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Abstract

Burkholderia cepacia complex (Bcc) bacteria have gained notoriety as pathogens in cystic fibrosis (CF) because they are difficult to
identify and treat, and also have the ability to spread between CF individuals. Of the |7 formally named species within the complex,
Burkholderia multivorans and Burkholderia cenocepacia dominate in CF. Multilocus sequence typing has proven to be a very useful tool for
tracing the global epidemiology of Bcc bacteria and has shown that B. cenocepacia strains with high transmissibility, such as the ET-12
strain (ST-28) and the Czech strain (ST-32), have spread epidemically within CF populations in Canada and Europe. The majority of
research on the molecular pathogenesis of Bcc bacteria has focused on the B. cenocepacia ET-12 epidemic lineage, with gene mutation,
genome sequence analysis and, most recently, global gene expression studies shedding considerable light on the virulence and antimicro-
bial resistance of this pathogen. These studies demonstrate that the ability of B. cenocepacia to acquire foreign DNA (genomic islands,
insertion sequences and other mobile elements), regulate gene expression via quorum sensing, compete for iron during infection, and
mediate antimicrobial resistance and inflammation via its membrane and surface polysaccharides are key features that underpin the
virulence of different strains. With the wealth of molecular knowledge acquired in the last decade on B. cenocepacia strains, we are now
in a much better position to develop strategies for the treatment of pathogenic colonization with Bcc and to answer key questions on

pathogenesis concerning, for example, the factors that trigger the rapid clinical decline in CF patients.
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Introduction pathogens in CF is Burkholderia cenocepacia, a member of a

bacterial group collectively referred to as the Burkholderia
cepacia complex (Bcc). The complex currently consists of 17
Recurrent or chronic respiratory infection is one of the genetically closely related bacterial species [2—4] that may be

major factors that negatively affect the length of life in indi- isolated from sites of human infection as well as the natural

viduals with cystic fibrosis (CF). Infections result in a decline
of pulmonary function and therapeutic options that can mini-
mize their impact on patient health are still very limited. An
unfavourable course of pulmonary disease and progression of
a lung tissue damage is an inherent consequence of CF path-
ophysiology [I], yet infectious agents such as bacteria also
play a major role in the process. They possess a multitude
of virulence factors, which they can activate or suppress at
different stages of infection, leading to both inflammation and
damage of the lung.

Patients with CF are vulnerable throughout their lives to
various bacterial infections that are caused in most instances
by opportunistic pathogens. One of the most threatening

environment [5]. Several Bcc species have been shown to be
transmissible from one CF patient to another and are able
to cause epidemic outbreaks [6]; however, it is B. cenocepacia
and Burkholderia multivorans that predominate in CF, and
these are found in a significantly higher percentage of respi-
ratory specimens. These two species together account for
approximately 85-97% of all Bcc infections in CF (the species
distribution in selected CF populations is summarized in
Table 1).

Although CF infection with any Bcc species may be
associated with poor prognosis, B. cenocepacia is consid-
ered one of the most serious pathogens because it is fre-
quently associated with reduced survival and highest risk
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of developing fatal cepacia syndrome [2,7]. B. cenocepacia
also contains the majority of epidemic strains described
so far [8-12]. In light of this, research on the pathogenic-
ity of Bcc bacteria has largely focused on B. cenocepacia,
with the first sequenced Bcc genome being B. cenocepacia
strain  J2315 [13,14].
of the current

Herein, we provide an overview
knowledge on the epidemiology and
virulence mechanisms of Bcc, with a primary focus on
B. cenocepacia.

Epidemiology of B. cenocepacia: then and
now

Epidemiological studies from the late 1990s demonstrated
that B. cenocepacia (formerly Bcc genomovar lll) was the
most prevalent Bcc pathogen in most CF populations stud-
ied worldwide [15,16]. By using a recA gene sequence anal-
ysis  [17], the
phylogenetic clusters, IlIA to IlID, but almost all clinically

species was subdivided into four
relevant isolates resided in the IlIA and [lIB groups. One
of the most notorious epidemic B. cenocepacia lineages is
known as ET-12, comprising a group of strains that have
been causing devastating infections in Canadian, UK and
European CF populations [2] subsequent to the first
descriptions of the virulence of ‘Pseudomonas cepacia’ in
CF [18]. The ET-12 and several other epidemic strains
dominant in Canada [known as random amplified polymor-
phic DNA (RAPD) types 0l, 04 and 06] [I2] and Europe
(e.g. the CZI| Czech epidemic clone) [9,19] all belong to
the B. cenocepacia IlIA subgroup [17,20]. By contrast, the
dominant B. cenocepacia epidemic clones in the USA are
part of the subgroup IlIB and include the Midwest clone
[8] and PHDC strain [10], which has also been found in
European CF patients [21].

In the last 5 years, the high prevalence of B. cenocepacia in
CF has remained in certain populations, such as in Czech
and ltalian populations [9,22]. However, other countries have
reported an increase in the proportion of B. multivorans caus-
ing Bcc infections in CF [23,24], with B. cenocepacia ranking
second in dominance. This phenomenon may have resulted
from a combination of several factors such as: (i) application
of stringent infection control measures that prevented a
spread of epidemic strains (belonging mostly to B. cenocepa-
cia) [25] but were ineffective against acquisition of other Bcc
species living in the natural environment and (i) the high
mortality rate within the group of patients who were
infected with B. cenocepacia that has reduced their numbers.
For example, at the Manchester adult CF centre [7], it was
observed that only 66.6% of their patients survived 5 years
after acquisition of B. cenocepacia. This 5-year survival rate
was significantly lower compared to the rate calculated for
patients infected with Pseudomonas aeruginosa (5-year sur-
vival = 85.3%).

However, it is worth noting that not all CF populations
struggling with B. cenocepacia infection demonstrate such
poor survival. Data from the Prague adult CF centre indicate
that 91.4% of B. cenocepacia-positive patients reached a
5-year survival (L. Fila, Prague CF Centre, personal commu-
nication). Why the mortality rate differs among Bcc-infected
populations is not known; however it is tempting to specu-
late that B. cenocepacia strain differences are responsible for
the divergent clinical courses seen at these two CF centres.
Strains of the ET-12 lineage accounted for the B. cenocepacia
outbreak in the Manchester unit [7], whereas the Prague
patients were infected with strain CZI| [9]. Although both
strains are very closely related as members of the B. ceno-
cepacia llIA subgroup, the differences in survival rates
suggest that the strains have distinct virulence traits during

infection.

