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ABSTRACT
During long-term lung infection in cystic fibrosis (CF) patients, Burkholderia cenocepacia faces
multiple selective pressures in this highly stressful and fluctuating environment. As a consequence,
the initial infecting strain undergoes genetic changes that result in the diversification of genotypes
and phenotypes. Whether this clonal expansion influences the pathogenic potential is unclear. The
virulence potential of 39 sequential B. cenocepacia (recA lineage IIIA) isolates, corresponding to 3
different clones retrieved from 3 chronically infected CF patients was compared in this study using
the non-mammalian infection hosts Galleria mellonella and Caenorhabditis elegans. The isolates used
in this retrospective study were picked randomly from selective agar plates as part of a CF Center
routine, from the onset of infection until patients’ death after 3.5 and 7.5 y or the more recent
isolation date after 12.5 y of chronic infection. The infection models proved useful to assess
virulence potential diversification, but for some isolates the relative values diverged in C. elegans
and G. mellonella. Results also reinforce the concept of the occurrence of clonal diversification and
co-existence of multiple phenotypes within the CF lungs, also with respect to pathogenicity. No
clear trend of decrease (or increase) of the virulence potential throughout long-term infection was
found but there is an apparent tendency for a clone/patient-dependent decrease of virulence when
the G. mellonella model was used. The sole avirulent variant in both infection hosts was found to
lack the small third replicon previously associated to virulence. Although possible, the in vivo loss of
this nonessential megaplasmid was found to be a rare event (1 among a total of 64 isolates
examined).

KEYWORDS
Burkholderia cenocepacia;
Caenorhabditis elegans;
cystic fibrosis chronic
infection; Galleria mellonella;
phenotypic diversification;
virulence potential

Introduction

Cystic fibrosis (CF) patients are highly susceptible to
chronic lung infections, which is the dominant cause of
their premature death. Infections by Burkholderia cepa-
cia complex (Bcc) bacteria are particularly feared since
they generally lead to a more rapid decline in lung func-
tion and early death.1-3 During long-term respiratory
infections, CF opportunistic pathogens face a highly
stressful and fluctuating environment within the
patient’s airways, in particular due to the host immune
system, antimicrobial therapy, reduced availability of
oxygen and other nutrients.4-8 As a consequence, the ini-
tial infecting strain undergoes genetic changes resulting
in parallel evolution within the lung with diversification
of genotypes and phenotypes.7,9-13 The understanding of
the mechanisms underlying microbial evolution within
the CF host and its association with pathogenicity and

persistence is crucial to deal with these chronic infec-
tions. To elucidate these mechanisms, our group has sys-
tematically compared the genome-wide expression
patterns of 3 of the 11 Burkholderia cenocepacia sequen-
tial isolates examined in the present work, which were
previously found to exhibit variation in relevant pheno-
types in the context of bacterial pathogenesis.4-6,12 These
isolates were retrieved from one CF patient (patient J)
chronically infected during 3.5 y until death with cepacia
syndrome.12 Late isolates (IST4113 and IST4134) were
found to have a higher virulence potential compared to
the first isolate (IST439) based on their higher ability to
invade epithelial cells and to compromise epithelial
monolayer integrity,5 suggesting an increase of B. cenoce-
pacia virulence throughout the course of long-term lung
infection. This result contrasts with the idea that Pseudo-
monas aeruginosa niche-specific selection reduces its
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ability to cause acute infections across a broad range of
non-mammalian and mammalian infection hosts.14,15

