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Localization of Burkholderia cepacia Complex Bacteria in Cystic
Fibrosis Lungs and Interactions with Pseudomonas aeruginosa in
Hypoxic Mucus

Ute Schwab,a* Lubna H. Abdullah,a Olivia S. Perlmutt,a Daniel Albert,b C. William Davis,a Roland R. Arnold,c James R. Yankaskas,a

Peter Gilligan,d Heiner Neubauer,e Scott H. Randell,a Richard C. Bouchera

Cystic Fibrosis/Pulmonary Research and Treatment and Research Center,a Marine Sciences,b School of Dentistry,c and Pathology and Laboratory Medicine, Memorial
Hospital,d University of North Carolina, Chapel Hill, North Carolina, USA; Friedrich Loeffler Institut, Institute of Bacterial Infections and Zoonoses, Jena, Germanye

The localization of Burkholderia cepacia complex (Bcc) bacteria in cystic fibrosis (CF) lungs, alone or during coinfection with
Pseudomonas aeruginosa, is poorly understood. We performed immunohistochemistry for Bcc and P. aeruginosa bacteria on 21
coinfected or singly infected CF lungs obtained at transplantation or autopsy. Parallel in vitro experiments examined the growth
of two Bcc species, Burkholderia cenocepacia and Burkholderia multivorans, in environments similar to those occupied by P.
aeruginosa in the CF lung. Bcc bacteria were predominantly identified in the CF lung as single cells or small clusters within
phagocytes and mucus but not as “biofilm-like structures.” In contrast, P. aeruginosa was identified in biofilm-like masses, but
densities appeared to be reduced during coinfection with Bcc bacteria. Based on chemical analyses of CF and non-CF respiratory
secretions, a test medium was defined to study Bcc growth and interactions with P. aeruginosa in an environment mimicking the
CF lung. When test medium was supplemented with alternative electron acceptors under anaerobic conditions, B. cenocepacia
and B. multivorans used fermentation rather than anaerobic respiration to gain energy, consistent with the identification of fer-
mentation products by high-performance liquid chromatography (HPLC). Both Bcc species also expressed mucinases that pro-
duced carbon sources from mucins for growth. In the presence of P. aeruginosa in vitro, both Bcc species grew anaerobically
but not aerobically. We propose that Bcc bacteria (i) invade a P. aeruginosa-infected CF lung when the airway lumen is anaero-
bic, (ii) inhibit P. aeruginosa biofilm-like growth, and (iii) expand the host bacterial niche from mucus to also include
macrophages.

Individuals with cystic fibrosis (CF) typically exhibit polymicro-
bial lung infections, with Pseudomonas aeruginosa becoming

highly prevalent as the disease progresses (1). A subset of CF pa-
tients become infected with Burkholderia cepacia complex (Bcc)
bacteria (2). Bcc-infected CF patients exhibit significantly reduced
long-term survival (3), reflecting both a more rapid decline in
lung function and, in some cases, “cepacia syndrome,” character-
ized by unrelenting pneumonia, sepsis, and death.

However, there is a paucity of information on the localiza-
tion of Bcc bacteria alone or in conjunction with P. aeruginosa
in CF lungs. Based on the observation that both pathogens can be
isolated from CF sputum samples, it is generally believed that Bcc
and P. aeruginosa bacteria colocalize in macrocolonies (“biofilm-
like structures”) within the lungs of chronically infected CF pa-
tients. This notion has been supported by in vitro studies demon-
strating mixed biofilms in vitro (4–6) and the use of the same
chemical signals by bacteria to control biofilm formation and ex-
pression of virulence factors (5). It has also been shown that
growth-inhibitory substances produced by P. aeruginosa can pro-
tect their biofilms against invasion by Bcc bacteria, but when no
inhibitory components are produced, the two species are able to
coexist (7).

There is evidence, however, that these organisms may not co-
exist in biofilm-like structures within CF lungs. For example, P.
aeruginosa has been shown to grow in sessile biofilm matrices
both in vivo and in artificial sputum medium mimicking the CF
lung habitat (8–14). In contrast, Bcc biofilm-like structures
have not yet been identified within the intraluminal CF mucus
inhabited by P. aeruginosa. The absence of mixed biofilms in ex-

cised lung specimens is perplexing because Bcc isolates have been
shown to form biofilms in vitro, regardless of the species (15, 16),
and we previously reported the formation of biofilm-like struc-
tures on the surface of well-differentiated (WD) human airway
epithelial cultures (17). Therefore, it is unclear whether Bcc bio-
films in vivo have been missed or whether the current in vitro
systems that generate biofilms do not adequately mimic the CF
lung environment.

Other data suggest that P. aeruginosa and Bcc bacteria may
occupy different niches within the CF lung. Several clinical and
laboratory observations suggest that the niche occupied by Bcc
bacteria in the CF lung is within pulmonary phagocytes and respi-
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ratory epithelial cells rather than in intraluminal mucus. These
observations include the clinical unresponsiveness of Bcc bacteria
to antimicrobial therapy despite an isolate’s susceptibility in vitro,
isolation of serum-sensitive isolates in bacteremic infection (18),
and the close taxonomic relationship between Bcc bacteria and the
intracellular pathogen Burkholderia pseudomallei (19). Intracellu-
lar survival of Bcc bacteria in multiple pulmonary cell types has
been reported, including a transformed human bronchial epithe-
lial cell line from a CF patient (20), cystic fibrosis transmembrane
conductance regulator (CFTR)-positive and CFTR-negative bro-
nchial epithelial cell lines (21), the transformed human bronchial
epithelial cell line BEAS-2B (22), polarized lung epithelial cells
(23), A549 pulmonary epithelial cells (24, 25), primary type II
pneumocytes (26), and pulmonary macrophages (27–30). These
data are complemented by a clinical and pathological study that
localized Bcc bacteria within macrophages in freshly excised CF
lungs (31). However, because the observations by Sajjan et al. (31)
were restricted to CF lungs infected by the transmissible clonal
ET12 strain of the Burkholderia cenocepacia Edinburgh-Toronto
lineage (genomovar III, cblA�) (32), it is not known whether those
immunohistological findings represent characteristic features of
this species/strain or late-stage pulmonary infection with Bcc bac-
teria in general. Importantly, the localization of P. aeruginosa was
not investigated in CF lungs in which there was sputum evidence
for P. aeruginosa and Bcc coinfection.

Consequently, we designed a study to localize both Bcc and P.
aeruginosa bacteria in CF lungs, excised at transplantation or au-
topsy, infected with one or both organisms. We also designed
parallel in vitro experiments to ask whether Bcc bacteria could
survive in environments similar to those occupied by P. aerugi-
nosa in CF lungs. When mucus plugs and plaques exceed a certain

size and are adjacent to highly metabolic cells, the intraluminal CF
mucus can become markedly anaerobic (10). Thus, the anaerobic
physiology of P. aeruginosa has been studied extensively (10, 33–
37). However, the literature on energy production by Bcc bacteria
in hypoxic environments is sparse. Consequently, we also per-
formed experiments using airway surface layer material (ASL)
harvested from WD airway epithelial cultures as a relevant me-
dium to study how Bcc bacteria gain energy under O2-deprived
conditions and the interspecies relationships between Bcc and P.
aeruginosa bacteria during growth under anaerobic and aerobic
conditions.

MATERIALS AND METHODS
CF patients and specimens. Sputum and lung tissue specimens were ob-
tained from 21 CF patients under University of North Carolina (UNC)
Institutional Review Board (IRB)-approved protocols consistent with all
federal and institutional requirements for informed consent and confi-
dentiality. Ten patients were female, 11 patients were male (age range of
patients, 13 to 48 years), 18 lungs were obtained at lung transplantation,
and 3 lungs were obtained at autopsy (Table 1). Tissues were dissected to
isolate bronchial and bronchiolar specimens, which were fixed in neutral
buffered formalin, embedded in paraffin, and sectioned by using conven-
tional procedures.

Sputum samples were obtained prior to specimen procurement, con-
sistent with routine patient care. Samples obtained closest to the surgical/
autopsy dates were analyzed for the presence of Bcc, P. aeruginosa, and
other bacteria at the University of North Carolina Hospital Clinical Mi-
crobiology Laboratory. When possible, the relative bacterial densities
were determined by a dilution streak plate method. For this semiquanti-
tative method, a grade of 0, 1�, 2�, 3�, or 4� was assigned depend-
ing on the growth seen in each dilution streak on a plate (where a score
of 0 indicates no bacteria and a score of 4� indicates bacteria present
after three dilution streaks).