TABLE I. Distribution of individual Burkholderia cepacia complex species in selected populations of cystic fibrosis patients

USA [64] Canada [12] France [65] Italy [67] Portugal [68]

(1218 patients; (445 patients; (153 patients; Czech Rep. [66] (53 patients; (22 patients;
Bcc species 1997 -2004)* 1994-2000)* 1995-2000) (61 patients; 2001)* 1985-1999) 1995-2002)
Burkholderia cepacia 3. 0.2 0.0 0.0 29 36.4
Burkholderia multivorans 387 9.3 51.6 4.9 0.0 9.0
Burkholderia cenocepacia 45.6 80.0 45.1 91.8 86.8 522
Burkholderia stabilis 03 38 1.3 1.6 74 18.2
Burkholderia vietnamiensis 59 1.6 0.6 0.0 0.0 0.0
Burkholderia dolosa 38 0.0 0.0 0.0 0.0 0.0
Burkholderia ambifaria 0.8 0.0 0.0 0.0 0.0 0.0
Burkholderia anthina 02 - 0.0 -° 0.0 0.0
Burkholderia pyrrocinia 0.3 = 1.3 = 2.9 0.0
Indeterminate 1.3 1.8 0.0 1.6 0.0 0.0

*The number of patients examined and the period of study.
®The species was not analyzed in the present study.
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Contribution of multilocus sequence typing (MLST) to
epidemiology
A new insight into the global epidemiology of B. cenocepacia
has been offered by MLST, a recently developed typing tech-
nique [26] based on the comparison of nucleotide sequences
of seven housekeeping genes. Individual strains are character-
ized by a sequence type (ST), an arbitrary number that rep-
resents a unique combination of seven sequenced alleles.
MLST analysis of the Bcc has led to the revision of the
extent of genetic relatedness among and within individual
epidemic lineages. Although some clones defined previously
by typing methods, such as the RAPD assay, remained single
STs (e.g. all RAPD group 06 isolates originally described in
Canada [27] are ST-210), other B. cenocepacia epidemic
clones have turned out to encompass several different STs.
Another remarkable finding derived from MLST analysis is
that isolates of the ET-12 lineage appear to belong to at least
five different STs, with only ST-28 representing the ET-12
clone responsible for intercontinental spread between Can-

ada and the UK (A. Baldwin, personal communication;
Fig. 1).

New globally-distributed epidemic strain revealed

ET-12 (ST-28) was recognized as a globally spread B. ceno-
cepacia epidemic strain prior to the application of MLST;
however, the existence of other globally-distributed strains
was confirmed using this powerful typing tool. Recently, it
was shown that a Canadian epidemic strain type, RAPD Ol
[27], and the Czech epidemic strain, CZI [9], were both
sequence type ST-32, and that this ST is found in other
countries around the world [19] (Fig. I). How the ST-32

FIG. I. Global distribution of Burkholde-
ria cenocepacia IlIA strains that were
analyzed by multilocus sequence typing
(MLST) and deposited in the public
MLST database.

strain spread to multiple countries has not yet been
elucidated. Intercontinental spread of the ET-12 strain has
been linked to social contact at summer camps organized
for CF patients [28]; however, no obvious epidemiological
link between the location and source of ST-32 isolates is
apparent.

We can speculate that ST-32 is either an inhabitant of a
common environmental niche to which CF patients are
exposed, or that it may have been spread as a result of con-
tamination of healthcare or domestic products commonly
used by individuals with CF. There is little epidemiological
evidence to support a specific natural source of ST-32
because the only environmental isolate of this ST was culti-
vated from a radish in Mexico [5]. Indeed, a fascinating
aspect of the ecology of B. cenocepacia IlIA strains is that
they have been rarely found outside of human infections in
comparison to other B. cenocepacia recA lineages and the Bcc
as a whole [5]. Bcc isolates linked to industrial contamination
have been shown to consist of various Bcc species and
strains, but as yet not of ST-32 isolates (see MLST database
at: http://pubmlist.org/bee; [5]). Evidence to support the abil-
ity of ST-32 isolates to contaminate healthcare settings and
to spread nosocomially has been recently provided by Grain-
dorge et al. [29]. Their study showed that ST-32 isolates had
caused an outbreak of B. cenocepacia infection among seven
mechanically ventilated patients in a French intensive care
unit, demonstrating the high transmissibility of this strain in
outbreak scenarios outside of CF.

Although ST-28 and ST-32 are close relatives within the
B. cenocepacia IlIA lineage, they differ from each other by

polymorphisms in three MLST alleles. From a clinical point of
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view, ST-28 and ST-32 also differ in terms of the progression
of the infections they cause, as well as with respect to 5-year
survival, as mentioned above. The differences apparent in the
virulence of each strain suggest they may have different
responses to the conditions of chronic lung infection. We
conducted a study that, for the first time, compared the
behaviour of both epidemic strains under conditions of oxi-
dative stress, an attribute of chronically inflamed CF lungs
[19]. The exposure to reactive oxygen species had a consid-
erable effect on genomic rearrangements in ST-32, as
observed by pulsed-field gel electrophoresis, and it also
enhanced the transposition activity of the mobile element
ISBcen20. By contrast, no changes were detected under the
same stress conditions for ST-28. The results suggested that
movement of mobile elements was strain-specific and the
degree of genomic stability may differ substantially even
between closely-related B. cenocepacia strains. The pheno-
typic impact of such rapid IS-mediated changes in the gen-
ome of B. cenocepacia remains to be studied, but may lead,
for example, to the reduced virulence of ST-32 compared to
ST-28.

Although many B. cenocepacia IllA strains have been impli-
cated in outbreaks of infection among CF patients [12,27],
ST-28 and ST-32 strains are the only strains characterized by
MLST that are present in multiple globally-distinct locations,
and which, taken together, appear to account for a very
large proportion of CF infections attributed to B. cenocepacia
A,

Virulence Factors from a Genomic and
Transcriptomic Perspective

The most basic question as to why B. cenocepacia is able to
colonize specifically and almost exclusively the respiratory
tract of patients with CF remains unanswered. Although the
pathogen is known also to be associated with immunodefi-
ciency in chronic granulomatous disease (CGD) [30], no
immune defect similar to CGD is present in CF.

A specific link between CF and infection has been postu-
lated only for P. aeruginosa which takes advantage of an
impaired epithelial cell protein that no longer functions as a
receptor for internalization and clearance of the bacteria
from the respiratory system [31]. Another equally important
question to be answered relates to understanding why
B. cenocepacia is an aggressive pathogen that, in many cases,
ultimately leads to a patient’s death.