However, even in P. aeruginosa this concept is
debatable.16

In this work, we have used 2 non-mammalian infec-
tion models, the larva of the wax moth Galleria mello-
nella and the nematode Caenorhabditis elegans, to
compare the virulence potential of a relatively large num-
ber (39) of B. cenocepacia variants from 3 different
clones retrieved through the course of chronic lung
infection of 3 different CF patients. Both infection hosts
are attractive alternatives to traditional animal models in
the study of bacterial virulence due to their low cost, sim-
plicity of use and lack of ethical concerns.17 G. mellonella
grows at 37�C (essential for the expression of several bac-
terial virulence factors) and has a relatively complex
innate immune system,17 enabling a good correlation
between bacterial pathogenicity in G. mellonella and
mammalian infection models.18,19 On the other hand, C.
elegans grows at 25�C and is suitable for rapid high-
throughput screening in vivo.20 During the last decade,
G. mellonella and C. elegans were established as infection
models to assess both the virulence of different strains of
Burkholderia cepacia complex (Bcc) species and the
importance of specific bacterial genes in virulence, show-
ing a good correlation with the pathogenicity observed
in mice.21-24 The isolates compared in the present study
concerning the virulence potential, as well as a number
of phenotypes that have been related with virulence,
were the 11 sequential B. cenocepacia (recA lineage IIIA)
clonal isolates retrieved from the onset of infection until
patient�s J death with the cepacia syndrome, including
the 3 isolates examined before using human bronchial
epithelial cells.4-6,12 Given that this patient died after 3.5
y of chronic infection and thus the original strain could
not have evolved toward a very long-term chronic infec-
tion, we have extended this study to 2 additional CF
patients infected during 12.5 and 7.5 y with different
strains also belonging to the species B. cenocepacia (recA
lineage IIIA). In this retrospective study more than one
isolate per time point was analyzed, when available.

Results

Variation of the pathogenic potential of B.
cenocepacia clonal isolates retrieved from 3 cystic
fibrosis patients during chronic infection

Galleria mellonella and Caenorhabditis elegans infection
models were used to compare under standard conditions
(25�C for C. elegans and 37�C for G. mellonella) the viru-
lence potential of 11 B. cenocepacia recA lineage IIIA
sequential isolates recovered from patient J, since the

onset of the infection until death with cepacia syndrome,
after 3.5 y of chronic lung infection.12 No consistent pat-
tern of increase or decrease of the virulence potential
was observed between early and late isolates in both
infection models (Fig. 1A). Remarkably, in G. mellonella,
the first isolate recovered from the patient (IST439) was
found to be significantly more pathogenic than the late
clonal isolates, IST4113 and IST4134, while the opposite
was observed in C. elegans, as reported before using epi-
thelial cells (Fig. 1A).12 Five of the clonal variants exam-
ined exhibited similar acute virulence levels in both
infection models while 3 other isolates were more patho-
genic for C. elegans than for G. mellonella and the
remaining 3 isolates exhibited the opposite behavior
(Fig. 1A). For example, IST4103 that effectively killed C.
elegans, was poorly virulent in the G. mellonella model.
Another remarkable result concerns isolate IST4129 that
was recovered 3 months before the patient’s death and
found to be avirulent in both infection models. Also, 2
colony morphotypes obtained in the same isolation pro-
cedure, IST4116A and IST4116B, were found to exhibit
different virulence potential in the C. elegans infection
model. These two clonal variants also exhibited signifi-
cant differences concerning most of the phenotypes
tested before,12 or during the present study, as detailed
below.

Given that distinct standard temperatures were used
to compare the 2 infection models (37�C for G. mello-
nella and 25�C for C. elegans) and this fact may affect
the relative pathogenic potential of the different tested
isolates because changes in temperature are known to
alter the expression of B. cenocepacia genes, in particular
virulence genes,23,25 6 isolates, representing different vir-
ulence profiles, were also tested in G. mellonella at 25�C
(Fig. 1B). Compared with the virulence profiles obtained
at standard temperatures (Fig. 1A), the most remarkable
difference is the virulence attenuation for all the B. ceno-
cepacia isolates in G. mellonella at 25�C compared with
37�C. Remarkably, IST439 was the only isolate that killed
all larvae after 48 hours of infection at 25�C, even though
its pathogenic potential in G. mellonella assays carried
out at 25�C, versus 37�C, decreased significantly. Also,
the results obtained at 25�C are consistent with the con-
clusions put forward at 37�C and the first isolate,
IST439, is clearly the most virulent isolate tested at the
lower temperature in G. mellonella.