TABLE 1 Patient information and sputum microbiology

Patient
Age (yr) of
patient

Sex of
patient Genotypea

Source of
isolateb

Days prior to
sampling

Bcc species in
sputum Other bacteria in sputumc

1 20 M DF/W1282X A 9 B. multivorans 4� 1� OPF
2 27 M DF/DF 9T/9T T 57 B. cenocepacia 2� OPF
3 35 M DF/DF T 24 B. multivorans 4� OPF
4 30 M DF/G511D T 37 B. cenocepacia 2� OPF
5 35 F DF/DF T 17 B. cenocepacia 3� OPF
6 28 M DF/2183delAA�G T 65 B. cenocepacia 4� 4� OPF, 2� Enterococcus
7 18 M DF/DF T 10 B. cenocepacia 2� OPF
8 19 F DF/G542X T 22 B. cenocepacia 1� OPF
9 23 M DF/DF T 64 B. cenocepacia 4� OPF
10 32 M DF/DF A 5 B. cenocepacia 4� 1� OPF

11 35 M DF/DF T 22 B. cenocepacia OSSA, sPa
12 32 F DF/DF T 10 B. dolosa OPF, mPa, sPa
13 29 M DF/DF T 43 B. cenocepacia OPF, mPa
14 35 M DF/DF T 17 B. cenocepacia sPa
15 48 F DF/G85E T 50 B. cenocepacia mPa, A. xylosoxidans
16 13 F DF/DF T 116 B. multivorans 4� 2� mPa
17 20 F DF/DF T 55 B. multivorans 2� mPa, ORSA
18 35 F DF/DF T 8 None 4� OPF, 4� mPa, 4� sPa
19 32 F DF/DF T 5 None 4� OPF, 1� OSSA, 4� mPa, 4� mPa
20 18 F DF/DF A 36 None 4� OPF, 2� mPa
21 28 F DF/DF T 4 None 4� sPa, 3� mPa
a DF, �F508 mutation.
b A, autopsy; T, transplant.
c OPF, oropharyngeal flora; OSSA, oxacillin-susceptible Staphylococcus aureus; sPa, smooth Pseudomonas aeruginosa; mPa, mucoid P. aeruginosa; ORSA, oxacillin-resistant S.
aureus.
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We selected 2 to 4 tissue blocks from each lung based upon airway size
and the presence of mucus within the airway lumen. When possible, 2
blocks with large airways and 2 blocks with small airways and alveoli were
selected (see Table S1 in the supplemental material).

Rabbit antisera. Hyperimmune antisera were produced by immuniz-
ing rabbits with inactivated whole-cell Bcc or P. aeruginosa antigens and
were stored at �20°C until further use. The specificity of the antisera was
determined by Western blotting against crude bacterial cell lysates, in-
cluding 5 CF P. aeruginosa isolates and 5 Bcc strains (i.e., B. cepacia ATCC
25416, B. cenocepacia, B. vietnamiensis, B. multivorans, and B. dolosa).
Bacteria for lysates were grown in tryptic soy broth (TSB), washed in
phosphate-buffered saline (PBS), and adjusted to an optical density at 600
nm of 1 (equal to �5 � 109 bacteria/ml). Next, 2 ml of the whole bacteria
was centrifuged for 10 min at 5,000 � g. The pellet was lysed (125 mM
Tris-HCl [pH 7.0], 5.0 mM NaF, 2 mM EDTA, 1% NP-40, 1 mM Na3VO4,
100 �M tosylsulfonyl phenylalanyl chloromethyl ketone [TPCK], 100 �M
quercetin, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 �g/ml leupep-
tin, 1 �g/ml pepstatin, 2% SDS, 20% glycerol), boiled for 5 min at 100°C,
and sonicated for 15 s, and aliquots were stored at �20°C. For Western
blots, 10 �l of bacterial lysates per lane was run on NuPage Bis-Tris gels
(Invitrogen) and electrophoretically transferred onto a polyvinylidene
fluoride membrane. The membrane was blocked with 5% powdered milk
in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h. Blots were
incubated with antisera at 1:50,000 and 1:100,000 dilutions in blocking
solution overnight at 4°C, washed with TBST, and incubated for 1 h with
peroxidase goat anti-rabbit secondary antibody diluted 1:100,000 in
blocking solution. After washing with TBST, signal was detected with
Immobilon Western detection reagent (Millipore) and exposure to film.
A duplicate gel was silver stained to evaluate loading.

Immunohistochemistry. Bcc and P. aeruginosa bacteria were local-
ized in formalin-fixed paraffin sections of CF lung tissue obtained during
transplantation or autopsy (Tables 1 and 2). In almost all cases, 4 tissue
blocks were selected from each patient, 2 containing larger bronchi with
cartilage in the airway wall and 2 containing bronchioles in which cartilage
was absent and alveoli were present. Sections were deparaffinized, rehy-
drated, and subjected to antigen retrieval by boiling in 0.05 M Na citrate
(pH 6.0). Endogenous peroxidase was inhibited by incubation in 3%
H2O2 in methanol, and sections were permeabilized with 0.1% Triton
X-100 (in PBS) and washed in PBS– 0.05% Tween 20 (PBST). After block-
ing in 5% donkey serum–1% fish gelatin–1% bovine serum albumin
(BSA) in PBST, sections were incubated overnight at 4°C with 1:3,000 and
1:6,000 dilutions of P. aeruginosa or Bcc antisera, respectively. Optimal
dilutions for each primary antibody were determined by using positive-
control sections containing easily identifiable Pseudomonas colonies
(from a CF patient infected with P. aeruginosa only [patient 21]) (Table 1)
or numerous intra- and extracellular B. cenocepacia bacteria (autopsy tis-
sue from a CF patient with cepacia syndrome [patient 1]) (Table 1). These
positive-control sections were included in each staining run. Negative
controls consisted of double the concentration of normal rabbit serum in
place of the primary antibody on replicate sections of every tissue block.
After washing with diluent (1:3 dilution of blocking solution in PBST),
sections were incubated with biotinylated Fab fragment donkey anti-rab-
bit secondary antibody (Jackson ImmunoResearch, West Grove, PA),
washed in diluent, and incubated with streptavidin horseradish peroxi-
dase (Jackson ImmunoResearch). Slides were washed with PBST, rinsed
in 0.05 M Tris-HCl buffer (pH 7.6), and incubated with diaminobenzi-
dine tetrahydrochloride (10 mg/50 ml) in the same buffer with 0.006%
H2O2. After rinsing in water, sections were counterstained with ethyl
green, dehydrated in ethanol, and coverslipped in Permount. A Nikon
Microphot SA microscope connected to a 3CC-Chilled camera (Sony,
Marietta, GA) interfaced to a computer was used to capture light micro-
scopic images via Adobe Photoshop.

Slides were evaluated by two independent observers and were graded
as having strong (���), moderate (��), or weak (�) staining for P.
aeruginosa and/or Bcc bacteria in endobronchial mucus and other loca-
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tions. Each slide was examined for bacterial appearance (single rods, clus-
ters, or macrocolonies), location of bacteria (inside inflammatory, bron-
chial epithelial, or alveolar cells), and morphology of airway epithelium
(intact or partial or total denudation).

Supernatants of mucopurulent material (SMM) and airway secre-
tions obtained from CF and non-CF patients. Under UNC IRB-ap-
proved protocols, mucopurulent respiratory secretions were harvested
from CF lungs excised during transplantation (females, n 
 10; males, n 

10; average age, 29.2 years) and from donor lungs that were not used for
transplantation (non-CF controls) (females, n 
 6; males, n 
 4; average
age, 32.6 years). Approximately 1 to 5 ml of mucopurulent material (CF)
or pooled secretions (control) was directly aspirated from intrapulmo-
nary airways with syringes and ultracentrifuged for 1 h at 100,000 rpm
(434,902 � g) (Beckman TL-100 tabletop ultracentrifuge with a TLA
100.2 rotor), and the supernatants were stored at �20°C prior to analyses
(38, 39).

In vitro production of ASL. Because ASL is a relevant culture medium
for our studies, we developed techniques to harvest large quantities of ASL
from WD airway epithelial cell cultures prepared as previously described
(40). Cells were removed from portions of main stem or lobar bronchi
from excess donor tissue obtained at the time of lung transplantation or
from CF lung tissue, again under UNC IRB-approved protocols. Cells
were grown on 100-mm tissue culture dishes in bronchial epithelial
growth medium (BEGM). Passage 2 cells were seeded onto collagen IV-
coated 30-mm Millicell CM membrane supports (Millipore) at a density
of �106 cells/cm2 and grown in air-liquid interface (ALI) medium in the
absence of antibiotics. Upon reaching confluence (�5 days), only the
culture medium in the serosal chamber was replaced. At �21 days, when
the apical cell surface of cultures was fully differentiated into ciliated and
mucus-producing cells (as determined by light microscopy), 200 �l of
Kreb’s bicarbonate Ringer (KBR) solution was deposited onto the apical
cell surface, followed 24 h later by collection of ASL with a pipette tip
attached to a 3-ml syringe. Preliminary experiments revealed that KBR
solution was conditioned by the epithelium to resemble ASL in vivo with
respect to ionic composition within 6 to 12 h (41). After ASL collection,
the apical cell surface of cultures was washed with endotoxin-free PBS,
and after 24 h, KBR solution was added for a second harvest of ASL. The
harvested ASL was stored at 4°C.