Both issues are being addressed by intensive research
concerning the pathogenesis of the B. cenocepacia infection,

which includes: (i) the identification of bacterial virulence fac-

©2010 The Authors

tors and (ii) the study of pathogen—host cell interaction. A
recent review by McClean and Callaghan [32] summarized
the mechanisms of the Bcc interaction with respiratory epi-
thelium cells where virulence factors critical for bacterial
adherence, cell invasion, intracellular survival and epithelial
layer penetration are well described. Here, we provide an
overview of B. cenocepacia virulence factors with a specific
focus on the bacterial genome and transcriptome. The gen-
ome of B. cenocepacia IlIA strain J2315 belonging to ST-28
has been recently annotated [I3] and its complete sequence
information has allowed the design of a whole-genome DNA
chip [33]. By using a microarray technology or cDNA
sequencing, several global gene expression studies of B. ceno-
cepacia that model environmental and infection-related inter-
actions have been made available [34-37].

Using a mutation-based approach, many B. cenocepacia
genes encoding putative virulence factors have also been suc-
cessfully inactivated to study their virulence function
(Table 2).

Genomic islands and mobile elements

The complete genome sequence analysis of B. cenocepacia
J2315 revealed that it contained a staggering number of
genomic islands occupying 9.3% of its 8.06 Mb chromosome
[13]. Interestingly, of the fourteen islands described in strain
J2315, none were found as conserved entities in the two
genomes available for B. cenocepacia llIB strains of the PHDC
lineage (AU1054 and HI2424). Holden et al. [I13] hypothe-
sized that genomic islands may play a key role in the adap-
tion of ST-28 to survival in the CF lung and contribute
significantly to the overall pool of B. cenocepacia IlIA viru-
lence factors.

Genomic island || is the most studied region of horizon-
tally acquired DNA in B. cenocepacia and was originally desig-
nated as the B. cenocepacia island (cci) [38]. The cci encodes
the B. cepacia epidemic strain marker (BCESM), a marker of
epidemic strains characterized before the revision of species
taxonomy within the Bcc [39]. Using comparative genomics,
Holden et al. [13] revised the annotation of the cci, demon-
strating it comprised a larger (44.1 kb) pathogenicity island
located on chromosome 2 that contained a total of 43
coding sequences (BCAM 0233-BCAM 0281). Genes encod-
ing an amidase (amil), a porin (opcl) and a quorum-sensing
system (ccil and cciR) that are part of genomic island || have
been knocked out in previous studies, with the resulting
mutants demonstrating attenuated virulence and inflamma-
tory potential [38,40].

The island also contains a copy of ISBcen/4, one of 22 dif-
ferent IS elements that reside within the J2315 genome. We

recently demonstrated that ISBcen20 lacked transposition
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Gene name J2315 genome Product encoded Mutated strain® References
Quorum sensing
cepR2 BCAM 0188 Response regulator K56-2, HI 11 42
ccil BCAM 0239%a N-acylhomoserine lactone synthase K56-2 38,40
ccR BCAM 0240 Response regulator K56-2 40
cepR BCAM 1868 Response regulator K56-2 40,41
HITI 69
cepl BCAM 1870 N-acylhomoserine lactone synthase K56-2 40,41
HITI 69
Iron uptake
orbS BCAL 1688 RNA polymerase sigma factor KLFI1 70
orbl BCAL 1696 Ornibactin biosynthesis peptide synthase KLFI1 70
orb| BCAL 1697 Ornibactin biosynthesis synthase KLFI1 70
pvdA BCAL 1699 L-ornithine 5-oxygenase K56-2 71
orbA BCAL 1700 Ornibactin receptor precursor K56-2 72
BCAM 1187 TonB-dependent siderophore receptor K56-2 73
fptA BCAM 2224 Ferric-pyochelin outer membrane receptor Pc715j 44
phuV (hmuV) BCAM 2630 Haemin ATP-binding protein K56-2 73
Lipopolysaccharide
Core
hldD BCAL 2944 ADP-L-glycero-b-manno-heptose-6-epimerase K56-2 46
hidA BCAL 2945 D-f3-D-heptose 7-phosphate kinase K56-2 46
O antigen
wbil BCAL 3119 Nucleotide sugar epimerase/dehydratase K56-2 47
wbiG BCAL 3121 Nucleotide sugar epimerase/dehydratase K56-2 47
wbiF BCAL 3122 Glycosyltransferase K56-2 47
wbcE (wbxE) BCAL 3125 Glycosyltransferase K56-2 46,49
rmiD BCAL 3132 dTDP-4-keto-L-rhamnose reductase K56-2 47
Exopolysaccharide
cpxA BCAL 3240 Capsule polysaccharide export ATP-binding protein K56-2 47
bceA BCAM 0854 Mannose- | -phosphate guanylyltransferase I1ST408 74
bceD BCAM 0857 Protein-tyrosine-phosphatase 1ST408 75
beeF BCAM 0859 Tyrosine-protein kinase 1ST408 75
Antimicrobial resistance
amrA, amrB BCAL 1674-BCAL 1676 RND family efflux transporter J2315 57
oprM, bpeA BCAL 2820-BCAL 2822 RND family efflux transporter J2315 57
BCAS 0591-BCAS 0593 RND family efflux transporter J2315 57
Flagella and cable pilus
flic BCAL 0114 Flagellin (type II) K56-2 76
flil BCAL 0522 Flagellum-specific ATP synthase J2315 58
fliG BCAL 0524 Flagellar motor switch protein J2315 58
adhA BCAM 2143 Cable pilus-associated adhesin BC7 77
cblS BCAM 2758 Sensor histidine kinase BC7 77
cblA BCAM 2761 Giant cable pilus BC7 77,78
Other virulence factors
rpoE BCAL 0998, BCAL 2872 RNA polymerase sigma-E factor K56-2 6l
mucD BCAL 1001, BCAL 2869 Serine protease K56-2 6l
sodC BCAL 2643 Superoxide dismutase K56-2 79
BCAL 2828 Putative exported protein K56-2 63
htrA BCAL 2829 Serine protease K56-2 63
BCAL 2831 Response regulator K56-2 63
katB BCAL 3299 Peroxidase/catalase C5424 80
amil BCAM 0265 Putative amidase K56-2 38
opcl BCAM 0267 Putative porin K56-2 38
atsR BCAM 0379 Sensor histidine kinase/response regulator K56-2 8l
BCAM 0392 Putative acetyltransferase K56-2 73
scpB BCAM 0957 Pepstatin-insensitive carboxyl proteinase K56-2 73
mgtC BCAM 1867 Putative Mg>* transport ATPase K56-2 62
47
katA BCAM 2107 Peroxidase/catalase C5424 80
BCAM 2160 Response regulator K56-2 63
BCAM 2631 Putative membrane protein K56-2 73
aidA BCAS 0293 Nematocidal protein HITI 82
K56-2 73,83
zmpA BCAS 0409 Zinc metalloprotease K56-2 60

