from chromosomes 1 and 2 are regulated by this
megaplasmid (Agnoli et al., 2012). Moreover, the megaplasmid
is essentially required for secondary metabolism, virulence and
stress resistance of Bcc bacteria although a large percentage of
the encoded genes are of unknown function (Holden et al.,
2009; Agnoli et al., 2012, 2014). Our data also reinforce
the idea that core functions, such as energy and central
metabolism are not significantly affected by the loss of the third
replicon and suggest that the separation between IST4129 and
the other isolates based on multivariate analysis results from
differences in parts of the spectra related with still unidentified
metabolites (e.g., singlet at 3.905 or a doublet of doublets at
7.96).

Results from the identified changes occurring in the
endometabolome of B. cenocepacia clonal variants retrieved from
a CF patient chronically infected during 3.5-years, from the
onset of the infection until death with the cepacia syndrome,
are summarized in Figure 6. Marked differences in the level
of the pyridine nucleotides NADH and NAD+ were observed
between the first isolate retrieved from the patient and the
late isolates IST4129 and IST4134. Since these cofactors are
the most important redox carriers involved in metabolism,
acting as electron acceptors in catabolic processes and providing
the necessary reducing power for energy-producing redox
reactions, having been proposed as involved in more than 120
reactions throughout B. cenocepacia metabolism (Fang et al.,
2011; Bartell et al., 2014), it is tempting to speculate that
the altered redox status of these isolates might contribute
to several of the metabolite differences observed. Among
the alternative pathways that can be used in the turnover
of NAD+ to NADH is the biosynthesis of glycine-betaine,
L-tyrosine and L-leucine from betaine aldehyde, chorismate
and valine, respectively (Bartell et al., 2014). Remarkably, the
relative abundance of glycine-betaine, L-tyrosine and L-leucine

is higher in IST4129 and IST4134 compared with IST439.
Differently, isolate IST4113 has a lower NAD+ and NADH
content compared with IST439 but for NADH the difference is
not statistically significant. In fact, the NADH/NAD+ ratio in
IST4113 is not clearly distinct from the same ratio in IST439,
as observed for several other changes found between the first
isolate and the late isolates IST4129 and IST4134 but not for
IST4113.

A reduction in the NADH/NAD+ ratio was registered in
isolates IST4129 and IST4134 compared to the first isolate
IST439, particularly due to the higher abundance of NAD+.
In Escherichia coli, a low NADH/NAD+ ratio was shown to
favor the metabolic flux toward the pyruvate dehydrogenase
complex (PDHc) (de Graef et al., 1999), consistent with the
upregulation of the expression of PDHc and several proteins
involved in TCA registered in the late isolate IST4134 compared
to IST439, as indicated by a previous expression proteomic
analysis (Madeira et al., 2013). Also, the higher levels of fumaric
acid and of the amino acid L-aspartate, derived from the
intermediate of TCA cycle oxaloacetate, in both IST4129 and
IST4134, suggest that the metabolism through glycolysis and
TCA might be favored in these late isolates compared with the
first isolate. The adaptation of Pseudomonas aeruginosa to the
CF lung environment was previously proposed to occur through
significant metabolic changes that include increased expression
of genes involved in the TCA cycle and a reduction in acetate
excretion, presumably resulting from changes that favor a more
efficient utilization of carbon substrates and, consequently, a
higher metabolic fitness in the CF lung environment (Hoboth
et al., 2009; Behrends et al., 2013). The changes found in our
study in late B. cenocepacia clonal variants IST4129 and IST4134
may presumably reflect a similar adaptive response to the CF lung
environment.