The comparison of the pathogenic potential of isolates
retrieved from patient J was extended to isolates also
belonging to B. cenocepacia (recA lineage IIIA) retrieved
from 2 other CF patients with longer infection periods:
12.5 y for patient AB and 7.5 y for patient AN (Figs. 2
and 3, respectively). Based on Random Amplified Poly-
morphic DNA (RAPD) analysis, the 15 isolates from
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Figure 1. Kaplan-Meier graphs for Galleria mellonella (full lines) and Caenorhabditis elegans (dashed lines) survival after infection with
B. urkholderia cenocepacia sequential isolates retrieved from patient J during 3.5 y of chronic infection until patient’s death with the cepacia
syndrome. (A) Results from G. mellonella assay performed at 37�C and C. elegans assay performed at 25�C, and (B) results from G. mellonella
and C. elegans assays performed at 25�C. Statistical analysis was performed to compare the virulence potential between the first isolate,
IST439, and each of the other isolates for C. elegans (left side of the slash) and G. mellonella (right side of the slash) (� p< 0.05, ns not significant,
Mantel-Cox test).
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Figure 2. Kaplan-Meier graphs for Galleria mellonella (full lines) and Caenorhabditis elegans (dashed lines) survival after infection with
Burkholderia cenocepacia clonal isolates retrieved from patient AB during 12.5 y of chronic infection. Results for G. mellonella and
C. elegans were obtained as described in materials and methods and as used for patient J isolates in Figure 1. Statistical analysis was per-
formed to compare the virulence potential between the first isolate retrieved from the patient, IST4121, and each of the other isolates
for C. elegans (left side of the slash) and G. mellonella (right side of the slash) (� p < 0.05, ns not significant, Mantel-Cox test).
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patient AB and the 13 isolates from patient AN were
confirmed as clonal isolates from 2 different original
strains also different from patient J clone (Supplemen-
tary Fig. 1). The virulence potential of these 2 new sets of
isolates was tested in C. elegans and G. mellonella infec-
tion models. Results showed that, again, no clear trend
of alteration in virulence potential was observed between
early and late isolates even though, as already suggested
by the data obtained for patient J, there is an apparent
tendency for virulence attenuation when the G. mello-
nella model was used, especially for patient�s AN clone
(Figs. 2 and 3). In order to confirm the concept that mul-
tiple virulence phenotypes co-exist at each isolation time,
whenever available, more than one isolate retrieved dur-
ing the same isolation procedure from patients AB and
AN were included in the analysis (Figs. 2 and 3). For a
few isolation dates, no significant differences could be
detected in both infection models between those isolates,
even when they exhibited distinct morphotypes (e.g.
IST4676S and IST4676R). However, several isolate sets
retrieved during the same isolation procedure showed
very distinct virulence potential, at least in one of the
infection hosts. This is for example the case of early iso-
lates from patient AN, IST4197 and IST4896, which
exhibited distinct virulence potential in C. elegans and G.
mellonella infection hosts. Also, IST4882A was found to
be considerably more virulent than isolate IST4884A in
C. elegans, but did not show a distinct virulence profile
from IST4882B, while IST4882A and IST4882B have dif-
ferent virulence potential in G. mellonella at 24 hours.

The virulence third replicon is missing in the highly
attenuated virulence variant IST4129

Given that isolate IST4129 exhibited a highly attenuated
virulence in both infection models and that this isolate
was the only from the 11 isolates retrieved from patient J
for which no aidA transcripts could be detected (unpub-
lished data), it was considered of interest to examine the
eventual absence of the third replicon in this clonal vari-
ant as well as in all the other clonal variants from patient
J. The hypothesis put forward was that B. cenocepacia
third replicon, previously described as encoding viru-
lence factors, besides secondary metabolism and other
accessory functions,26,27 could be missing in IST4129, or
could at least be missing a portion of this replicon that
includes the aidA gene. To test this hypothesis, we used
an established strategy to confirm the presence of the
third replicon based on a PCR screen with primer pairs
used sequentially and designed to anneal to the highly
conserved region concerning its replication origin.27

With the exception of IST4129, all the other isolates gave
a positive PCR result for the presence of this

megaplasmid with the first set of primers (repAFor and
repARev) (Supplementary Fig. 2A). The negative result
for IST4129 was confirmed with other 2 primer pairs
(Supplementary Fig. 2B). Separation of undigested geno-
mic DNA from the 11 sequential B. cenocepacia isolates
retrieved from patient J by pulsed-field gel electrophore-
sis (PFGE) showed that IST4129 was the sole isolate
lacking the smaller fragment with approximately 1 Mb
(Fig. 4A), likely corresponding to the third replicon.26

An additional PFGE analysis of genomic macrofrag-
ments generated by the action of the endonuclease SpeI
was performed and a 700 Kb band, of approximately the
size of B. cenocepacia J2315 third replicon,28 was con-
firmed to be missing (Fig. 4B). However, isolate IST4103
that was found to exhibit an attenuated virulence in G.
mellonella, but not in C. elegans, showed the same undi-
gested and digested DNA PFGE profiles as all the other 9
isolates (Fig. 4).