Species and strains used for mutagenesis in these studies were as follows: B. cenocepacia BC7 (LMG 18826); B. cenocepacia K56-2 (LMG 18863); B. cenocepacia 2315 (LMG
16656); B. cenocepacia C5424 (LMG 18827); B. cenocepacia Pc715j; B. cenocepacia H1 11, B. cenocepacia KLF| and Burkholderia cepacia 1ST408.

activity in strain J2315, whereas a homologous IS element in
the Czech ST-32 B. cenocepacia strain responded to oxidative
stress by causing genomic rearrangements. Whether any of
the other 21 IS elements in the J2315 genome are capable of

movement when the B. cenocepacia is stressed remains to be island.

determined. The copy of ISBcen/4 in genomic island | | inter-
rupts a cluster of fatty acid biosynthesis genes and it would
be interesting to examine whether the virulence of strain

J2315 is altered by this mutation in the cci pathogenicity
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Quorum sensing

Quorum sensing is a form of bacterial cell-to-cell communi-
cation that regulates the expression of multiple genes,
including virulence genes, and operates through two main
components, an N-acyl-homoserine lactone (AHL) synthase
and a regulator which is responsive to AHL. B. cenocepacia
always possesses the Cepl synthase with a CepR regulator
[41]. Strains with genomic island || encode additional quo-
rum-sensing components (i.e. the Ccil synthase and the CciR
regulator) [38,40]. Interestingly, a third regulator has been
identified recently (designated CepR2) [42], although this has
not been found to be associated with any adjacently
encoded AHL synthase. An arsenal of genes have been iden-
tified that are regulated by quorum sensing and include
those for siderophore synthesis, protease production, a type
lll secretion system, motility and biofilm formation [43].
Recently, a transcriptomic approach was applied to B. ceno-
cepacia strain K56-2 aiming to examine the global gene
responses mediated by both quorum-sensing systems [36].
The study demonstrated that expression of the majority of
genes controlled by quorum sensing were regulated by
CepR, the putatively ancestral regulator found in all Bec bac-
teria. In addition, CepR functioned primarily as a positive
regulator activating genes, whereas CciR was an inhibitor of
gene expression. Nevertheless, interaction between CeplR
and CcilR was also detected with approximately 200 genes
co-regulated in a reciprocal way by both quorum-sensing

systems.

Iron uptake

Under conditions of iron depletion, B. cenocepacia produces
two main siderophores, ornibactin and pyochelin, acting to
scavenge free iron from surrounding environment. Ornibac-
tin has been reported as the biologically more important
siderophore, and is able to compensate for the function of
pyochelin [44]. It has also been postulated that pyochelin
production may be defective in certain isolates such as
B. cenocepacia J2315, which contains a frameshift mutation
in pchF, one of the genes required for pyochelin biosynthe-
sis [13]. Interestingly, when strain J2315 was incubated in a
CF sputum-containing growth medium, several pyochelin
synthesis genes (pchR and pchD) were found to be upregu-
lated, but not ornibactin [35]. These expression data sug-
gest that the pyochelin pathway may still be functional in
strain J2315. Because CF sputum is an iron-deficient envi-
ronment, it was not surprising that this study [35] also
revealed significant upregulation of other genes involved in
iron uptake and metabolism. These included a novel mem-
brane ferric reductase gene (BCAL 0270) and cyaY (BCAL

0273), which may encode possible iron donors for the

©2010 The Authors

assembly of Fe-S intracellular storage molecules during

infection.

Surface polysaccharides

One of the major components of the outer surface of Burk-
holderia bacteria is lipopolysaccharide (LPS). In certain
B. cenocepacia strains, the expression of a capsular exopoly-
saccharide (EPS) that gives bacterial colonies mucoid appear-
ance may also be seen; EPS production plays an important
role in the chronicity of Bcc infections [45]. All the genes for
LPS production are located on chromosome | with three
main clusters for lipid A (BCAL 1929-BCAL 1935), core
(BCAL 2402-BCAL 2408) and O antigen (BCAL 3110-BCAL
3125) [13], and additional sugar modification genes, hldD/hldA
(BCAL 2944/BCAL 2945) [46] and rmID (BCAL 3132) [47],
which are also located on this replicon (Table 2). The O
antigen is not expressed in some B. cenocepacia strains, such
as J2315, where there is an interruption of the wbcE gene
(BCAL 3125) by ISBcen20 [48]. B. cenocepacia strain K56-2
possesses a complete O antigen biosynthesis gene cluster
and expresses the O antigen; inactivation of this pathway by
mutation leads to a phenotype that is attenuated during
infection [47,48]. These O antigen mutants were also found
to be internalized into macrophages at significantly higher
rates than the parental strain; however, their intracellular
survival was not affected [49].

B. cenocepacia strain J2315 also appears unable to produce
any EPS even though several gene clusters implicated in EPS
biosynthesis were identified within its genome. Cepacian, the
most abundant EPS among Bcc species [50], is not expressed
in J2315 as a result of a frameshift mutation in bceB (BCAM
0856) encoding a putative glycosyltransferase [13,51].
Although Bcc strains producing cepacian are able to develop
persistent infections in animal models [52], the role of EPS in
virulence is similar to that of O antigen. Although expression
of EPS is strain-specific and, when expressed, it appears to
enhance the virulence of the producer isolate, the absence
of EPS does not rule out that a Becc strain may still cause a
severe infection.

Antimicrobial resistance

B. cenocepacia is intrinsically resistant to polymyxins, amino-
glycosides and most fi-lactams, and can develop in vivo resis-
tance to essentially all classes of antimicrobial drugs. It
utilizes mechanisms of enzymatic inactivation (f-lactamases,
aminoglycoside-inactivating enzymes, dihydrofolate reduc-
tase), alteration of drug targets, cell wall impermeability and
active efflux pumps [53]. The genome of B. cenocepacia J2315
contains coding sequences for all five major families of efflux

systems [13], with the resistance-nodulation-division family
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(RND) arguably representing the best characterized efflux
system.