Chemical analysis of SMM and in vitro-produced ASL. The ions
Na�, K�, Cl�, and Mg2� were measured by using the Vitros950/950AT
chemistry system according to standard protocols. The electron acceptors
nitrate and sulfate were measured in secretions and in in vitro ASL by ion
chromatography using a Dionex 2010i ion chromatograph. Test samples
and standards were diluted 1:50 in sodium bicarbonate-sodium carbonate
eluent and filtered (0.45-�m filters) to remove particulates, and 1 ml of
sample was injected onto the columns. Standards were run to determine
NO3

� and SO4
2� peaks, sample areas were then compared to standards, a

standard curve was graphed, and the sample mass was calculated accord-
ing to the slope. Iron concentrations were measured spectrophotometri-
cally by using a commercial kit (MPR iron without deproteinization;
Roche Diagnostics Corp., Indianapolis, IN). Amino acids were measured
by high-performance liquid chromatography (HPLC) (Waters 7R Wisp;
Millipore). Osmolality was measured by using Micro Osmometer model
3300 (Advanced Instruments, Inc.). The data obtained from in vivo secre-
tions and ASL measurements were used to develop an artificial nutrient-
limited medium that was used to study bacterial growth in a defined,
pathophysiologically relevant microbiology system. Thus, the range of
growth rates produced is predicted to be much lower than that obtained
by using nutrient-rich laboratory medium (e.g., Luria-Bertani medium)
and may provide a more accurate indication of Bcc bacterial physiology
relevant to the CF lung. P. aeruginosa growth and biofilm formation were
previously studied by using synthetic media that nutritionally mimic CF
sputum (11, 12, 42).

Purification of mucins. Commercially available mucins are poorly
defined chemically and are non-gel forming. MUC5AC and MUC5B are

the major gel-forming mucins in both bovine cervical mucus and human
respiratory mucus (43–45). To produce large volumes of purified
MUC5AC/5B mucins, 50 ml of fresh bovine cervical mucus was solubi-
lized in 6 M guanidinium chloride, and mucins were purified by double
isopycnic density gradient centrifugation (46). Fractions were collected,
weighed for density, and assessed for DNA (A260), protein (A270), and
sialic acid. Sialic acid-positive fractions were pooled and dialyzed against
deionized water. The second gradient centrifugation yielded a sharp sialic
acid peak that was well separated from DNA. A known volume of this
fraction was dried, and its weight determined on a microbalance (C33;
Cahn) to determine the mucin content. Mucin solutions, reconstituted
with PBS at concentrations ranging from 0.01 to 1 mg in a volume of 100
�l, were prepared and used for bacterial growth studies.

Bacterial strains. Two Bcc species, B. cenocepacia BC-7 (genomovar
III, cblA�, and major CF lineage ET12; provided by Richard Goldstein,
Boston University) and B. multivorans J-1 (genomovar II; UNC Hospi-
tals), and P. aeruginosa strains PAO1 (ATCC) and Pae33 (UNC Hospitals)
were used in this study. Pae33 was obtain from an individual with severe
lung disease who was being evaluated for lung transplantation. The pa-
tient had two additional mucoid strains of Pseudomonas, and this smooth
strain was resistant to many antibiotics, suggesting long-standing infec-
tion. Stocks of the bacteria were kept at �70°C in skim milk. For all
studies, bacteria were grown at 37°C on sheep blood agar plates.

Inoculation of in vitro-produced ASL and “pure” mucin solutions.
To characterize the growth of B. cenocepacia BC-7 and B. multivorans J-1
in ASL produced in vitro and in mucin solutions, we incubated a small
volume of ASL or mucin solution (30 �l) with a low number (�200 to 500
CFU/1 �l PBS) of bacteria (grown overnight on sheep blood agar and then
suspended/diluted in PBS). The cultures were grown for 3 days, and their
growth was monitored under aerobic and anaerobic (10% H2, 5% CO2,
85% N2) (anaerobic chamber from Coy Laboratory Products, Inc., Ann
Arbor, MI) conditions at 37°C in round-bottom 96-well plates. All growth
studies were performed in triplicate. For anaerobic growth experiments,
both ASL and bacterial suspensions were equilibrated in the anaerobic
chamber before the ASL was inoculated with Bcc bacteria and/or P.
aeruginosa. The number of viable bacteria was determined by serial dilu-
tions plated onto sheep blood agar and cultured under aerobic conditions.

To test mixed cultures for growth in ASL under aerobic/anaerobic
conditions, equal numbers of P. aeruginosa (�200 CFU/0.5 �l PBS) and
Bcc (�200 CFU/0.5 �l PBS) bacteria as well as Bcc and P. aeruginosa
bacteria at a different ratio (100:1) were cocultured, and after 72 h, serial
dilutions were prepared and plated in parallel onto Trypticase soy agar
and Bcc selective agar (provided by the Microbiology/Immunology Lab-
oratory of UNC Hospitals) for bacterial enumeration.

Preparation of bacterially conditioned test medium and in vitro
ASL supernatants. In vitro ASL was inoculated with the two Bcc species
and P. aeruginosa bacteria, as described above, in quadruplicate; after 72 h
of incubation, the four samples were pooled and filtered (0.2-�m Acro-
disk); and ASL filtrates were stored at �20°C until use.

Measurements of organic acids in infected test medium and in vitro
ASL. For measurements of organic acids in infected test medium and in
vitro ASL, bacterium-conditioned and noninoculated test media and ASL
were assayed for low-molecular-weight organic acids, e.g., acetate, lactate,
or formate. These acids are fermentative products, which are not normally
intermediary metabolites for strictly aerobic bacteria. Thus, the presence
of these organic acids serves as an indication that Bcc bacteria were able to
perform fermentation. The technique used for the measurement of low-
molecular-weight organic acids in test medium and in in vitro ASL was
established for anoxic sediment pore water (47). A gradient liquid chro-
matograph, combined with a UV-visible (UV-VIS) detector and an inte-
grator, was used to identify and quantitate organic acids in pre- and
postinfected ASL. The column employed was a 22-cm cartridge with a
guard column or a polymeric reversed-phase guard cartridge in the sam-
ple loop as a concentrator. To measure organic acids, 2-nitrophenylhy-
drazides (NHPs) of C1 and C5 acids were first produced in aqueous solu-
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tion through the use of a water-soluble carbodiimide-coupling agent. The
test solutions were centrifuged, and pyridine buffer was added, followed
by NHP, then 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride, and, finally, 40% KOH. The samples were mixed and heated in a
heating block at 70°C for 10 min. After centrifugation, the supernatant
was pumped through the concentrator column in the sample loop. The
derivatized acids adhere strongly because of the cationic quaternary am-
monium-pairing agents adhering to the stationary phase. After the sam-
ples were pumped through the precolumn, 1 ml of deionized water was
flushed through the column to remove KOH from the concentrator prior
to injection onto the analytical column of the gradient liquid chromato-
graph. The derivatives were then separated with acetate-buffered ion-
pairing solvents and detected by absorption at 230 or 400 nm. A standard
mixture of nine acids (lactate, acetate, formate, propionate, iso-butyrate,
butyrate, iso-valerate, valerate, and fumarate; Sigma Chemicals, St. Louis,
MO) was run in parallel, which allowed the quantification of organic
acids.

Detection of mucinase activity. To detect bacterial mucin-degrading
enzyme (“mucinase”) activity, we first prepared bacterial cell lysates after
growth in Luria-Bertani medium overnight at 37°C with shaking. The
bacteria were then pelleted and resuspended in TE buffer (10 mM Tris-
HCl, 1 mM EDTA [pH 8.0]). The cell pellets were lysed by sonication on
ice, using six 10-s bursts at 4 W. Cell debris and unbroken cells were
removed by centrifugation at 12,000 rpm for 15 min at 4°C. The superna-
tants were concentrated, and 100-�l volumes were dialyzed (Mini Dialysis
unit; Pierce, Rockford, IL) against water. Samples (10� concentration)
were then incubated with 1 �g purified bovine cervical mucins for 18 h at
37°C. As a positive control, bovine cervical mucins were incubated with
trypsin (10 �g). Aliquots were then subjected to SDS-PAGE using a 4-to-
12% gradient polyacrylamide gel (Bio-Rad). The samples were electro-
phoresed at 100 V for 1 h. The resulting gels were stained with periodic
acid-Schiff (PAS) reagent (Gelcode glycoprotein staining kit; Pierce). In
addition, aliquots were reduced and electrophoresed on 1% agarose gels
for �3 h in TAE buffer (40 mM Tris-acetate, 1 mM EDTA [pH 8.0]) at a
constant 80 V. After electrophoresis, the gels were washed in SSC buffer
(0.6 M NaCl, 60 mM Na citrate [pH 7.0]), and the resolved molecules
were transferred onto nitrocellulose in the same buffer for 1.5 h at a neg-
ative pressure of 4.5 kPa by using a VacuGene XL vacuum blotting appa-
ratus, as described previously (48). After washing, the nitrocellulose
membranes were stained with PAS reagent or probed with an antibody
specific to cervical polymeric mucins (MUC5AC and MUC5B) (48) and
developed with horseradish-conjugated secondary antibody (Jackson
ImmunoResearch), in conjunction with an enhanced chemiluminescence
kit. The developed membranes were digitized by using a Lumax Power-
look 1000 scanner, and the integrated staining intensities of the bands in
the resulting images were determined with MetaMorph image processing
software (49).