An intriguing result was obtained for succinic acid, whose
abundance is lower in all the late isolates compared to IST439,
with no correlation with the level of the other identified
intermediate of the TCA cycle or with L-aspartic acid. However,
a similar trend could be observed for L-glutamic acid, an
amino acid that can be synthesized from 2-oxoglutarate in a
reversible reaction using the enzyme glutamate dehydrogenase
(BCAL3359), whose expression is down-regulated in IST4113
compared to IST439 (Mira et al., 2011). Also, in the late
isolates IST4113 and IST4134 retrieved from the patient, there
is an increase in the expression of the enzymes involved in
the glyoxylate shunt (Madeira et al., 2011, 2013; Mira et al.,
2011), an anaplerotic pathway of the TCA cycle that allows
bacterial growth using acetate or fatty acids as carbon source
(Berg et al., 2002). These results suggest that the metabolic
flux is diverted from the decarboxylating steps of the TCA to
the glyoxylate shunt in late B. cenocepacia isolates. Remarkably,
2-oxoglutarate dehydrogenase, an enzyme that catalyzes the
conversion of 2-oxoglutarate into succinyl-CoA in the TCA cycle,
was previously found to be under strong selection pressure,
either during adaptation of a single biofilm community of
B. cenocepacia by more than one thousand generations of
selection (Traverse et al., 2013) or in a retrospective study of
a B. dolosa outbreak among CF patients that included 112
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FIGURE 6 | Integrative and schematic overview of the metabolite changes detected in B. cenocepacia clonal isolates retrieved from the same CF
patient. Statistically significant changes in the identified metabolites that were observed (white, gray, and black arrows) or not (white, gray, and black boxes)
between the first isolate retrieved from the patient, IST439, and the late isolates IST4113 (white symbols), IST4129 (gray symbols) and IST4134 (black symbols) are
shown (see key at the top left of the figure). The locus name of some of the genes and proteins with altered content in at least one of the late isolates compared with
IST439 are also shown. This metabolic scheme was based on information gathered from KEGG PATHWAY Database (http://www.genome.jp/kegg/pathway.html), in
BioCyc Database Collection (http://biocyc.org/) and in the metabolic reconstruction of B. cenocepacia J2315 (Bartell et al., 2014).
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isolates collected over 16 years (Lieberman et al., 2011). The
upregulation of the glyoxylate shunt was already reported to
occur in late P. aeruginosa isolates retrieved from CF patients
(Hoboth et al., 2009), and suggests the prevalence of metabolism
of acetyl-CoA produced by β-oxidation from lipids in late Bcc
and P. aeruginosa isolates. Remarkably, it was reported that
blocking the TCA cycle in its decarboxylation steps results in
increased E. coli survival to ampicillin exposure due to the
reduction of the levels of reactive oxygen species (ROS) formed
through a rapid NADH consumption after antibiotic treatment
(Kohanski et al., 2007). The involvement of isocitrate lyase,
the first enzyme of the glyoxylate cycle, in the Mycobacterium
tuberculosis resistance to three clinically used tuberculosis drugs
(isoniazid, rifampicin and streptomycin) was also demonstrated
(Nandakumar et al., 2014) and the inhibition of this enzyme was
shown to reduce the survival of B. cenocepacia persister cells
in biofilms after treatment with tobramycin, a ROS-producing
antibiotic (Van Acker et al., 2013). These results suggest that the
upregulation of the glyoxylate shunt might limit the production
of NADH through the bypass of the decarboxylating steps of
the TCA and, consequently, the production of ROS in the late
B. cenocepacia isolates under study. This can act as a protective
mechanism against the antimicrobial therapy administered to
the patient. Consistent with this hypothesis is the fact that the
late B. cenocepacia isolates IST4113, IST4129 and IST4134 are
more resistant to tobramycin than IST439 (Coutinho et al.,
2011a) and that tobramycin was found to induce bacterial
cell death through the production of ROS (Van Acker et al.,
2013).

The high availability of amino acids in the CF sputum was
proposed to represent a potential driving force for bacterial
adaptation to the lung environment (Thomas et al., 2000; Schwab
et al., 2014). Consistent with this proposal is the fact that
several studies report the emergence of CF isolates of Bcc and
P. aeruginosa that are auxotrophic for specific amino acids (Barth
and Pitt, 1995a,b; Thomas et al., 2000) and distinct lineages of
late P. aeruginosa isolates were shown to use more efficiently
amino acids with higher biosynthetic cost than early isolates
(Behrends et al., 2013). Results from the present work reveal
changes in the pool of several amino acids between the sequential
B. cenocepacia isolates, but no association with their metabolic
cost could be established since the differences observed likely
result from a balance between catabolism and anabolism of
each amino acid rather than essentially from differences in the
ability of each isolate to uptake amino acids from the medium
and metabolize them. Also, late isolates are not amino acid
auxotrophs since their growth curves are similar when grown in
the basal-mineral M9 medium, lacking amino acids (unpublished
data).

Although the metabolomic analysis here described was not
performed under stress conditions, metabolites with a described
protective function against stress were identified as having
different abundances in the B. cenocepacia clonal variants under
study. Two of these metabolites, glycine-betaine and trehalose,
were implicated in B. cenocepacia protection against osmotic
stress (Behrends et al., 2011). Additional roles of these compatible
solutes in protection against temperature and oxidative stress