Remarkably, none of the isolates from patients AB
and AN exhibited the dramatic attenuated virulence reg-
istered in both infection models for isolate IST4129 from
patient J (Figs. 2 and 3) and a PCR screening confirmed
the presence of the third replicon in all the isolates from
these patients that were tested (Supplementary Fig. 2A).
This screening for the presence of the megaplasmid
included not only the 28 isolates tested for virulence in
C. elegans and G. mellonella but 25 additional isolates
from patients AB and AN that were not included in the
virulence screening.

Virulence-associated phenotypes of B. cenocepacia
sequential clonal isolates retrieved from 3 CF
patients

A number of relevant phenotypes previously shown to be
involved in B. cenocepacia pathogenesis21,29,30,31 were
systematically compared for all the 39 B. cenocepacia iso-
lates retrieved from patients J, AB and AN tested for the
virulence potential, namely, production of siderophores,
extracellular polysaccharides (EPS), proteases, homoser-
ine lactone (AHL) molecules, and swarming and swim-
ming motilities. No clear correlation could be established
between the various phenotypes characterized for the 3
B. cenocepacia clonal isolates with the respective viru-
lence potential for the 2 infection models tested (Fig. 5).
Concerning EPS production, all the B. cenocepacia clonal
isolates from patient J were found to be producers, in
agreement with what was previously reported.12 How-
ever, no EPS production could be detected for the late B.
cenocepacia isolates IST4677S, IST4882A, IST4882B and
IST4884A from patient AB and for the 9 B. cenocepacia
isolates from patient AN retrieved after IST4897, rein-
forcing the idea that EPS production could be reduced or

786 A. S. MOREIRA ET AL.



Figure 3. (For figure legend, see page 788.)
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eliminated as the result of adaptation to long-term
chronic infection.32 Remarkably, the first B. cenocepacia
isolate retrieved from patient AB, IST4121, showed
higher swarming values than the remaining isolates
retrieved from this patient (Fig. 5D), similarly to what
was reported before for the B. cenocepacia isolates from
patient J12 and confirmed in this work. However, no clear
decrease in the swarming motility was observed for the
B. cenocepacia isolates retrieved from patient AN
(Fig. 5D), as well as for the swimming motility of the B.
cenocepacia isolates retrieved from patients AB and AN
(Fig. 5E). The B. cenocepacia isolate that lost the third
replicon, IST4129, showed values for all the phenotypes
tested similar to those exhibited by the several isolates
retrieved from patient J, suggesting little or no influence
of the loss of the third replicon in all these phenotypes.

Discussion

The cystic fibrosis (CF) airways represent a complex and
diverse ecosystem, where the highly plastic genome of
Burkholderia cepacia complex (Bcc) bacteria enables a
marked genetic adaptation to multiple selective pressures
during chronic infection.8,33,34 However, the influence
that the mechanisms and dynamics of Bcc evolution dur-
ing the course of CF chronic infection has on the viru-
lence potential of these bacteria remains poorly
understood. To get insights into the outcome of the alter-
ations taking place in this group of opportunistic bacteria
in the CF lung during chronic infection, the acute patho-
genicity of a total of 39 sequential Burkholderia cenoce-
pacia (recA lineage IIIA) isolates, corresponding to 3
different clones retrieved from 3 chronically infected CF
patients (J, AN and AB) from the onset of the infection
for a period of 3.5, 7.5 and 12.5 years, was assessed by
the determination of mortality of the 2 established non-
mammalian infection models Galleria mellonella and
Caenorhabditis elegans. Both models were successfully
used to differentiate the pathogenic potential of the
clonal variants sequentially isolated from the 3 patients.
The large intraclonal variation in virulence potential reg-
istered for the B. cenocepacia (recA lineage IIIA) isolates
tested was already observed for Pseudomonas aeruginosa
using mammalian and non-mammalian infection

hosts, including mice models with different genetic back-
grounds.14,16 However, in our study, no consistent pro-
gressive pattern of decrease (or increase) of the acute
virulence of all the B. cenocepacia clonal isolates retrieved
from the 3 patients tested along the course of infection
and lung deterioration was observed in both infection
models. These results are in line with recent comparative
genomic studies involving clinical isolates of P. aerugi-
nosa and Bcc bacteria retrieved from CF infected
patients, suggesting that the bacterial infecting popula-
tion at any given time point possesses significant diver-
sity, where mutations are not fixed and instead coexist in
the form of different sub-lineages along the course of the
infection.9-11,35 Depending on the varying selective pres-
sures acting on allele diversity that occur concomitantly
with disease progression and management, the predomi-
nance of these different lineages can vary over time.9-11,35