Statistical analysis. Means 	 standard errors of the means (SEM) or
standard deviations (SD) were calculated for ionic, amino acid, and glu-
cose concentrations in SMM, non-CF secretions, and in vitro ASL har-
vested from WD human airway epithelial cultures. Single parameters for
CF and non-CF samples were compared by using Student’s t test and were
considered significantly different when the P value was �0.05. For single-
bacterium growth and competitive growth analyses, we calculated the
means 	 SD.

RESULTS
Specificity of Bcc and P. aeruginosa antisera. The specificities of
the rabbit antisera for Bcc and P. aeruginosa bacteria were evalu-
ated by Western blotting of bacterial lysates (Fig. 1A to C). The P.
aeruginosa antisera reacted strongly with multiple bands from five
different P. aeruginosa strains but not with any of the five Bcc
species tested. Conversely, the Bcc antisera reacted strongly with
many bands from five different Bcc species but not with any of the
five P. aeruginosa strains tested.

Lung sections from individuals whose sputum tested positive
for P. aeruginosa and negative for Bcc bacteria, or positive for Bcc
bacteria and negative for P. aeruginosa, were also used to test an-
tiserum specificity (Fig. 1D to K). Each antiserum specifically de-
tected the bacteria used as the antigen and did not cross-react with
the other bacterial type. Both antisera faintly and variably stained
the ciliated border of the bronchial epithelium as well as occa-
sional linear deposits along the alveolar wall. Furthermore, faint
staining of cell nuclei, goblet cell mucin, and chondrocytes was
variably present in certain sections. This pattern was also present
in lungs not infected with the corresponding bacteria and was thus
considered nonspecific background. These results indicate gener-
ally good antiserum specificity and sensitivity for the respective
bacteria.

Bcc and P. aeruginosa localization in CF lungs. To localize
Bcc bacteria in CF lung tissue and to test whether Bcc bacteria and
P. aeruginosa formed mixed- or single-species biofilm-like struc-
tures in coinfected lungs, we performed immunohistochemistry
for each species in replicate tissue sections from the same tissue
block. Tissue blocks representing large and small airways were
selected from a series of CF patients who had undergone lung
transplantation or at autopsy (Table 1; see also Table S1 in the
supplemental material). Lung sections from a patient whose cul-
tured sputum grew B. cenocepacia but not P. aeruginosa and who
died of cepacia syndrome were used as a positive control for Bcc
bacteria (patient 1) (Table 1). In these sections, Bcc bacteria were
present mainly in luminal mucus, and there were no large bacte-
rial aggregations or colony-like biofilm growth (Fig. 1F and J),
which was observed in control lung sections infected with P.
aeruginosa only (patient 21) (Fig. 1E and I). Most of the specific
staining of Bcc bacteria within luminal mucus was associated with
cells exhibiting macrophage- or sometimes neutrophil-like mor-
phologies (Fig. 1F and J). Individual Bcc bacteria and small Bcc
groups were visible outside cells in the luminal mucus, and it
appeared in some cases that these cells originated from host cells
that underwent lysis, although bacterial invasion of lysed cell de-
bris is also possible.

Sections derived from 80 lung tissue blocks originating from 21
CF individuals who underwent lung transplantation or autopsy
were immunostained (Table 1). The specimens were selected
based on previous positive sputum cultures, i.e., cultures obtained
closest to the time of transplantation/autopsy (range, 4 days to 116
days), and comprised both large cartilaginous bronchi and smaller
noncartilaginous airways and alveoli from each patient. Because
the sputum cultures were obtained at different intervals prior to
lung resection for each patient, the ability to precisely define the
microbiology status at the time of resection may have been com-
promised.

However, given these considerations, sputum cultures from 10
of these individuals grew Bcc bacteria but not P. aeruginosa, 4 grew
P. aeruginosa but not Bcc bacteria, and 7 grew both Bcc bacteria
and P. aeruginosa (Table 1). It should be noted that we generally
examined the sputum microbiology reports for 2 years prior to
lung transplantation. In some cases, an early positive report of P.
aeruginosa was not confirmed with a later sample. Furthermore,
many samples contained additional organisms, including oropha-
ryngeal flora and bacteria typical of late-stage CF, including Staph-
ylococcus aureus, Stenotrophomonas maltophilia, and Achromobac-
ter xylosoxidans.

In sections stained with the Bcc antiserum, 15 out of 21 lungs

Burkholderia cepacia Complex Bacteria in CF Lungs

November 2014 Volume 82 Number 11 iai.asm.org 4733

 on O
ctober 8, 2014 by F

riedrich-Loeffler-Institut
http://iai.asm

.org/
D

ow
nloaded from

 

http://iai.asm.org
http://iai.asm.org/


exhibited at least one positive, specific signal (see Table S1 in the
supplemental material). Of the 15 Bcc-positive tissues, 8 stained
for Bcc bacteria only and 7 showed positive specific staining for
both Bcc bacteria and P. aeruginosa. Of the 6 remaining lungs, 2

stained for P. aeruginosa only and 4 revealed no bacteria. These
results varied somewhat from sputum culture results, as demon-
strated in Table S1 in the supplemental material. For example, a
patient with a Bcc-only sputum culture exhibited weak P. aerugi-

FIG 1 Specificity of P. aeruginosa and Bcc antisera and control immunohistochemistry. (A to C) Replicate blots of bacterial lysates (loaded as indicated along the
bottom) stained with P. aeruginosa and Bcc antisera (A and B), as indicated, and a replicate silver-stained gel (C) to assess loading. (D to K). Bronchial sections
from CF individuals whose sputum was positive for B. cenocepacia and negative for P. aeruginosa (patient 1) (Table 1), or vice versa (patient 21), were stained with
Bcc and P. aeruginosa antisera. Low-magnification (D to G) and higher-magnification (H to K) images illustrate that the antisera were specific for their respective
bacteria. Variable staining of the ciliated epithelial cell luminal border and diffuse faint staining of connective tissue matrix were observed with both antisera and
were considered nonspecific. Double the concentration of normal rabbit serum typically displayed negligible staining (not shown).
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nosa staining (patient 7) (see Table S1 in the supplemental mate-
rial), and a coinfected patient was negative for both P. aeruginosa
and Bcc bacteria (patient 15) (see Table S1 in the supplemental
material). Particularly surprising, patient 18 had a positive P.
aeruginosa sputum culture, but the lung tissue sections revealed
only Bcc bacteria. These observations may reflect the heteroge-
neous presence of bacteria throughout the lungs, variable timing
of sputum collection, and/or sputum versus histology sampling
variability (Table 1; see also Table S1 in the supplemental mate-
rial). Furthermore, bacteria may have been nonviable at the time

of sputum culture, while nonviable bacteria or bacterial antigenic
debris were still detectable by immunostaining.

In the lung samples with positive staining for Bcc bacteria only,
the bacteria were always found in bronchi and variably extended
into bronchioles and alveoli, suggesting that Bcc infection in the
distal lung is preceded by proximal lung infection. In most cases,
intracellular single or small groups of Bcc bacteria were visible in
macrophages and neutrophils and extracellularly in luminal mu-
copurulent material (Fig. 2A and B and 3). Positive staining for
Bcc bacteria in alveoli was infrequent in our samples and was

FIG 2 Localization of B. cenocepacia and P. aeruginosa in CF lungs removed during transplantation. (A) Low-power view of a bronchus from a 32-year-old male
whose last preoperative sputum culture was positive for B. cenocepacia and negative for P. aeruginosa (patient 10). The luminal mucopurulent secretions react
strongly with Bcc antiserum, with more densely stained areas but without obvious colonial associations. (B) Higher-power view of panel A illustrating
predominantly intracellular material in phagocytes and occasional intercellular individual bacteria or pairs/small clusters of bacteria. (C) Low-power view of a
bronchus from a 28-year-old female (patient 21) (Table 1) whose last preoperative sputum culture was positive for P. aeruginosa and negative for Bcc bacteria.
There are abundant ball-like bacterial colonies and sheet-like masses in the luminal secretions that react strongly with P. aeruginosa antiserum. (D) Higher-power
view from panel C illustrating bacterial colonies.

Burkholderia cepacia Complex Bacteria in CF Lungs

November 2014 Volume 82 Number 11 iai.asm.org 4735

 on O
ctober 8, 2014 by F

riedrich-Loeffler-Institut
http://iai.asm

.org/
D

ow
nloaded from

 

http://iai.asm.org
http://iai.asm.org/


restricted mainly to the autopsy case of cepacia syndrome (patient
1) (Fig. 3; see also Table S1 in the supplemental material).

Similar to data from previous reports (8, 10, 50), the vast ma-
jority of staining in lung sections with P. aeruginosa infection only
was detected in bronchial luminal mucopurulent material (Fig. 2).
Complex aggregations of rod-shaped bacteria were present in
micro- to macrocolonies (biofilm-like structures) (Fig. 2C and
D). Single bacteria as well as pairs and clusters were visible in the
colony matrix, while mammalian cells were typically excluded.
Positive staining for P. aeruginosa was also associated with inflam-
matory cells embedded in the mucus surrounding the bacterial
aggregations, mainly in cells that exhibited a macrophage-like
morphology. It is unclear whether the bacteria within these
cells were viable. Positive staining for P. aeruginosa rarely ex-

tended to damaged and remodeled alveolar regions and was typ-
ically associated with cells in this region having a macrophage-like
morphology.