were also described in other microorganisms (Caldas et al.,
1999; Canovas et al., 2001; Alvarez-Peral et al., 2002; Liu et al.,
2011; Pilonieta et al., 2012). However, results from this study
did not indicate a clear correlation between the abundance of
glycine-betaine and/or trehalose with B. cenocepacia tolerance
against various stresses, including osmotic stress, even during
early exposure to stress of cells grown in its absence. For
example, given the low abundance of both trehalose and
glycine-betaine in isolate IST4113, it was expected that it could
exhibit a higher susceptibility to several stresses. However,
this was the isolate with the highest resistance to oxidative
and heat-induced stresses. Increased resistance to oxidative
stress might be an important for Bcc survival during CF lung
infection since this environment is characterized by increased
ROS production by polymorphonuclear leukocytes (PMNs) and
impaired antioxidant protection (Roum et al., 1993; Hull et al.,
1997). Remarkably, IST4113 was the clonal variant retrieved from
this patient with the highest resistance to all the antimicrobials
previously tested (Coutinho et al., 2011a), some of which are
known to induce oxidative stress (Kohanski et al., 2007; Van
Acker et al., 2013). It is thus likely that this isolate may exhibit
a higher resistance to oxidative stress due to mechanisms of
ROS detoxification that do not involve trehalose or glycine-
betaine. Additionally, the upregulation of the glyoxylate shunt in
this isolate, already suggested by quantitative proteomic analysis
(Madeira et al., 2011) and further supported by the metabolomic
data obtained in this work, may contribute to increased resistance
of this isolate to oxidative stress and antimicrobials due to
decreased ROS generation. Other mechanisms unraveled by
proteomic and transcriptomic analyses were already implied
in the higher antimicrobial resistance of IST4113 compared
to IST439, including a higher expression of proteins/genes
involved in protein synthesis, translation, protein folding as
well as multidrug efflux pumps, and a lower expression of
porins in this late isolate (Madeira et al., 2011; Mira et al.,
2011). Another remarkable result concerns isolate IST4129,
which exhibits the highest level of glycine-betaine but also
the highest susceptibility to all the tested stresses. However,
since this isolate lacks the third replicon, a genomic element
previously shown to be essential for stress resistance (Agnoli
et al., 2014), its higher susceptibility to stress is not unlikely. The
in vivo loss of this third replicon is a rare event (Agnoli et al.,
2014; Moreira et al., 2016), and the loss of this megaplasmid
involved in stress resistance, virulence and secondary metabolism
is not expected to confer any advantage in the highly stressful
CF environment. Thus, it is tempting to speculate that the
higher abundance of glycine-betaine in isolate IST4129 could
be a competitive factor contributing to the persistence of this
clonal variant in the CF airways and, consequently, to its
isolation.

CONCLUSION

These results provide interesting insights into the metabolic
versatility and diversity of B. cenocepacia clonal variants and
reinforce the concept that B. cenocepacia diversify and adjusts
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metabolism when exposed to this challenging host environment
during chronic lung infection in CF patients. However, these
results should be interpreted with caution. Several recent papers
are supporting the idea of the occurrence of a high Bcc
phenotypic and genotypic diversity within a CF patient, where
multiple lineages coexist presumably as the result of bacterial
exposure to the dynamic CF lung environment during chronic
infection (Coutinho et al., 2011a; Lieberman et al., 2014; Moreira
et al., 2014, 2016; Miller et al., 2015). However, the B. cenocepacia
clonal isolates examined in this work may not be representative
of the expected population heterogeneity actually present at
each isolation time in the CF airways. Only the extension
of this metabolomic analysis to other Bcc clonal variants,
strains and CF patients may provide more definitive conclusions
concerning metabolic diversification and adaptive adjustment of
B. cenocepacia to the CF lung during long term infections.

AUTHOR CONTRIBUTIONS

AM prepared the cell cultures, performed the metabolite
extractions and the stress tolerance assays. AM and AL performed
the 1H-NMR spectra acquisition and processing, and the
multivariate analysis. AM prepared the figures and contributed
to the writing of the manuscript under the scientific supervision

of IS-C, who conceived and coordinated the study. All authors
read and approved the final manuscript.

FUNDING

Funding received by iBB – Institute for Bioengineering and
Biosciences from Programa Operacional Regional de Lisboa
2020 (Project N. 007317) and from the Portuguese Foundation
for Science and Technology (FCT) (UID/BIO/04565/2013) is
acknowledged. FCT also supported a Ph.D. fellowship to AM
(SFRH/BD/82162/2011).

ACKNOWLEDGMENT

The Portuguese National NMR Network is acknowledged for
providing the NMR facility.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2016.02024/full#supplementary-material

REFERENCES
Agnoli, K., Frauenknecht, C., Freitag, R., Schwager, S., Jenul, C., Vergunst, A., et al.