In P. aeruginosa, it is accepted that the virulence
potential is reduced throughout chronic infection, based
on the comparative assessment of the virulence of late
isolates with the respective early isolates in both mam-
malian and non-mammalian infection models.14,16 The
systematic comparison carried out in our study of the
virulence potential of such a relatively large number of
variants (39), corresponding to 3 different clones
obtained from 3 patients, was feasible because C. elegans
and G. mellonella were used as infection models. Given
that results obtained from other authors who explored
non-mammalian and mammalian infection models were
found to be consistent when the variation of P. aerugi-
nosa virulence potential during long-term CF infection
was examined,14 it is not unlikely that the results from
our analysis may reflect the relative virulence levels
assessed in mammalian infection hosts. However, for
several of the B. cenocepacia isolates tested, divergent
results were obtained concerning the virulence potential
assessed using the 2 infection models, such as the
remarkable case of patient’s J isolate IST4103 that effec-
tively killed C. elegans, being poorly virulent in the G.
mellonella model. Differences in the temperature at
which most of the virulence assays are performed (37�C
for G. mellonella vs. 25�C for C. elegans) could not
explain the differences observed in the virulence poten-
tial registered between both infection models for several

Figure 3. (see previous page) Kaplan-Meier graphs for Galleria mellonella (full lines) and Caenorhabditis elegans (dashed lines) survival
after infection with Burkholderia cenocepacia clonal isolates retrieved from patient AN during 7.5 y of chronic infection. Results for G.
mellonella and C. elegans were obtained as described in materials and methods and as used for patient J isolates in Figure 1. Statistical
analysis was performed to compare the virulence potential between the first isolate, IST4197, and each of the other isolates for C.
elegans (left side of the slash) and G. mellonella (right side of the slash) (� p < 0.05, Mantel-Cox test). The asterisk in both the left and
right sides of the slash represents also the comparison of the virulence potential of IST4896, retrieved in the first isolation date together
with IST4197, with remaining isolates in C. elegans and G. mellonella, respectively. The symbol # represents the only case were the
statistical test gave distinct results: although no statistically significant difference was observed for IST4721 and IST4197 results in G.
mellonella model, p < 0.05 between IST4721 and IST4896 in this infection host.
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isolates, even though growth temperature is recognized
to alter gene expression, in particular the expression of
virulence genes, as it is the case of the increased cepI
expression in B. cenocepacia J2315 cells grown at 37�C
compared with 20�C.23,25 However, the differences regis-
tered in the relative values determined for a number of
the isolates tested when C. elegans or G. mellonella were
used as infection models recommends caution in draw-
ing definitive conclusions. Remarkably, B. cenocepacia
isolates from patient AN who died after 7.5 y of infection
showed an apparent decrease in the virulence potential
along chronic infection when tested in G. mellonella
whereas such decrease is not clear for isolates from
patient AB who was still alive after 12.5 y of chronic
infection. These results are questioning the generalized
idea that the establishment of a persistent infection
requires the loss of virulence factors and, consequently,
the decrease of the virulence potential.14,15,36

Results obtained in this study support the idea that a
more complete evaluation of B. cenocepacia pathogenic

potential can only be achieved using multiple infection
models since each host has specific features and limita-
tions. In fact, the divergence in the pathogenic potential
of similar Burkholderia strains in the same infection
model or of the same strain in different non-mammalian
infection models was previously observed and proposed
to be dependent on specific virulence factors.23,24 Also, it
was found that only a few B. cenocepacia virulence fac-
tors are required for full pathogenicity in multiple hosts,
these including genes involved in quorum sensing signal-
ing, siderophore production, lipopolysaccharide (LPS)
biosynthesis, and purine, pyrimidine and shikimate bio-
synthesis.23,24 Moreover, it was found that most of the B.
cenocepacia mutants for virulence factors that were
already tested in several infection models showed attenu-
ation in only one infection host, similarly to what was
described for P. aeruginosa.37,38 However, only single
mutants were tested for both species, which does not
reflect the complex scenario that occurs in infected CF
patients. For P. aeruginosa, it was recognized that genes
required for pathogenicity in one strain might not be
required or be predictive of virulence in other strains.39