Sections from two CF lungs (patients 19 and 21) (see Table S1
in the supplemental material) stained exclusively for P. aerugi-
nosa, corresponding to single-infection status in sputum. Two
other patients with P. aeruginosa-positive sputum samples, how-
ever, did not exhibit staining in lung tissue sections (patients 18
and 20) (see Table S1 in the supplemental material). As noted
above, this finding may reflect sampling limitations. Of special
interest were the 7 CF individuals whose stained sections showed
the presence of both Bcc and P. aeruginosa bacteria. In these spec-
imens, our semiquantitative scoring system indicated that the
numbers of Bcc bacteria were equal to or higher than those of P.
aeruginosa, suggesting that Bcc bacteria dominated in coinfec-
tions. This finding is generally consistent with data for sputum
obtained prior to lung transplantation, in which P. aeruginosa
numbers were usually lower than those of Bcc bacteria in cases
where quantitative sputum culture data were available (Table 1).
Both types of bacteria were present in the same location, mainly in
large airways (patients 4, 6, 7, 10, and 17) but occasionally extend-
ing to smaller airways (patients 5, 6, 7, 13, and 17). Again, the sites
of coinfection were within macrophages/neutrophils and in mu-
cus entrapped between inflammatory cells in the bronchial lumen.
Since both of our well-characterized antisera were obtained from
the same species (rabbit), it was difficult to determine whether
both bacterial species were present in the exact same cells or in
small mixed groups of extracellular bacteria. Clearly, Bcc bacteria
were more frequently observed within cells and only in very small
extracellular groups in both single and combined infections. In
the presence of Bcc bacteria, numbers of P. aeruginosa bacteria
were reduced, and characteristic large aggregate colonies, i.e., bio-
film-like structures, were not present. Despite abundant immu-
noreactive Bcc bacteria in the luminal mucopurulent material in
several CF lungs, we did not observe distinct, large, colonial bio-
film-like growth of Bcc bacteria similar to the easily recognizable
P. aeruginosa colonies seen in lungs not infected with Bcc bacteria.

We rarely observed bacteria on the epithelium or penetrating
the epithelial layer. Airway epithelial damage and partial or total
focal loss appeared to be restricted to Bcc infection and were sim-
ilar in combined (13/27 tissue blocks) and single (18/39 tissue
blocks) Bcc infections.

Chemical composition of normal secretions and CF SMM.
To develop a growth medium to study growth of B. cenocepacia
and B. multivorans and their interactions with P. aeruginosa in an
environment that mimicked the CF lung, we characterized the
mucopurulent material from the lumens of resected CF lungs.
This material was ultracentrifuged, and the composition of the
supernatant was analyzed. Comparable experiments were per-
formed on the mucus secretions that collected at the site of airway
stapling in donor (“normal”) lungs. Table 2 summarizes the
quantitative analysis of selected biological elements in superna-
tants obtained from CF and non-CF patients. The data show that
in SMM harvested from CF airways and in secretions harvested
from non-CF airways, Na� and Cl� represented the major monova-
lent ions. The mean concentrations of Na�, Cl�, K�, and Mg2�

were not significantly different in CF SMM compared to non-CF
secretions. As estimated from 2 · [Na� � K�], both CF and
non-CF secretions were isotonic, an estimate confirmed by mea-
surements of osmolarity, which were similar in both non-CF

FIG 3 Localization of B. cenocepacia in a CF lung obtained at autopsy. (A)
Section of distal lung parenchyma from a 20-year-old male (patient 1) (Table
1) whose prior sputum culture was positive for B. cenocepacia and negative for
P. aeruginosa. Highly inflamed alveoli contain cells and particulate matter that
react strongly with Bcc antiserum. (B) Higher-power view from panel A, again
illustrating predominantly intracellular material in phagocytes and occasional
intercellular individual bacteria or pairs/small clusters of bacteria.
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(306 	 58 mosmol; n 
 4) and CF (345.83 	 16.2 mosmol; n 
 7)
secretions. A significantly (P 
 0.018) lower glucose concentra-
tion was measured in CF secretions than in non-CF secretions,
while we found a significantly higher concentration of iron in CF
SMM (P 
 �0.05). The mean inorganic sulfate and nitrate con-
centrations in CF SMM were similar to the concentrations mea-
sured in non-CF secretions. Fumarate was not detectable in either
CF SMM or non-CF secretions.

All 20 amino acids tested were identified in non-CF secretions
and CF SMM (Table 3). As a trend, each tested amino acid exhib-
ited a higher concentration in CF SMM than in non-CF secre-
tions, with the exception of cysteine. However, significant differ-
ences were observed only for glutamine (P 
 0.026) and histidine
(P 
 0.049) concentrations. The difference in the arginine con-
centrations was not statistically significant (P 
 0.12) in CF com-
pared to non-CF secretions (Table 2).

Bcc growth in test medium (modified M9 medium) mimick-
ing ASL. For the most part, the compositions of CF and non-CF
secretions were similar. Significant differences in concentrations
of glucose and iron between non-CF secretions and CF SMM
could be due to chronic bacterial infections in CF patients. We
used the concentrations of components in non-CF secretions to
develop a test medium that mimicked normal in vivo ASL. Thus,
our medium likely reflects conditions at the beginning rather than
the end stage of infection. The components of the test medium
were M9 minimal salts (42 mM Na2HPO4, 24 mM KH2PO4, 9 mM
NaCl, 19 mM NH4Cl; Oxoid), glucose (120 mg/dl), MgCl (5 mg/
dl), iron (5 �g/dl), and the following amino acids: 2.7 mg/liter
glutamic acid, 2.2 mg/liter lysine, 2.1 mg/liter leucine, 0.35 mg/
liter asparagine, 0.81 mg/liter phenylalanine, 3.0 mg/liter alanine,
and 2.65 mg/liter glycine. We selected these amino acids since they
have no covalently attached nitrate or sulfate groups and exhibited
the highest concentrations compared to the other amino acids
detected in SMM (Table 3). To study Bcc anaerobic respiration,

the test medium was supplemented with alternative electron ac-
ceptors, e.g., sodium nitrate or sodium sulfate (Sigma Chemicals),
in concentrations that spanned those reported in Table 2. We also
studied fumarate at a designated concentration, even though we
were not able to detect fumarate in CF SMM. Since P. aeruginosa is
known to utilize arginine as the sole energy source for growth
when neither oxygen nor nitrate is available (33), we also tested
arginine in this medium, using a concentration similar to that for
the in vivo measurement of non-CF secretions reported in Table 2.

This test medium promoted growth of both Bcc strains equally
well under aerobic conditions (Fig. 4). However, under anaerobic
conditions in this medium, we observed reduced growth and sig-
nificant differences between the two Bcc strains. In contrast to
strain J-1, which grew, strain BC-7 did not grow but remained
viable (Fig. 4). The addition of arginine to the medium neither
supported the growth of BC-7 nor increased the growth of strain
J-1, which suggests that arginine was not utilized by Bcc bacteria
for energy production and which is consistent with the absence of
arginine dihydrolase in Bcc bacteria. Interestingly, the addition of
either alternative electron acceptor, i.e., NO3

� or SO4
2�, also had

no effect on the growth of either strain. These data suggest that
Bcc bacteria do not use anaerobic respiration but may use fer-
mentation to gain energy sufficient for maintenance (BC-7)
and/or growth (strain J-1). This notion was supported by the
identification of fermentation products in anaerobically in-
fected test medium by HPLC. The major organic acids excreted
by Bcc strain BC-7 and J-1 under anaerobic conditions were
acetate and formate. For example, acetate concentrations at 72
h were 1.73 �M and 4.89 �M for BC-7 and J-1, respectively,
indicating possible energy production via fermentation. This
notion is supported by a previous study by Sass et al. (51), who
found low-oxygen-activated genes in B. cenocepacia that could
be involved in energy production via fermentation. Detectable
concentrations of fumarate were also identified in J-1-infected test
medium (1.28 �M).

Growth of Bcc bacteria in in vitro ASL harvested from airway
epithelial cultures. We also used ASL harvested from WD airway
epithelial cultures as a “relevant” culture medium to study Bcc

TABLE 3 Amino acids in supernatants of CF mucopurulent material
and non-CF secretions

Amino acid

Mean concn (�g/ml) 	 SEM in:

Non-CF supernatants
(n 
 10)

CF supernatants
(n 
 20)

Aspartic acid 1,078 	 437 1,565 	 296
Glutamic acid 2,706 	 800 4,058 	 662
Serine 1,753 	 642 3,078 	 499
Asparagine 346 	 90 517 	 107
Glycine 2,650 	 728 3,686 	 566
Glutamine 499 	 116 956 	 156
Histidine 520 	 200 1,67 	 171
Threonine 1,522 	 547 2,853 	 439
Alanine 3,007 	 995 4,898 	 738
Proline 1,293 	 416 2,065 	 306
Tyrosine 731 	 263 1,354 	 203
Valine 1,614 	 610 3,197 	 531
Methionine 305 	 135 306 	 70
Cysteine 281 	 76 234 	 37
Isoleucine 1,018 	 428 1,918 	 367
Leucine 2,126 	 768 3,639 	 653
Phenylalanine 813 	 285 1,481 	 243
Tryptophan 162 	 59 320 	 50
Lysine 2,175 	 903 4,364 	 703

FIG 4 Aerobic and anaerobic growth of Bcc bacteria in modified M9 medium.
To test for strategies used by Bcc bacteria to gain energy anaerobically, we
developed a test medium (modified M9 medium), which was supplemented
with the electron acceptors nitrate, sulfate, and arginine. B. multivorans J-1 and
B. cenocepacia BC-7 (approximately 200 to 500 CFU/1 �l PBS) were incubated
for 72 h under aerobic and anaerobic conditions in 30 �l of test medium (n 

3), and the number of bacteria was determined by serial dilutions and plating.