(2014). The third replicon of members of the Burkholderia cepacia complex,
plasmid pC3, plays a role in stress tolerance. Appl. Environ. Microbiol. 80,
1340–1348. doi: 10.1128/AEM.03330-13

Agnoli, K., Schwager, S., Uehlinger, S., Vergunst, A., Viteri, D. F., Nguyen, D. T.,
et al. (2012). Exposing the third chromosome of Burkholderia cepacia complex
strains as a virulence plasmid. Mol. Microbiol. 83, 362–378. doi: 10.1111/j.1365-
2958.2011.07937.x

Alvarez-Peral, F. J., Zaragoza, O., Pedreno, Y., and Arguelles, J. C. (2002).
Protective role of trehalose during severe oxidative stress caused by
hydrogen peroxide and the adaptive oxidative stress response in Candida
albicans. Microbiology 148(Pt. 8), 2599–2606. doi: 10.1099/00221287-148-8-
2599

Bartell, J. A., Yen, P., Varga, J. J., Goldberg, J. B., and Papin, J. A.
(2014). Comparative metabolic systems analysis of pathogenic Burkholderia.
J. Bacteriol. 196, 210–226. doi: 10.1128/JB.00997-13

Barth, A. L., and Pitt, T. L. (1995a). Auxotrophic variants of Pseudomonas
aeruginosa are selected from prototrophic wild-type strains in respiratory
infections in patients with cystic fibrosis. J. Clin. Microbiol. 33, 37–40.

Barth, A. L., and Pitt, T. L. (1995b). Auxotrophy of Burkholderia (Pseudomonas)
cepacia from cystic fibrosis patients. J. Clin. Microbiol. 33, 2192–2194.

Behrends, V., Bundy, J. G., and Williams, H. D. (2011). Differences in strategies to
combat osmotic stress in Burkholderia cenocepacia elucidated by NMR-based
metabolic profiling. Lett. Appl. Microbiol. 52, 619–625. doi: 10.1111/j.1472-
765X.2011.03050.x

Behrends, V., Ryall, B., Zlosnik, J. E., Speert, D. P., Bundy, J. G., and Williams, H. D.
(2013). Metabolic adaptations of Pseudomonas aeruginosa during cystic fibrosis
chronic lung infections. Environ. Microbiol. 15, 398–408. doi: 10.1111/j.1462-
2920.2012.02840.x

Berg, J. M., Tymoczko, J. L., and Stryer, L. (2002). “The glyoxylate cycle enables
plants and bacteria to grow on acetate,” in Biochemistry, 5th Edn, (New York:
W.H. Freeman).

Caldas, T., Demont-Caulet, N., Ghazi, A., and Richarme, G. (1999).
Thermoprotection by glycine betaine and choline. Microbiology 145(Pt.
9), 2543–2548. doi: 10.1099/00221287-145-9-2543

Canovas, D., Fletcher, S. A., Hayashi, M., and Csonka, L. N. (2001). Role
of trehalose in growth at high temperature of Salmonella enterica serovar
Typhimurium. J. Bacteriol. 183, 3365–3371. doi: 10.1128/JB.183.11.3365-3371.
2001

Clark, S. T., Diaz Caballero, J., Cheang, M., Coburn, B., Wang, P. W., Donaldson,
S. L., et al. (2015). Phenotypic diversity within a Pseudomonas aeruginosa
population infecting an adult with cystic fibrosis. Sci. Rep. 5:10932. doi: 10.1038/
srep10932

Colinet, H., Larvor, V., Bical, R., and Renault, D. (2013). Dietary sugars affect cold
tolerance of Drosophila melanogaster. Metabolomics 9, 608–622. doi: 10.1007/
s11306-012-0471-z

Coutinho, C. P., de Carvalho, C. C. C. R., Madeira, A., Pinto-de-Oliveira, A., and
Sá-Correia, I. (2011a). Burkholderia cenocepacia phenotypic clonal variation
during three and a half years of residence in the lungs of a cystic fibrosis patient.
Infect. Immun. 79, 2950–2960. doi: 10.1128/iai.01366-10

Coutinho, C. P., dos Santos, S. C., Madeira, A., Mira, N. P., Moreira, A. S.,
and Sá-Correia, I. (2011b). Long-term colonization of the cystic fibrosis lung
by Burkholderia cepacia complex bacteria: epidemiology, clonal variation and
genome-wide expression alterations. Front. Cell. Inf. Microbiol. 1:12. doi: 10.
3389/fcimb.2011.00012

Cunha, M. V., Leitão, J. H., Mahenthiralingam, E., Vandamme, P., Lito, L.,
Barreto, C., et al. (2003). Molecular analysis of Burkholderia cepacia
complex isolates from a Portuguese cystic fibrosis center: a 7-year study.
J. Clin. Microbiol. 41, 4113–4120. doi: 10.1128/JCM.41.9.4113-4120.
2003

de Graef, M. R., Alexeeva, S., Snoep, J. L., and Teixeira de Mattos, M. J. (1999). The
steady-state internal redox state (NADH/NAD) reflects the external redox state
and is correlated with catabolic adaptation in Escherichia coli. J. Bacteriol. 181,
2351–2357.