Thirteen operons of RND efflux transporters were identi-
fied in J2315 [54] and one of the operons originally desig-
nated as the ceo cluster (BCAM 2549-2552, BCAM 2554)
was demonstrated to confer resistance to chloramphenicol,
trimethoprim and ciprofloxacin [55]. During growth in CF
sputum [35], B. cenocepacia J2315 upregulated the expression
of two RND efflux systems (BCAL 1675 and BCAM 1947)
and downregulated expression of another RND system
(BCAL 1813). However, this transcriptomic study did not
demonstrate any alteration in the ceo RND system, suggest-
ing that it is either not expressed in sputum or that insuffi-
cient levels of its substrate antimicrobials were present in
the sputum samples examined to upregulate its expression.
The activation of the other two efflux pumps in sputum may
be linked to the presence of trace quantities of antibiotics
because all the CF patients studied were on long-term anti-
biotic treatment. Alternatively, expression may have also
been associated with the need of bacterial cells to acquire
iron during infection because RND efflux pumps have been
implicated in the transport of siderophores in P. aeruginosa
[56]. The link between iron uptake and innate antimicrobial
resistance is intriguing because it suggests that, by increasing
siderophore secretion via RND pumps and adapting to the
iron-starved conditions of the CF lung, B. cenocepacia simul-
taneously increases its level of antimicrobial resistance. Inter-
estingly, two B. cenocepacia RND pumps (BCAL 1674-BCAL
1676 and BCAL 2822-BCAL 2820) have also been recently
linked to secretion of the quorum-sensing signal AHL [57].
This observation indicates that the RND efflux systems in
B. cenocepacia may transport multiple molecules and play a
pivotal role in the virulence and antimicrobial resistance of

this pathogen.

Motility and adherence

The flagellum is an important virulence factor that not only
makes bacteria motile, but also serves as an adhesin and
enables pathogens to invade host cells [58]. Genes for syn-
thesis and assembly of flagella in B. cenocepacia J2315 are dis-
tributed within five clusters on chromosome |, with two
additional genes found on chromosomes 2 and 3 [I3].
Increased transcriptional activity of flagellar genes was
detected in B. cenocepacia when the organism was incubated
in CF sputum [35]. This observation contrasts with the anal-
ysis of the transcription profile of P. aeruginosa, which is
known to become non-motile during chronic CF lung infec-
tion. Retained motility in B. cenocepacia may account for the
pathogen’s ability to invade host cells and to cause life-

threatening septicaemia. Another recent transcriptomic study

demonstrated that regulation of flagellar gene transcription
was also quorum sensing-dependent [36].

B. cenocepacia strains of ET-12 lineage also express specific
fimbriae, the cable pili, which, in association with the 22-kDa
adhesin AdhA (BCAM 2143), have been shown to play an
essential role in the invasion of respiratory epithelium [59].
Recent transcriptomic studies demonstrated the decreased
transcription of the cable pilus gene cluster (BCAM 2756—
BCAM 2762) during rapid growth in CF sputum [35], sug-
gesting that the whole fimbrial structure may not be an
adhesive component as important as initially thought. How-
ever, the global gene expression analysis did shed light on a
potentially new role for the cable pilus-associated adhesin
AdhA during infection because its expression was signifi-
cantly increased during the growth of B. cenocepacia in spu-
tum [35].

Other virulence factors

Other classic pathogenicity factors described in B. cenocepa-
cia include exoproducts such as zinc metalloproteases
(ZmpA and ZmpB; BCAS 0409 and BCAM 2307, respec-
tively) [60] and phospholipases C (BCAL 0443, BCAL 1046,
BCAM 0408, BCAM 1969, BCAM 2429 and BCAM 2720)
[13]. More recently, several studies have started to focus on
the mechanisms that B. cenocepacia uses to adapt to the
stressful conditions present in the CF lung environment and
to investigate genes that are under the control of response
regulators involved in the coordination of gene expression.
Mutations in the genes encoding homologues of the alterna-
tive sigma factor RpoE (BCAL 0998 = rpoE2 and BCAL
2872 = rpoEl; the gene is duplicated in J2315 genome) and
in mgtC (BCAM 1867) are associated with the inability of
B. cenocepacia to survive in macrophages [61,62]. In addition,
RpoE was also found to be required for growth under condi-
tions of osmotic stress and heat shock. Similarly, the HtrA
protease (encoded by BCAL 2829) has been shown to be
essential for survival at elevated temperatures and in the
presence of high salt [63]. To resist the harmful effects of
oxidative stress, B. cenocepacia may utilize several antioxidant
enzymes, including superoxide dismutases (cytoplasmatic
SodB and periplasmatic SodC; encoded by BCAL 2757 and
BCAL 2643, respectively), catalases, catalase-peroxidases
(katA, BCAM 2107 and katB, BCAL 3299) and alkyl-hydro-
peroxidase (BCAM 1216-BCAM 1217).

Concluding Remarks

Despite recent changes in the prevalence of the Bcc species, it

is clear that B. cenocepacia remains one of the most dominant
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and problematic CF pathogens from a worldwide perspective.
Tracking by MLST of the global distribution of Bcc strains
has revealed that, in addition to the well-characterized
B. cenocepacia strains of the ET-12 lineage, other epidemic
strains such as ST-32, most recently linked to the Czech CF
population, are widely distributed in several other countries.
The majority of studies on the molecular pathogenesis of
B. cenocepacia have focused on strains that belong to the IlIA
lineage (Table 2), and we know little about virulence determi-
nants in llIB isolates that dominate B. cenocepacia infection in
the USA[I5].

Factors involved in the pathogenesis of B. cenocepacia IlIA
infection include surface polysaccharides, adhesins, flagella,
siderophores, efflux pumps, quorum-sensing systems and
metalloproteases, among others. The physical position and
transcriptomic units of these virulence determinants have
been mapped on the genome of B. cenocepacia J2315. Overall,
it is clear that the number of virulence genes implicated in
infection (Table 2) is far from complete and is likely to expand
considerably with genomic analysis methods becoming avail-
able for several B. cenocepacia CF strains [14]. A thorough
description of B. cenocepacia virulence is an essential prerequi-
site for the development of the next generation of antimicro-
bial drugs needed to treat life-threatening infections with
multidrug-resistant strains. The progression of Bcc infection is
both host- and strain-dependent, with different strains of
B. cenocepacia potentially exploiting a variable armoury of vir-
ulence factors. Although our knowledge of the B. cenocepacia
IIIA strain ST-28 has expanded substantially, the future charac-
terization of other IlIA and of IlIB strains is vital to gain a bal-

anced understanding of the virulence of B. cenocepacia in CF.

Transparency Declaration

P. Drevinek acknowledges support from the Czech Ministry
of Education (grant MSM0021620812) and the Czech Minis-
10543-3). E. Mahenthiralingam

acknowledges the support for the B. cenocepacia microarray

try of Health (grant NS

program provided by the Cystic Fibrosis Foundation (grant
MAHENTO06VO0).

References

I. Gibson RL, Burns JL, Ramsey BW. Pathophysiology and management
of pulmonary infections in cystic fibrosis. Am | Respir Crit Care Med
2003; 168: 918-951.

2. Mahenthiralingam E, Urban TA, Goldberg JB. The multifarious, multi-
replicon Burkholderia cepacia complex. Nat Rev Microbiol 2005; 3:
144—156.