Burkholderia cepacia Complex Bacteria in CF Lungs

November 2014 Volume 82 Number 11 iai.asm.org 4737

 on O
ctober 8, 2014 by F

riedrich-Loeffler-Institut
http://iai.asm

.org/
D

ow
nloaded from

 

http://iai.asm.org
http://iai.asm.org/


growth. As with secretions from freshly harvested lungs, we first
analyzed the composition of ASL harvested from CF and normal
cultures.

When the chemical composition of in vitro ASL harvested from
WD airway epithelial cultures was analyzed, we found no signifi-
cant differences in the ion, glucose, or mucin concentrations be-
tween non-CF and CF ASL (Table 4). Significant differences (P 

0.004) in the arginine concentrations were observed, with 16.7 	
2.5 mmol/liter in non-CF ASL and 32.6 	 1.8 mmol/liter in CF
ASL. Overall, the concentrations of amino acids were relatively
low, ranging between 3 and 105 �M in non-CF ASL and between
3 and 153 �M in CF ASL (data not shown). Of special interest was
the observation that nitrate (10), sulfate, arginine, and glucose
were components of ASL, and these components may support
anaerobic growth of Bcc bacteria.

Unlike in test medium, both Bcc strains BC-7 and J-1 grew
under aerobic and anaerobic conditions in in vitro ASL (Fig. 5).
No differences in growth were seen in CF versus non-CF ASL
(data not shown). Again, both strains grew faster under aerobic
conditions, reaching similar maximum population densities at 72
h (Fig. 5A). Under anaerobic conditions, by 24 h, both Bcc strains
reached levels almost as high as their maximum population den-
sity at 72 h (Fig. 5B), indicating that ASL is nutrient rich, while our
developed minimal medium did not support growth of Bcc strain
BC-7 under anaerobic conditions, even in the presence of arginine
(Fig. 4).

To identify fermentation products, we analyzed nonin-
fected and infected ASL by HPLC. However, due to the high
baseline values for organic acids in the ASL of noninfected
cultures, we were unable to associate their production with
bacteria growing in ASL.

Bcc bacteria produce mucinases and utilize mucins for
growth. Even though the M9 test medium contained glucose and
amino acids, which could be utilized for metabolism, strain BC-7
did not grow anaerobically, suggesting that other components in
ASL may promote its growth. Since mucins are the major macro-
molecular component in ASL (52), we investigated whether mu-
cins can be utilized as energy sources by Bcc bacteria. Bcc and P.
aeruginosa bacteria possess mucin sulfatase activities (53), which
make mucins more susceptible to glycosidases and proteases. In-
deed, both strains grew more rapidly with increasing concentra-
tions of mucin alone in PBS under aerobic conditions (see Fig. S1
in the supplemental material). Furthermore, the addition of 0.1
and 1% mucins to PBS increased growth for both strains by �2
log10 units under anaerobic conditions (Fig. 6).

The enhanced growth of both Bcc strains in mucin solutions
implied bacterial production of mucinases, a possibility that was

TABLE 4 Ion, glucose, and mucin concentrations in ASL harvested from well-differentiated human CF and non-CF airway epithelial cell culturesa

Culture

Mean concn 	 SD (no. of samples)

Na (mmol/liter) K (mmol/liter) Cl (mmol/liter) Mg (mg/dl) Sulfate (mM) Iron (�g/dl)
Glucose
(mg/dl)

Arginine
(�mol/liter)

Mucin
(mg/ml)

NL-ASL 138.4 	 6.9 (4) 0.47 	 0.2 (4) 125.9 	 14.3 (4) 3.2 (2) 0.15 (2) �5 (2) 62 (2) 16.7 	 2.5 (3) 1.5 (2)
CF-ASL 117.2 	 15.1 (4) 0.42 	 0.1 (4) 135.3 	 18.1 (4) 3.9 (2) 0.19 (2) �5 (2) 76 (2) 32.6 	 1.8 (3) 1.4 (2)
a NL-ASL, non-CF ASL culture; CF-ASL, CF ASL culture.

FIG 5 Aerobic and anaerobic growth of Bcc bacteria in in vitro ASL har-
vested from well-differentiated airway cultures. B. multivorans J-1 and B.
cenocepacia BC-7 (approximately 200 to 500 CFU/1 �l PBS) were incubated
for 24, 48, and 72 h under aerobic (A) and anaerobic (B) conditions in 30 �l of
in vitro ASL (n 
 3), and the number of bacteria was determined by serial
dilutions and plating.

FIG 6 Growth of Bcc bacteria in mucin gels. Purified mucins from bovine
cervical mucus were suspended in PBS, and the mucin gels were incubated
with B. multivorans J-1 and B. cenocepacia BC-7 (approximately 200 to 500
CFU/1 �l PBS) for 72 h under anaerobic conditions (n 
 3). Enumeration was
performed by serial dilutions (see also Fig. S1 in the supplemental material).
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tested in a series of studies using Bcc lysates and purified mucins.
First, purified bovine cervical mucin was incubated in the absence
or presence of crude bacterial lysates from B. cenocepacia strain
BC-7 and B. multivorans strain J-1, or with trypsin as a positive
control, and the products were resolved by agarose gel electropho-
resis and Western blotting. When the resulting blots were probed
with a mucin-specific antibody, the native mucin was seen to dis-
tribute broadly, as expected for MUC5B (Fig. 7A) (54). Trypsin
and both bacterial lysates decreased the quantity of material re-
solved in the agarose gel significantly. We recently showed that
enzymatic digestion of mucins that contain extensive disulfide
bonds can cause antibody epitope loss without compromising
macromolecular integrity (55). Hence, it is important to note that
in Fig. 7A, mucin digestion by bacterial lysates reduced mucin
molecular mass, as evidenced by the higher mobility of the stained
materials during electrophoresis. A linescan analysis of these data
confirmed this qualitative assessment (Fig. 7B).

Additionally, we used gradient gel PAGE, which excludes ma-
terials equivalent to globular proteins larger than �120 kDa, and
PAS staining to test whether glycopeptides resulting from mucin
digestion (2 to 50 MDa [56]) could be resolved. Hence, as is seen
in the control lane of Fig. 7C, the mucins resolved in the stacking
gel at the interface with the running gel (band 1), with very little
material appearing below the interface. For the mucins incubated
with trypsin or the Bcc lysates, a significant amount of material in
band 1 disappeared. Reciprocally, for trypsin and Bcc strain BC-7,
a new band appeared below the interface (band 2). Strain J-1 ap-
parently digested the mucins into smaller fragments, because no
material appeared below band 1 in this lane except at the bottom
of the gel (band 3). Material of a similar size also appeared with the
BC-7 lysate (Fig. 7C). However, this band also appeared in lysates
incubated in the absence of mucin (Fig. 7D). Hence, the material
responsible for band 3 staining is most likely glycosylated material
of bacterial origin.

The redistribution of mucin in PAGE gels caused by digestion
with trypsin and bacterial lysates was quantitated by linescan anal-
ysis (Fig. 7E). Note that trypsin and both lysates decreased band 1,
whereas only trypsin and the BC-7 lysate caused the appearance of
a second “hump” in the linescan, corresponding to the material in
band 2. We conclude that B. cenocepacia BC-7 produces a major,
large digestion product similar to the trypsin product. The B. mul-
tivorans J-1 lysate, in contrast, digested the mucin glycans, ren-
dering the material PAS stain insensitive, and/or digested the
mucins into small fragments that ran off the gel during electro-
phoresis.

Competitive growth of Bcc and P. aeruginosa bacteria in cell
culture ASL. Because our immunohistology data indicated that
the Bcc bacterial load dominated over the P. aeruginosa bacterial
load in coinfected lungs, we examined the effects of coculturing of
Bcc strain BC-7/J-1 and P. aeruginosa Pae33 or of Bcc strain BC-
7/J-1 and PAO1 (equal numbers or a 100:1 ratio) on bacterial
persistence and growth in in vitro ASL. Interestingly, under aero-
bic conditions, total killing of both Bcc strains was observed at 48
h in the presence of either P. aeruginosa strain, regardless of the
ratio of P. aeruginosa to Bcc bacteria or the Bcc strain tested (Fig.
8). This outright killing by 48 h suggested that P. aeruginosa pro-
duced a secreted (soluble) antibacterial product that was toxic to
Bcc bacteria rather than simple substrate competition. Similar ex-
periments conducted at 24 h demonstrated less complete Bcc kill-
ing and furthermore suggested that P. aeruginosa PAO1 may have
been more aggressive than P. aeruginosa Pae33 (data not shown).
These experiments also suggested that B. cenocepacia BC-7 was
more susceptible than B. multivorans J-1. However, the magnitude
of the differences in killing potency and susceptibility were not
great, and an inoculum size ranging from 200 to 500 CFU could
have also affected these results.