Döring, G., Parameswaran, I. G., and Murphy, T. F. (2011). Differential adaptation
of microbial pathogens to airways of patients with cystic fibrosis and chronic
obstructive pulmonary disease. FEMS Microbiol. Rev. 35, 124–146. doi: 10.1111/
j.1574-6976.2010.00237.x

Fang, K., Zhao, H., Sun, C., Lam, C. M., Chang, S., Zhang, K., et al. (2011).
Exploring the metabolic network of the epidemic pathogen Burkholderia
cenocepacia J2315 via genome-scale reconstruction. BMC Syst. Biol. 5:83. doi:
10.1186/1752-0509-5-83

Frontiers in Microbiology | www.frontiersin.org 12 December 2016 | Volume 7 | Article 2024

http://journal.frontiersin.org/article/10.3389/fmicb.2016.02024/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fmicb.2016.02024/full#supplementary-material
https://doi.org/10.1128/AEM.03330-13
https://doi.org/10.1111/j.1365-2958.2011.07937.x
https://doi.org/10.1111/j.1365-2958.2011.07937.x
https://doi.org/10.1099/00221287-148-8-2599
https://doi.org/10.1099/00221287-148-8-2599
https://doi.org/10.1128/JB.00997-13
https://doi.org/10.1111/j.1472-765X.2011.03050.x
https://doi.org/10.1111/j.1472-765X.2011.03050.x
https://doi.org/10.1111/j.1462-2920.2012.02840.x
https://doi.org/10.1111/j.1462-2920.2012.02840.x
https://doi.org/10.1099/00221287-145-9-2543
https://doi.org/10.1128/JB.183.11.3365-3371.2001
https://doi.org/10.1128/JB.183.11.3365-3371.2001
https://doi.org/10.1038/srep10932
https://doi.org/10.1038/srep10932
https://doi.org/10.1007/s11306-012-0471-z
https://doi.org/10.1007/s11306-012-0471-z
https://doi.org/10.1128/iai.01366-10
https://doi.org/10.3389/fcimb.2011.00012
https://doi.org/10.3389/fcimb.2011.00012
https://doi.org/10.1128/JCM.41.9.4113-4120.2003
https://doi.org/10.1128/JCM.41.9.4113-4120.2003
https://doi.org/10.1111/j.1574-6976.2010.00237.x
https://doi.org/10.1111/j.1574-6976.2010.00237.x
https://doi.org/10.1186/1752-0509-5-83
https://doi.org/10.1186/1752-0509-5-83
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-07-02024 December 17, 2016 Time: 17:38 # 13

Moreira et al. B. cenocepacia Clonal Variants Endometabolomes

Griffin, J. L. (2004). Metabolic profiles to define the genome: can we hear the
phenotypes? Philos. Trans. R. Soc. Lond. B. Biol. Sci. 359, 857–871. doi: 10.1098/
rstb.2003.1411

Hoboth, C., Hoffmann, R., Eichner, A., Henke, C., Schmoldt, S., Imhof, A., et al.
(2009). Dynamics of adaptive microevolution of hypermutable Pseudomonas
aeruginosa during chronic pulmonary infection in patients with cystic fibrosis.
J. Infect. Dis. 200, 118–130. doi: 10.1086/599360

Holden, M. T., Seth-Smith, H. M., Crossman, L. C., Sebaihia, M., Bentley, S. D.,
Cerdeno-Tarraga, A. M., et al. (2009). The genome of Burkholderia cenocepacia
J2315, an epidemic pathogen of cystic fibrosis patients. J. Bacteriol. 191, 261–
277. doi: 10.1128/JB.01230-08

Hull, J., Vervaart, P., Grimwood, K., and Phelan, P. (1997). Pulmonary oxidative
stress response in young children with cystic fibrosis. Thorax 52, 557–560.
doi: 10.1136/thx.52.6.557

Hunt, T. A., Kooi, C., Sokol, P. A., and Valvano, M. A. (2004). Identification
of Burkholderia cenocepacia genes required for bacterial survival
in vivo. Infect. Immun. 72, 4010–4022. doi: 10.1128/IAI.72.7.4010-4022.
2004

Kohanski, M. A., Dwyer, D. J., Hayete, B., Lawrence, C. A., and Collins, J. J. (2007).
A common mechanism of cellular death induced by bactericidal antibiotics. Cell
130, 797–810. doi: 10.1016/j.cell.2007.06.049