©2010 The Authors

2

21.

3. Vanlaere E, Baldwin A, Gevers D et al. Taxon K, a complex within
the Burkholderia cepacia complex, comprises at least two novel spe-
cies, Burkholderia contaminans sp. nov. and Burkholderia lata sp. nov. Int
J Syst Evol Microbiol 2009; 59: 102—111.

4. Vanlaere E, Lipuma ]}, Baldwin A et al. Burkholderia latens sp. nov.,
Burkholderia diffusa sp. nov., Burkholderia arboris sp. nov., Burkholderia
seminalis sp. nov. and Burkholderia metallica sp. nov., novel species
within the Burkholderia cepacia complex. Int | Syst Evol Microbiol 2008;
58: 1580-1590.

5. Baldwin A, Mahenthiralingam E, Drevinek P et al. Environmental Burk-
holderia cepacia complex isolates in human infections. Emerg Infect Dis
2007; 13: 458-461.

6. Biddick R, Spilker T, Martin A et al. Evidence of transmission of Burk-
holderia cepacia, Burkholderia multivorans and Burkholderia dolosa among
persons with cystic fibrosis. FEMS Microbiol Lett 2003; 228: 57-62.

7. Jones AM, Dodd ME, Govan JR et al. Burkholderia cenocepacia and
Burkholderia multivorans: influence on survival in cystic fibrosis. Thorax
2004; 59: 948-951.

8. Coenye T, LiPuma J). Multilocus restriction typing: a novel tool for
studying global epidemiology of Burkholderia cepacia complex infection
in cystic fibrosis. | Infect Dis 2002; 185: 1454—1462.

9. Drevinek P, Vosahlikova S, Cinek O et al. Widespread clone of Burk-
holderia cenocepacia in cystic fibrosis patients in the Czech Republic.
J Med Microbiol 2005; 54: 655—659.

0. Chen JS, Witzmann KA, Spilker T et al. Endemicity and inter-city
spread of Burkholderia cepacia genomovar Il in cystic fibrosis. | Pediatr
2001; 139: 643-649.

I. Johnson WM, Tyler SD, Rozee KR. Linkage analysis of geographic
and clinical clusters in Pseudomonas cepacia infections by multilocus
enzyme electrophoresis and ribotyping. | Clin Microbiol 1994; 32:
924-930.

2. Speert DP, Henry D, Vandamme P et al. Epidemiology of Burkholderia
cepacia complex in patients with cystic fibrosis, Canada. Emerg Infect
Dis 2002; 8: 181-187.

3. Holden MT, Seth-Smith HM, Crossman LC et al. The genome of
Burkholderia cenocepacia J2315, an epidemic pathogen of cystic fibrosis
patients. | Bacteriol 2009; 191: 261-277.

4. Mahenthiralingam E, Drevinek P. Comparative genomics of Burkholde-
ria species. In: Coenye T, Vandamme P, eds, Burkholderia molecular
microbiology and genomics. Wymondham: Horizon Bioscience, 2007;
53-79.

5. LiPuma ]}, Spilker T, Gill LH et al. Disproportionate distribution of
Burkholderia cepacia complex species and transmissibility markers in
cystic fibrosis. Am | Respir Crit Care Med 2001; 164: 92-96.

6. Mahenthiralingam E, Vandamme P, Campbell ME et al. Infection with
Burkholderia cepacia Complex Genomovars in Patients with Cystic
Fibrosis: Virulent Transmissible Strains of Genomovar Il Can Replace
Burkholderia multivorans. Clin Infect Dis 2001; 33: 1469—-1475.

7. Mahenthiralingam E, Bischof |, Byrne SK et al. DNA-Based diagnostic
approaches for identification of Burkholderia cepacia complex, Burk-
holderia vietnamiensis, Burkholderia multivorans, Burkholderia stabilis, and
Burkholderia cepacia genomovars | and lll. | Clin Microbiol 2000; 38:
3165-3173.

8. Isles A, Maclusky I, Corey M et al. Pseudomonas cepacia infection in
cystic fibrosis: an emerging problem. | Pediatr 1984; 104: 206-210.

9. Drevinek P, Baldwin A, Lindenburg L et al. Oxidative stress of Burk-
holderia cenocepacia induces insertion sequence-mediated genomic
rearrangements that interfere with macrorestriction-based genotyp-
ing. | Clin Microbiol 2010; 48: 34—40.

0. Vandamme P, Holmes B, Coenye T et al. Burkholderia cenocepacia sp.

nov.—a new twist to an old story. Res Microbiol 2003; 154: 91-96.

Coenye T, Spilker T, Van Schoor A et al. Recovery of Burkholderia

cenocepacia strain PHDC from cystic fibrosis patients in Europe.

Thorax 2004; 59: 952-954.

Journal Compilation ©2010 European Society of Clinical Microbiology and Infectious Diseases, CMI, 16, 821-830



CMI Drevinek and Mahenthiralingam B. cenocepacia epidemiology and virulence 829
22. Golini G, Cazzola G, Fontana R. Molecular epidemiology and antibi- 41. Lewenza S, Conway B, Greenberg EP et al. Quorum sensing in Burk-
otic susceptibility of Burkholderia cepacia-complex isolates from an holderia cepacia: identification of the LuxRI homologs CepRI. | Bacte-
Italian cystic fibrosis centre. Eur | Clin Microbiol Infect Dis 2006; 25: riol 1999; 181: 748-756.
175-180. 42. Malott RJ, O’Grady EP, Toller | etal. A Burkholderia cenocepacia

23. Baldwin A, Mahenthiralingam E, Drevinek P etal Elucidating orphan LuxR homolog is involved in quorum-sensing regulation. | Bac-
global epidemiology of Burkholderia multivorans in cases of cystic teriol 2009; 191: 2447-2460.
fibrosis by multilocus sequence typing. | Clin Microbiol 2008; 46: 290— 43. Eberl L. Quorum sensing in the genus Burkholderia. Int | Med Microbiol
295. 2006; 296: 1031 10.

24. Govan JR, Brown AR, Jones AM. Evolving epidemiology of Pseudomo- 44. Visser MB, Majumdar S, Hani E et al. Importance of the ornibactin
nas aeruginosa and the Burkholderia cepacia complex in cystic fibrosis and pyochelin siderophore transport systems in Burkholderia ceno-
lung infection. Future Microbiol 2007; 2: 153—164. cepacia lung infections. Infect Immun 2004; 72: 2850-2857.