In contrast, under anaerobic conditions, both P. aeruginosa
strains inhibited growth of both Bcc strains, but Bcc bacteria were
able to persist in significant numbers under these conditions for
72 h (Fig. 9A). Interestingly, Bcc bacteria were less inhibited by P.
aeruginosa when the inoculum size of Bcc bacteria was 100�
larger than that of P. aeruginosa (Fig. 9B). In contrast, growth of
both P. aeruginosa strains was not affected by the presence of Bcc
bacteria under aerobic or anaerobic conditions, with their popu-
lation densities at 72 h being similar in the absence and presence of
Bcc bacteria (Fig. 10).

To determine whether soluble factors produced by P. aerugi-

FIG 7 Degradation of mucins by bacterial cell lysates. Purified bovine cervical
mucins were incubated with trypsin (Trp) or crude lysates from B. cenocepacia
(BC-7) or B. multivorans (J-1), and the products were resolved by 1% agarose
gel electrophoresis (A and B) or 4-to-20% gradient PAGE (C to E). (A) The
agarose gel was vacuum blotted and probed with a mucin-specific antibody.
(B) The intensity profile for each lane of panel A was determined by using the
linescan function in MetaMorph. Lines were extended vertically down each
lane, and the average pixel intensity in each row of pixels across the width of the
lane was recorded. (C) The PAGE gel was stained with PAS stain to reveal
glycosylated materials, which correspond to mucins. Band 1 represents intact
mucins (Con) in the stacking gel or fragments thereof that are too large to
penetrate the running gel. Bands 2 and 3 represent glycosylated materials in the
running gel that resulted from digestion. (D) Control PAGE gel showing the
resolution of glycosylated materials in the bacterial lysate in the absence of
exogenously added mucins. Note that bacterial cell lysates contained no band
corresponding to mucin degradation products. (E) Intensity profiles of the
lanes in panel C, as described above for panel B.
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nosa affected Bcc growth, ASL harvested from well-differentiated
airway cultures and conditioned with aerobically or anaerobically
grown P. aeruginosa (strain Pae33 or PAO1) was filtered, and the
supernatants were incubated with the Bcc strains for 72 h under
aerobic conditions. We observed total killing of both Bcc species
in ASL conditioned with aerobically grown P. aeruginosa (data not
shown). However, in cell-free ASL conditioned with anaerobically
grown P. aeruginosa, both Bcc species survived and grew to num-
bers similar to those obtained when the Bcc species were grown in
unconditioned ASL.

DISCUSSION

Bcc bacteria and P. aeruginosa coexist for periods of time within
CF airways (4, 5), a notion supported by the coisolation of both
pathogens in CF sputum samples. However, virtually nothing is
known about their physical or biochemical interactions in the
airway lumens of CF patients. Consequently, we investigated the
localization of Bcc and P. aeruginosa bacteria in lungs excised from
CF subjects with single or mixed infections with these bacteria and
studied, in vitro, key questions raised by these data.

Bcc bacteria occupy niches distinct from those occupied by
P. aeruginosa in bronchial lumens of CF patients with end-stage
lung disease. CF mucus/secretions are dehydrated and adhere to
CF airway surfaces early in the course of the disease (57–59). With
bacterial infection of the mucus, neutrophils and other inflamma-
tory products mix with mucus to form an intraluminal gel termed
“mucopurulent material” (38, 39). Our studies of freshly excised
CF lungs identified P. aeruginosa growing as free single organisms

and, in the absence of Bcc bacteria, as biofilms within CF intralu-
minal mucus/mucopurulent material (Fig. 2C and D). The local-
ization of P. aeruginosa in intraluminal mucus and not adherent to
airway epithelial surfaces is consistent with data from previous
reports (8, 10, 50).

In contrast, we did not observe Bcc bacteria growing as bio-
film-like structures in lungs infected with Bcc bacteria either as a
single species or with P. aeruginosa. Rather, Bcc bacteria appeared
to grow as single cells or small clusters in macrophages, within
mucus (Fig. 2A and B and 3), or occasionally within exfoliated
epithelial cells (not shown). Sajjan et al. (31) also identified Bcc
bacteria within macrophages as well as within CF patient airway
lumen mucopurulent material. In support of this histological co-
localization, Saldías and Valvano (29) reported that Bcc bacteria
are able to survive in murine macrophages. Our findings suggest
that Bcc bacteria have adapted as single-cell organisms, but not
biofilms, to both intracellular and extracellular environments in
the CF lung.

Interestingly, P. aeruginosa did not form biofilm-like struc-
tures in the presence of Bcc bacteria. Rather, in the presence of Bcc
bacteria, we observed P. aeruginosa bacteria only as single cells
localized within the mucopurulent material of the bronchial lu-
men. The percentage of Pseudomonas-positive tissue blocks as well
as the numbers of Pseudomonas bacteria in tissue sections and
sputum cultures were also reduced in Bcc-coinfected lungs versus
lungs infected with P. aeruginosa only. Because only end-stage CF

FIG 8 Competitive growth of Bcc and P. aeruginosa bacteria in in vitro ASL at
48 h under aerobic conditions. Equal numbers (A) or a 100:1 ratio (B) of B.
multivorans J-1 or B. cenocepacia BC-7 and P. aeruginosa Pae33 or PAO1 bac-
teria was incubated in in vitro ASL under aerobic conditions for 48 h (n 
 3).
Samples were removed, serial dilutions were performed, and samples in par-
allel were plated onto Trypticase soy agar and Burkholderia cepacia selective
agar (BCSA) plates for enumeration.

FIG 9 Competitive growth of Bcc and P. aeruginosa bacteria in in vitro ASL at
72 h under anaerobic conditions. Equal numbers (A) or a 100:1 ratio (B) of B.
multivorans J-1 or B. cenocepacia BC-7 and P. aeruginosa Pae33 or PAO1 bac-
teria was incubated in in vitro ASL under anaerobic conditions for 72 h (n 
 3).
Samples were removed at specific time points, serial dilutions were performed,
and samples in parallel were plated onto Trypticase soy agar and BCSA plates
for enumeration.

Schwab et al.

4740 iai.asm.org Infection and Immunity

 on O
ctober 8, 2014 by F

riedrich-Loeffler-Institut
http://iai.asm

.org/
D

ow
nloaded from

 

http://iai.asm.org
http://iai.asm.org/


patient lungs were studied, we do not know whether increased P.
aeruginosa numbers and/or P. aeruginosa biofilms existed in the
presence of Bcc bacteria earlier in the course of disease. We also do
not know whether the small number of P. aeruginosa bacteria
relative to Bcc bacteria reflects local CF airway environmental
conditions, e.g., nutrients, or oxygen availability. However, our in
vitro studies of P. aeruginosa and Bcc bacteria in coculture do not
favor a specific bactericidal factor elaborated by Bcc bacteria to
account for this phenomenon.

Biochemical characterization of the CF airway lumen envi-
ronment. With respect to the natural history of Bcc infection of
the CF lung, it is important to understand whether Bcc bacteria
can grow as single cells in ASL early in the course of CF lung
disease or whether ASL must be conditioned for growth by the
other bacteria and chronic inflammation typical of later-stage
disease. Because it is difficult to obtain ASL secretions from
uninfected newborns with CF, we used CF (and non-CF) air-
way epithelial cell cultures as surrogates to produce uninfected
CF ASL. CF airway surfaces exhibited an isotonic ASL, and no
differences from normal in ion composition or potential nu-
trients, e.g., glucose or amino acids, were detected (Table 4).
Importantly, we found that Bcc bacteria grew as single cells in
CF (or non-CF) ASL (Fig. 5), suggesting that uninfected ASL
has all the nutrients required for Bcc growth early in the course
of CF lung disease.

In parallel, we harvested latter-stage ASL, i.e., mucopuru-
lent material (SMM), from patients who underwent lung trans-
plantation, including patients with Bcc-positive cultures, to
elucidate its composition. CF SMM appeared more nutrient
rich than normal uninfected ASL, suggesting compositional
differences secondary to infection. An increased amino acid
content and decreased glucose concentration were detected,
which may have reflected increased bacterial growth and pro-
tease release (Table 3). No formal in vitro grow curves were
performed for Bcc bacteria because of the limited amount of
SMM, but we did observe that Bcc bacteria grew well in vitro in
simulated SMM (Fig. 5 and 6).