Lieberman, T. D., Flett, K. B., Yelin, I., Martin, T. R., McAdam, A. J., Priebe, G. P.,
et al. (2014). Genetic variation of a bacterial pathogen within individuals with
cystic fibrosis provides a record of selective pressures. Nat. Genet. 46, 82–87.
doi: 10.1038/ng.2848

Lieberman, T. D., Michel, J. B., Aingaran, M., Potter-Bynoe, G., Roux, D., Davis,
M. R., et al. (2011). Parallel bacterial evolution within multiple patients
identifies candidate pathogenicity genes. Nat. Genet. 43, 1275–1280. doi: 10.
1038/ng.997

Lipuma, J. J. (2010). The changing microbial epidemiology in cystic fibrosis. Clin.
Microbiol. Rev. 23, 299–323. doi: 10.1128/CMR.00068-09

Liu, J., Wisniewski, M., Droby, S., Vero, S., Tian, S., and Hershkovitz, V. (2011).
Glycine betaine improves oxidative stress tolerance and biocontrol efficacy
of the antagonistic yeast Cystofilobasidium infirmominiatum. Int. J. Food
Microbiol. 146, 76–83. doi: 10.1016/j.ijfoodmicro.2011.02.007

Lourenço, A., Ascenso, J., and Sá-Correia, I. (2011). Metabolic insights into
the yeast response to propionic acid based on high resolution 1H NMR
spectroscopy. Metabolomics 7, 457–468. doi: 10.1007/s11306-010-0264-1

Lourenço, A. B., Roque, F. C., Teixeira, M. C., Ascenso, J. R., and Sá-
Correia, I. (2013). Quantitative 1H-NMR-metabolomics reveals extensive
metabolic reprogramming and the effect of the aquaglyceroporin FPS1 in
ethanol-stressed yeast cells. PLoS ONE 8:e55439. doi: 10.1371/journal.pone.
0055439

Madeira, A., dos Santos, S. C., Santos, P. M., Coutinho, C. P., Tyrrell, J.,
McClean, S., et al. (2013). Proteomic profiling of Burkholderia cenocepacia
clonal isolates with different virulence potential retrieved from a cystic fibrosis
patient during chronic lung infection. PLoS ONE 8:e83065. doi: 10.1371/
journal.pone.0083065

Madeira, A., Santos, P. M., Coutinho, C. P., Pinto-de-Oliveira, A., and Sá-
Correia, I. (2011). Quantitative proteomics (2D DIGE) reveals molecular
strategies employed by Burkholderia cenocepacia to adapt to the airways of
cystic fibrosis patients under antimicrobial therapy. Proteomics 11, 1313–1328.
doi: 10.1002/pmic.201000457

Mahenthiralingam, E., Urban, T. A., and Goldberg, J. B. (2005). The multifarious,
multireplicon Burkholderia cepacia complex. Nat. Rev. Microbiol. 3, 144–156.
doi: 10.1038/Nrmicro1085

Maldonado, R. F., Sa-Correia, I., and Valvano, M. A. (2016). Lipopolysaccharide
modification in Gram-negative bacteria during chronic infection. FEMS
Microbiol. Rev. 40, 480–493. doi: 10.1093/femsre/fuw007

Malmendal, A., Overgaard, J., Bundy, J. G., Sorensen, J. G., Nielsen, N. C.,
Loeschcke, V., et al. (2006). Metabolomic profiling of heat stress: hardening
and recovery of homeostasis in Drosophila. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 291, R205–R212. doi: 10.1152/ajpregu.00867.2005

Marvig, R. L., Sommer, L. M., Molin, S., and Johansen, H. K. (2015). Convergent
evolution and adaptation of Pseudomonas aeruginosa within patients with cystic
fibrosis. Nat. Genet. 47, 57–64. doi: 10.1038/ng.3148

Miller, R. R., Hird, T. J., Tang, P., and Zlosnik, J. E. (2015). Whole-genome
sequencing of three clonal clinical isolates of B. cenocepacia from a patient

with cystic fibrosis. PLoS ONE 10:e0143472. doi: 10.1371/journal.pone.01
43472

Mira, N. P., Madeira, A., Moreira, A. S., Coutinho, C. P., and Sá-Correia, I. (2011).
Genomic expression analysis reveals strategies of Burkholderia cenocepacia to
adapt to cystic fibrosis patients’ airways and antimicrobial therapy. PLoS ONE
6:e28831. doi: 10.1371/journal.pone.0028831

Moreira, A. S., Coutinho, C. P., Azevedo, P., Lito, L., Melo-Cristino, J., and
Sá-Correia, I. (2014). Burkholderia dolosa phenotypic variation during the
decline in lung function of a cystic fibrosis patient during 5.5 years of
chronic colonization. J. Med. Microbiol. 63(Pt. 4), 594–601. doi: 10.1099/jmm.0.
069849-0

Moreira, A. S., Mil-Homens, D., Sousa, S. A., Coutinho, C. P., Pinto-de-Oliveira, A.,
Ramos, C. G., et al. (2016). Variation of Burkholderia cenocepacia virulence
potential during cystic fibrosis chronic lung infection. Virulence doi: 10.1080/
21505594.2016.1237334 [Epub ahead of print].