25. Saiman L, Siegel J. Infection control in cystic fibrosis. Clin Microbiol 45. Goldberg JB. Polysaccharides of Burkholderia spp. In: Coenye T, Vand-
Rev 2004; 17: 57-71. amme P, eds, Burkholderia molecular microbiology and genomics. Wy-

26. Baldwin A, Mahenthiralingam E, Thickett KM et al. Multilocus mondham: Horizon Bioscience, 2007; 93—110.
sequence typing scheme that provides both species and strain differ- 46. Loutet SA, Flannagan RS, Kooi C et al. A complete lipopolysaccharide
entiation for the Burkholderia cepacia complex. | Clin Microbiol 2005; inner core oligosaccharide is required for resistance of Burkholderia
43: 4665-4673. cenocepacia to antimicrobial peptides and bacterial survival in vivo.

27. Mahenthiralingam E, Campbell ME, Henry DA et al. Epidemiology of J Bacteriol 2006; 188: 2073-2080.

Burkholderia cepacia infection in patients with cystic fibrosis: analysis 47. Hunt TA, Kooi C, Sokol PA et al. Identification of Burkholderia ceno-
by randomly amplified polymorphic DNA fingerprinting. | Clin Micro- cepacia genes required for bacterial survival in vivo. Infect Immun
biol 1996; 34: 2914-2920. 2004; 72: 4010—4022.

28. Govan R, Brown PH, Maddison ] et al. Evidence for transmission of 48. Ortega X, Hunt TA, Loutet S et al. Reconstitution of O-specific lipo-
Pseudomonas cepacia by social contact in cystic fibrosis. Lancet 1993; polysaccharide expression in Burkholderia cenocepacia strain J2315,
342: 15-19. which is associated with transmissible infections in patients with

29. Graindorge A, Menard A, Neto M et al. Epidemiology and molecular cystic fibrosis. | Bacteriol 2005; 187: 1324—1333.
characterization of a clone of Burkholderia cenocepacia responsible for 49. Saldias MS, Ortega X, Valvano MA. Burkholderia cenocepacia O antigen
nosocomial pulmonary tract infections in a French intensive care unit. lipopolysaccharide prevents phagocytosis by macrophages and adhe-
Diagn Microbiol Infect Dis 2010; 66: 29—40. sion to epithelial cells. | Med Microbiol 2009; 58: 1542—1548.

30. Bylund J, Campsall PA, Ma RC et al. Burkholderia cenocepacia induces 50. Chiarini L, Cescutti P, Drigo L et al. Exopolysaccharides produced by
neutrophil necrosis in chronic granulomatous disease. | Immunol Burkholderia cenocepacia recA lineages IlIA and llIB. J Cyst Fibros 2004;
2005; 174: 3562-3569. 3: 165-172.

31. Pier GB, Grout M, Zaidi TS et al. Role of mutant CFTR in hypersus- 51. Moreira LM, Videira PA, Sousa SA et al. Identification and physical
ceptibility of cystic fibrosis patients to lung infections. Science 1996; organization of the gene cluster involved in the biosynthesis of Burk-
271: 64-67. holderia cepacia complex exopolysaccharide. Biochem Biophys Res Com-

32. McClean S, Callaghan M. Burkholderia cepacia complex: epithelial cell- mun 2003; 312: 323-333.
pathogen confrontations and potential for therapeutic intervention. 52. Conway BA, Chu KK, Bylund ] et al. Production of exopolysaccharide
J Med Microbiol 2009; 58: 1-12. by Burkholderia cenocepacia results in altered cell-surface interactions

33. Leiske DL, Karimpour-Fard A, Hume PS et al. A comparison of alter- and altered bacterial clearance in mice. | Infect Dis 2004; 190: 957—
native 60-mer probe designs in an in-situ synthesized oligonucleotide 966.
microarray. BMC Genomics 2006; 7: 72. 53. Burns JL. Antibiotic Resistance of Burkholderia spp. In: Coenye T,

34. Coenye T, Drevinek P, Mahenthiralingam E et al. Identification of Vandamme P, eds, Burkholderia molecular microbiology and genomics.
putative noncoding RNA genes in the Burkholderia cenocepacia J2315 Wymondham: Horizon Bioscience, 2007; 81-92.
genome. FEMS Microbiol Lett 2007; 276: 83-92. 54. Guglierame P, Pasca MR, De Rossi E et al. Efflux pump genes of the

35. Drevinek P, Holden MT, Ge Z et al. Gene expression changes linked resistance-nodulation-division family in Burkholderia cenocepacia gen-
to antimicrobial resistance, oxidative stress, iron depletion and ome. BMC Microbiol 2006; 6: 66.
retained motility are observed when Burkholderia cenocepacia grows 55. Nair BM, Cheung K] Jr, Griffith A et al. Salicylate induces an antibiotic
in cystic fibrosis sputum. BMC Infect Dis 2008; 8: 121. efflux pump in Burkholderia cepacia complex genomovar Il (B. ceno-

36. O’Grady EP, Viteri DF, Malott R] et al. Reciprocal regulation by the cepacia). | Clin Invest 2004; 113: 464—473.

CeplR and CcilR quorum sensing systems in Burkholderia cenocepacia. 56. Poole K, Heinrichs DE, Neshat S. Cloning and sequence analysis of
BMC Genomics 2009; 10: 441. an EnvCD homologue in Pseudomonas aeruginosa: regulation by iron

37. Yoder-Himes DR, Chain PS, Zhu Y et al. Mapping the Burkholderia and possible involvement in the secretion of the siderophore pyover-
cenocepacia niche response via high-throughput sequencing. Proc Natl dine. Mol Microbiol 1993; 10: 529-544.

Acad Sci USA 2009; 106: 3976-3981. 57. Buroni S, Pasca MR, Flannagan RS et al. Assessment of three resis-

38. Baldwin A, Sokol PA, Parkhill ] et al. The Burkholderia cepacia epi- tance-nodulation-cell division drug efflux transporters of Burkholderia
demic strain marker is part of a novel genomic island encoding both cenocepacia in intrinsic antibiotic resistance. BMC Microbiol 2009; 9:
virulence and metabolism-associated genes in Burkholderia cenocepacia. 200.

Infect Immun 2004; 72: 1537—1547. 58. Tomich M, Herfst CA, Golden JW et al. Role of flagella in host cell

39. Mahenthiralingam E, Simpson DA, Speert DP. lIdentification and invasion by Burkholderia cepacia. Infect Immun 2002; 70: 1799—1806.
characterization of a novel DNA marker associated with epidemic 59. Sajjan US, Xie H, Lefebre MD et al. Identification and molecular analysis
Burkholderia cepacia strains recovered from patients with cystic fibro- of cable pilus biosynthesis genes in Burkholderia cepacia. Microbiology
sis. | Clin Microbiol 1997; 35: 808-816. 2003; 149: 961-971.