Bcc bacteria are able to ferment glucose under anaerobic
conditions. Utilizing the ion, amino acid, and glucose concentra-
tions in ASL from WD human bronchial epithelial cell cultures
(Table 4), a test medium was prepared to study the different strat-
egies used by Bcc bacteria to gain energy under anaerobic condi-
tions, including anaerobic respiration, arginine degradation, and
fermentation. To identify alternative electron acceptors utilized
for possible anaerobic respiration, we selectively tested nitrate,
sulfate, and fumarate. B. multivorans strain J-1, but not B. cenoce-
pacia strain BC-7, tested positive for nitrate reductase activity
(data not shown). However, neither the BC-7 nor the J-1 strain
exhibited growth in NO3

�, SO4
2�, or fumarate, suggesting that

Bcc bacteria are incapable of anaerobic respiration (Fig. 4). Since it
is believed that depletion of terminal electron acceptors leads to an
induction of the arginine deiminase pathway to enable bacteria to
generate energy from arginine degradation (36), we tested the
effect of arginine on growth of Bcc bacteria in our test medium. As
expected, P. aeruginosa utilized arginine (35), while Bcc bacteria,
which are arginine dihydrolase negative, did not exhibit increased
growth in arginine-supplemented medium (Fig. 4).

In contrast, both Bcc strains were able to ferment glucose, as
demonstrated by the survival of B. cenocepacia strain BC-7 and
growth of B. multivorans strain J-1 in the glucose-containing test
medium with the corresponding production of acetate and for-
mate (Fig. 4). Interestingly, Jørgensen and Tiedje (60) reported
that under conditions of extreme electron acceptor starvation,
glucose can be fermented by pseudomonads. The energy created
from fermentation was probably so minor in P. aeruginosa that it
could not support much growth in these organisms, but it ap-
peared sufficient to support survival. A limited fermentation ca-
pacity could also explain why B. cenocepacia strain BC-7 survived
but did not grow anaerobically in the test medium. In summary,
our data show that members of the Bcc are versatile bacteria well
equipped to survive and/or grow under CF-like conditions.

Bcc bacteria utilize mucins for growth. As noted above, the
lungs of CF patients are characterized by excessive concentrations
of solids (6 to 20%) (61) in mucopurulent secretions, which
largely reflects increased mucin concentrations (55). Mucins are
high-molecular-weight polymers that are 80 to 90% carbohydrate
in composition by weight (62, 63). The mucin macromolecules
could therefore serve as carbohydrate sources for Bcc bacteria.
Indeed, the addition of mucins to PBS promoted growth of both
Bcc species (Fig. 6). Furthermore, mucins appeared to be heavily
degraded when incubated with bacterial lysates (Fig. 7). The uti-
lization of host mucins for bacterial growth has been reported for
other organisms, including bacteria in the human large intestine
(64–66). Although in vivo degradation of human respiratory mu-
cins during P. aeruginosa infection has been shown (67, 68), our

FIG 10 Aerobic and anaerobic growth of P. aeruginosa in the presence and
absence of Bcc bacteria in in vitro ASL. Equal numbers or a 100:1 ratio of B.
multivorans J-1 or B. cenocepacia BC-7 and P. aeruginosa Pae33 or PAO1 bac-
teria was incubated in ASL under aerobic (A) and anaerobic (B) conditions for
72 h (n 
 3). Samples were removed at specific time points, serial dilutions
were performed, and samples in parallel were plated onto Trypticase soy agar
and BCSA plates for enumeration.
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data are the first data to describe that (i) the growth of Bcc bacteria
is supported by mucins (Fig. 6) and (ii) lysates of Bcc bacteria
contain mucinase activities that degrade mucins and produce a
spectrum of glycopeptides (Fig. 7).

We previously reported that the airway epithelial apical glyco-
calyx was degraded in the presence of Bcc bacteria on the apical
surface of WD airway epithelial cultures (17). The glycocalyx is
composed of high-molecular-weight glycoconjugates, including
cell surface mucins (MUC1 and MUC4) (69). Thus, we speculate
that the Bcc mucinases active against secreted gel-forming mucins
are also active against cell surface mucins.

Bcc-P. aeruginosa interactions in CF patients with end-stage
lung disease. As noted above, there tended to be fewer P. aerugi-
nosa bacteria in CF lungs coinfected with Bcc bacteria. Conse-
quently, we evaluated interactions of P. aeruginosa and Bcc bacte-
ria and the possible relationship to cepacia syndrome (sepsis). We
observed that Bcc bacteria breached the pulmonary epithelium,
achieving access to the lung interstitium, in three Bcc-infected
patients. Patient 1 and patient 8 had few or no Pseudomonas bac-
teria in their sputum cultures as well as little evidence for Pseu-
domonas immunostaining in luminal mucus (plugs), while pa-
tient 18 had a positive sputum culture for P. aeruginosa prior to
transplant, but the patient’s lung sections were negative for P.
aeruginosa by immunostaining while being strongly positive for
Bcc bacteria by immunostaining. We speculate that the diminu-
tion of P. aeruginosa infection may be a component of cepacia
syndrome. In the future, it will be important to determine whether
this more aggressive form of Bcc infection that uniquely breaches
the CF epithelium is related to its apparent ability to outcompete
P. aeruginosa, its ability to upregulate its mucinase activities,
and/or other factors.

Bcc bacteria survive in the presence of P. aeruginosa under
anaerobic but not aerobic conditions. We speculate that P.
aeruginosa may dominate over Bcc bacteria in the CF lung during
periods of less severe disease with a more aerobic mucus environ-
ment. The production of antimicrobial products is one well-
known strategy for one bacterial species to limit the growth of
potential competitors and maintain dominance in a defined envi-
ronment (70). Indeed, this paradigm may be relevant to the P.
aeruginosa-Bcc pair under aerobic conditions, as P. aeruginosa was
the dominant strain in all our competitive assays under aerobic
conditions (Fig. 8). Strains of P. aeruginosa produce a variety of
redox-active phenazine compounds that exhibit broad-spectrum
activity against Gram-positive and Gram-negative bacteria. Re-
cent studies using sputum (71) and serum (72, 73) from CF pa-
tients have shown that pyocins are produced during P. aeruginosa
respiratory infection. Consistent with a role for pyocyanin under
aerobic conditions, Tomlin et al. (74) reported that PAO1 inhib-
ited growth of Bcc strains in biofilms and planktonic trough cul-
tures under aerobic conditions and identified pyocyanin as the
substance responsible for the P. aeruginosa-mediated inhibition of
Bcc strains.

As CF lung disease progresses, the intraluminal airway muco-
purulent material becomes more anaerobic (10). Under these
conditions, Bcc and P. aeruginosa bacteria can coexist. However, it
is not clear why pyocyanins are not active, since they do not re-
quire oxygen for their antimicrobial actions (75); i.e., they should
be active under anaerobic respiration conditions (76). Possibly,
fermenting Bcc bacteria exhibit unique mechanisms of resistance
to pyocyanins. Bcc bacteria may produce their own bacteriocins

under anaerobic conditions (77, 78), whose identities remain un-
known, enabling these bacteria to coexist with P. aeruginosa. In-
terestingly, Sass et al. (51) recently discovered a gene cluster
(designated the low-oxygen-activated [lxa] locus) that was signif-
icantly upregulated in Bcc bacteria during growth under low-ox-
ygen conditions. Deletion of the lax locus resulted in mutants with
compromised viability during prolonged incubation in the ab-
sence of oxygen, suggesting that this gene locus could allow B.
cenocepacia to persist under anaerobic conditions. Thus, oxygen
availability may be a variable that governs interactions between P.
aeruginosa and Bcc bacteria in vivo.

P. aeruginosa is known to acquire mutations during the course
of chronic infections (79, 80). While both of the P. aeruginosa
strains that we studied grew equally well in the presence of Bcc
bacteria (Fig. 10), perhaps other more “terminal” mutant P.
aeruginosa strains may behave differently, consistent with decreas-
ing P. aeruginosa populations as Bcc numbers increase. The dy-
namics of coinfections with additional bacterial strains require
further study.

In summary, our immunolocalization results suggest that in
the CF lung in vivo, (i) Bcc and P. aeruginosa bacteria do not
coexist in biofilms and (ii) there are competitive interactions be-
tween the two organisms. Bcc bacteria exist in the late-stage CF
lung predominantly as single-cell organisms within macrophages,
with smaller numbers being observed extracellularly in mucus.
The presence of Bcc bacteria appears to reduce the magnitude of P.
aeruginosa coinfection and to inhibit P. aeruginosa biofilm forma-
tion in vivo. The extracellular environment required for Bcc
growth in early- or late-stage CF lung disease includes inorganic
ions, glucose, and biomolecules, e.g., mucins. Indeed, our data
suggest that mucin macromolecules are a key ASL substrate for
Bcc growth. With defined microbiological growth systems that
mimic the in vivo ASL environment, it was observed that P. aerugi-
nosa dominated over Bcc bacteria under aerobic conditions,
whereas Bcc bacteria persisted in the presence of P. aeruginosa
under anaerobic conditions. Why Bcc bacteria were unable to
dominate P. aeruginosa in vitro, as appears to happen in vivo, is not
clear. It is hoped that a better understanding of the physiology of
Bcc bacteria and their interaction with P. aeruginosa will stimulate
rational approaches for the development of therapeutics for each
organism.
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