Nandakumar, M., Nathan, C., and Rhee, K. Y. (2014). Isocitrate lyase mediates
broad antibiotic tolerance in Mycobacterium tuberculosis. Nat. Commun.
5:4306. doi: 10.1038/ncomms5306

Pilonieta, M. C., Nagy, T. A., Jorgensen, D. R., and Detweiler, C. S. (2012). A glycine
betaine importer limits Salmonella stress resistance and tissue colonization
by reducing trehalose production. Mol. Microbiol. 84, 296–309. doi: 10.1111/
j.1365-2958.2012.08022.x

Roum, J. H., Buhl, R., McElvaney, N. G., Borok, Z., and Crystal, R. G. (1993).
Systemic deficiency of glutathione in cystic fibrosis. J. Appl. Physiol. 75, 2419–
2424.

Schwab, U., Abdullah, L. H., Perlmutt, O. S., Albert, D., Davis, C. W., Arnold, R. R.,
et al. (2014). Localization of Burkholderia cepacia complex bacteria in cystic
fibrosis lungs and interactions with Pseudomonas aeruginosa in hypoxic mucus.
Infect. Immun. 82, 4729–4745. doi: 10.1128/IAI.01876-14

Silva, I. N., Santos, P. M., Santos, M. R., Zlosnik, J. E. A., Speert, D. P., Buskirk,
S. W., et al. (2016). Long-term evolution of Burkholderia multivorans during a
chronic cystic fibrosis infection reveals shifting forces of selection. mSystems 1,
e00029-16. doi: 10.1128/mSystems.00029-16

Smith, E. E., Buckley, D. G., Wu, Z. N., Saenphimmachak, C., Hoffman, L. R.,
D’Argenio, D. A., et al. (2006). Genetic adaptation by Pseudomonas aeruginosa
to the airways of cystic fibrosis patients. Proc. Natl. Acad. Sci. U.S.A. 103,
8487–8492. doi: 10.1073/pnas.0602138103

Thomas, S. R., Ray, A., Hodson, M. E., and Pitt, T. L. (2000). Increased sputum
amino acid concentrations and auxotrophy of Pseudomonas aeruginosa in
severe cystic fibrosis lung disease. Thorax 55, 795–797. doi: 10.1136/thorax.55.
9.795

Traverse, C. C., Mayo-Smith, L. M., Poltak, S. R., and Cooper, V. S. (2013). Tangled
bank of experimentally evolved Burkholderia biofilms reflects selection during
chronic infections. Proc. Natl. Acad. Sci. U.S.A. 110, E250–E259. doi: 10.1073/
pnas.1207025110

Trygg, J., Holmes, E., and Lundstedt, T. (2007). Chemometrics in metabonomics.
J. Proteome Res. 6, 469–479. doi: 10.1021/pr060594q

Van Acker, H., Sass, A., Bazzini, S., De Roy, K., Udine, C., Messiaen, T., et al. (2013).
Biofilm-grown Burkholderia cepacia complex cells survive antibiotic treatment
by avoiding production of reactive oxygen species. PLoS ONE 8:e58943. doi:
10.1371/journal.pone.0058943

Westerhuis, J. A., Hoefsloot, H. C. J., Smit, S., Vis, D. J., Smilde, A. K., van Velzen,
E. J. J., et al. (2008). Assessment of PLSDA cross validation. Metabolomics 4,
81–89. doi: 10.1007/s11306-007-0099-6

Wheelock, A. M., and Wheelock, C. E. (2013). Trials and tribulations of ’omics
data analysis: assessing quality of SIMCA-based multivariate models using
examples from pulmonary medicine. Mol. Biosyst. 9, 2589–2596. doi: 10.1039/
c3mb70194h

Worley, B., and Powers, R. (2013). Multivariate analysis in metabolomics. Curr.
Metabolomics 1, 92–107. doi: 10.2174/2213235X11301010092

Worley, B., and Powers, R. (2016). PCA as a practical indicator of OPLS-
DA model reliability. Curr. Metabolomics 4, 97–103. doi: 10.2174/
2213235X04666160613122429