40. Malott R], Baldwin A, Mahenthiralingam E et al. Characterization of 60. Corbett CR, Burtnick MN, Kooi C et al. An extracellular zinc metal-

the ccilR quorum-sensing system in Burkholderia cenocepacia. Infect
Immun 2005; 73: 4982-4992.

loprotease gene of Burkholderia cepacia. Microbiology 2003; 149: 2263—
2271.

©2010 The Authors

Journal Compilation ©2010 European Society of Clinical Microbiology and Infectious Diseases, CMI, 16, 821-830



830

Clinical Microbiology and Infection, Volume 16 Number 7, July 2010

CMI

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Flannagan RS, Valvano MA. Burkholderia cenocepacia requires RpoE for
growth under stress conditions and delay of phagolysosomal fusion in
macrophages. Microbiology 2008; 154: 643—653.

Maloney KE, Valvano MA. The mgtC gene of Burkholderia cenocepacia is
required for growth under magnesium limitation conditions and intra-
cellular survival in macrophages. Infect Immun 2006; 74: 5477-5486.
Flannagan RS, Aubert D, Kooi C et al. Burkholderia cenocepacia requires
a periplasmic HtrA protease for growth under thermal and osmotic
stress and for survival in vivo. Infect Imnmun 2007; 75: 1679—1689.

Reik R, Spilker T, Lipuma JJ. Distribution of Burkholderia cepacia com-
plex species among isolates recovered from persons with or without
cystic fibrosis. | Clin Microbiol 2005; 43: 2926—2928.

Brisse S, Cordevant C, Vandamme P et al. Species distribution and ribo-
type diversity of Burkholderia cepacia complex isolates from French
patients with cystic fibrosis. | Clin Microbiol 2004; 42: 4824—4827.
Drevinek P, Cinek O, Melter ] et al. Genomovar distribution of the
Burkholderia cepacia complex differs significantly between Czech and
Slovak patients with cystic fibrosis. | Med Microbiol 2003; 52: 603—604.
Bevivino A, Dalmastri C, Tabacchioni S et al. Burkholderia cepacia
complex bacteria from clinical and environmental sources in lItaly:
genomovar status and distribution of traits related to virulence and
transmissibility. | Clin Microbiol 2002; 40: 846-851.

Cunha MV, Leitao JH, Mahenthiralingam E et al. Molecular analysis of
Burkholderia cepacia complex isolates from a Portuguese cystic fibro-
sis center: a 7-year study. | Clin Microbiol 2003; 41: 4113—4120.

Huber B, Riedel K, Hentzer M et al. The cep quorum-sensing system
of Burkholderia cepacia HI 11 controls biofilm formation and swarming
motility. Microbiology 2001; 147: 2517-2528.

Agnoli K, Lowe CA, Farmer KL et al. The ornibactin biosynthesis
and transport genes of Burkholderia cenocepacia are regulated by an
extracytoplasmic function sigma factor which is a part of the Fur
regulon. | Bacteriol 2006; 188: 3631-3644.

Sokol PA, Darling P, Woods DE et al. Role of ornibactin biosynthesis
in the virulence of Burkholderia cepacia: characterization of pvdA, the
gene encoding L-ornithine N(5)-oxygenase. Infect Immun 1999; 67:
4443—4455.

Sokol PA, Darling P, Lewenza S et al. Identification of a siderophore
receptor required for ferric ornibactin uptake in Burkholderia cepacia.
Infect Immun 2000; 68: 6554—6560.

©2010 The Authors
Journal Compilation ©2010 European Society of Clinical Microbiology and Infectious Diseases, CMI, 16, 821-830

73.

74.

75.

76.

77.

78.

80.

8l.

82.

83.

Chambers CE, Lutter El, Visser MB et al. Identification of potential
CepR regulated genes using a cep box motif-based search of the
Burkholderia cenocepacia genome. BMC Microbiol 2006; 6: 104.

Sousa SA, Moreira LM, Wopperer | et al. The Burkholderia cepacia
bceA gene encodes a protein with phosphomannose isomerase and
GDP-D-mannose pyrophosphorylase activities. Biochem Biophys Res
Commun 2007; 353: 200-206.

Ferreira AS, Leitao JH, Sousa SA et al. Functional analysis of Burk-
holderia cepacia genes bceD and bceF, encoding a phosphotyrosine
phosphatase and a tyrosine autokinase, respectively: role in exopoly-
saccharide biosynthesis and biofilm formation. Appl Environ Microbiol
2007; 73: 524-534.

Urban TA, Griffith A, Torok AM et al. Contribution of Burkholderia
cenocepacia flagella to infectivity and inflammation. Infect Immun 2004;
72: 5126-5134.

Urban TA, Goldberg ]B, Forstner JF et al. Cable pili and the 22-kilod-
alton adhesin are required for Burkholderia cenocepacia binding to and
transmigration across the squamous epithelium. Infect Immun 2005;
73: 5426-5437.

Tomich M, Mohr CD. Adherence and autoaggregation phenotypes of
a Burkholderia cenocepacia cable pilus mutant. FEMS Microbiol Lett
2003; 228: 287-297.

. Keith KE, Valvano MA. Characterization of SodC, a periplasmic

superoxide dismutase from Burkholderia cenocepacia. Infect Immun
2007; 75: 2451-2460.

Lefebre MD, Flannagan RS, Valvano MA. A minor catalase/peroxidase
from Burkholderia cenocepacia is required for normal aconitase activ-
ity. Microbiology 2005; I51: 1975-1985.

Aubert DF, Flannagan RS, Valvano MA. A novel sensor kinase-
response regulator hybrid controls biofilm formation and type VI
secretion system activity in Burkholderia cenocepacia. Infect Immun
2008; 76: 1979-1991.

Huber B, Feldmann F, Kothe M et al. Identification of a novel viru-
lence factor in Burkholderia cenocepacia HIIl required for efficient
slow killing of Caenorhabditis elegans. Infect Immun 2004; 72: 7220-
7230.

Weingart CL, White CE, Liu S et al. Direct binding of the quorum
sensing regulator CepR of Burkholderia cenocepacia to two target pro-
moters in vitro. Mol Microbiol 2005; 57: 452—467.



	Burkholderia cenocepacia in cystic fibrosis: epidemiology and molecular mechanisms of virulence
	Introduction
	Epidemiology of B. cenocepacia: then and now
	Contribution of multilocus sequence typing (MLST) to epidemiology
	New globally-distributed epidemic strain revealed

	Virulence Factors from a Genomic and Transcriptomic Perspective
	Genomic islands and mobile elements
	Quorum sensing
	Iron uptake
	Surface polysaccharides
	Antimicrobial resistance
	Motility and adherence
	Other virulence factors

	Concluding Remarks
	Transparency Declaration
	References