Xia, J., Sinelnikov, I. V., Han, B., and Wishart, D. S. (2015). MetaboAnalyst 3.0 -
making metabolomics more meaningful. Nucleic Acids Res. 43, W251–W257.
doi: 10.1093/nar/gkv380

Zlosnik, J. E., Mori, P. Y., To, D., Leung, J., Hird, T. J., and Speert, D. P.
(2014). Swimming motility in a longitudinal collection of clinical isolates of

Frontiers in Microbiology | www.frontiersin.org 13 December 2016 | Volume 7 | Article 2024

https://doi.org/10.1098/rstb.2003.1411
https://doi.org/10.1098/rstb.2003.1411
https://doi.org/10.1086/599360
https://doi.org/10.1128/JB.01230-08
https://doi.org/10.1136/thx.52.6.557
https://doi.org/10.1128/IAI.72.7.4010-4022.2004
https://doi.org/10.1128/IAI.72.7.4010-4022.2004
https://doi.org/10.1016/j.cell.2007.06.049
https://doi.org/10.1038/ng.2848
https://doi.org/10.1038/ng.997
https://doi.org/10.1038/ng.997
https://doi.org/10.1128/CMR.00068-09
https://doi.org/10.1016/j.ijfoodmicro.2011.02.007
https://doi.org/10.1007/s11306-010-0264-1
https://doi.org/10.1371/journal.pone.0055439
https://doi.org/10.1371/journal.pone.0055439
https://doi.org/10.1371/journal.pone.0083065
https://doi.org/10.1371/journal.pone.0083065
https://doi.org/10.1002/pmic.201000457
https://doi.org/10.1038/Nrmicro1085
https://doi.org/10.1093/femsre/fuw007
https://doi.org/10.1152/ajpregu.00867.2005
https://doi.org/10.1038/ng.3148
https://doi.org/10.1371/journal.pone.0143472
https://doi.org/10.1371/journal.pone.0143472
https://doi.org/10.1371/journal.pone.0028831
https://doi.org/10.1099/jmm.0.069849-0
https://doi.org/10.1099/jmm.0.069849-0
https://doi.org/10.1080/21505594.2016.1237334
https://doi.org/10.1080/21505594.2016.1237334
https://doi.org/10.1038/ncomms5306
https://doi.org/10.1111/j.1365-2958.2012.08022.x
https://doi.org/10.1111/j.1365-2958.2012.08022.x
https://doi.org/10.1128/IAI.01876-14
https://doi.org/10.1128/mSystems.00029-16
https://doi.org/10.1073/pnas.0602138103
https://doi.org/10.1136/thorax.55.9.795
https://doi.org/10.1136/thorax.55.9.795
https://doi.org/10.1073/pnas.1207025110
https://doi.org/10.1073/pnas.1207025110
https://doi.org/10.1021/pr060594q
https://doi.org/10.1371/journal.pone.0058943
https://doi.org/10.1371/journal.pone.0058943
https://doi.org/10.1007/s11306-007-0099-6
https://doi.org/10.1039/c3mb70194h
https://doi.org/10.1039/c3mb70194h
https://doi.org/10.2174/2213235X11301010092
https://doi.org/10.2174/2213235X04666160613122429
https://doi.org/10.2174/2213235X04666160613122429
https://doi.org/10.1093/nar/gkv380
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-07-02024 December 17, 2016 Time: 17:38 # 14

Moreira et al. B. cenocepacia Clonal Variants Endometabolomes

Burkholderia cepacia complex bacteria from people with cystic fibrosis. PLoS
ONE 9:e106428. doi: 10.1371/journal.pone.0106428

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Moreira, Lourenço and Sá-Correia. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 14 December 2016 | Volume 7 | Article 2024

https://doi.org/10.1371/journal.pone.0106428
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

	1H-NMR-Based Endometabolome Profiles of Burkholderia cenocepacia Clonal Variants Retrieved from a Cystic Fibrosis Patient during Chronic Infection
	Introduction
	Materials And Methods
	Bacterial Isolates and Growth Conditions
	Endometabolome Profiling
	Cell Sampling and Metabolite Extraction
	NMR Data Acquisition, Processing and Resonance Assignments
	Multivariate Data Analysis
	Statistical Analysis

	Comparison of the Susceptibility of the Different B. cenocepacia Clonal Variants to Stress Conditions
	Osmotic Stress
	Oxidative Stress
	Heat Stress

	Ethics

	Results
	Alterations in the Endometabolome of Burkholderia cenocepacia Clonal Isolates Retrieved during Chronic Infection
	Comparison of B. cenocepacia Clonal Variants Tolerance to Multiple Stresses

	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgment
	Supplementary Material
	References