This was clearly demonstrated when some of the viru-
lence factors identified in P. aeruginosa PA14 were
screened in other clinical isolates, and no correlation
could be established between virulence and the presence
or absence of these specific genes.39 For this reason, P.
aeruginosa virulence is considered multifactorial and
combinatorial, resulting from a pool of virulence-related
genes that interact in several combinations in different
genetic backgrounds. Remarkably, although a number of
relevant phenotypes related to virulence in
bacteria23,29-31 were systematically examined for all the
tested isolates for the virulence potential and found to
vary for the different clonal variants, no correlation
could be established between a specific phenotype and
the relative virulence potential or with the progress of
the chronic infection. The variation registered for a num-
ber of relevant phenotypes tested is consistent with the
occurrence of clonal expansion during long-term infec-
tion, with no consistent time-dependent alteration pat-
tern, as reported before.12 Results of this systematic
study clearly indicate that chronic pathogenesis of
Burkholderia infections is multifactorial. This is further
highlighted by a comparative genomics analysis carried
out for patient J isolates against a complete draft genome
of the first isolate, under an adaptive evolutionary per-
spective (SC dos Santos, CP Coutinho, M Dillon, AS
Moreira, VS Cooper, and I S�a-Correia, manuscript in
preparation), where, among a relatively small number of
accumulated mutations, no mutational events that can
be clearly linked to variations in bacterial virulence could
be detected. The exception is the loss of the third

Figure 4. Visualization of genomic DNA from the 11 B. cenocepa-
cia sequential isolates retrieved from CF patient J (A) undigested
and (B) digested with SpeI. Genomic DNA was separated by
pulsed-field gel electrophoresis. CHEF DNA Size Marker (Hanse-
nula wingei) and Yeast Chromosome PFG Marker were used as
ladder in (A) and (B), respectively. Arrows indicate the missing
band in both gels.
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Figure 5. Phenotypic characterization of Burkholderia cenocepacia isolates retrieved from patients J, AB and AN. (A) Siderophore produc-
tion, (B) protease activity, (C) homoserine lactone signaling molecules detection, (D) swarming and (E) swimming motility, (F) percent-
age of Galleria mellonella death at 24 h after infection and (G) percentage of Caenorhabditis elegans death at 24 h after infection. Values
in (F) and (G) were taken from those presented in Figures 1, 2 and 3. Error bars represent standard deviations.
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replicon in isolate IST4129, shown in this work to be an
infrequent event (as discussed below).

Although the virulence phenotype for each isolate
results from the combined expression of several viru-
lence factors, some correlations might be established
between the observed variation in the pathogenic poten-
tial in each model with specific phenotypic and molecu-
lar features. Among the intriguing results obtained in
this work is the contradictory observation regarding the
comparison of the virulence potential exhibited by the
first isolate IST439 obtained from patient J compared
with the late isolates IST4113 and IST4134. Isolate
IST439 exhibited lower virulence potential compared to
IST4113 and IST4134 when assessed in this study using
C. elegans or in a previous study using epithelial cells,5

but it was more virulent than the late isolates when G.
mellonella was used as infection model. The sole known
feature of isolate IST439 compared with all the others
that might be considered of interest, at this moment, to
try to explain such remarkable divergence on the viru-
lence potential when assessed in the nematode infection
model or in epithelial cells compared with the insect
infection model, is related with the presence of the O-
antigen subunit in the IST439 lipopolysaccharide (LPS),
which is absent in all the other subsequent B. cenocepacia
isolates from patient J (Maldonado et al., unpublished
data). LPS composition was already suggested to affect B.
cenocepacia virulence potential in both non-mammalian
models,21-23,40,41 and it is possible that differences in B.
cenocepacia virulence potential between infection models
might be related with the differential recognition and
response to LPS composition by the different immune
systems. In fact, there is evidence for an important role
played by the O-antigen in Gram-negative bacteria viru-
lence. For example, it was shown that a Salmonella typhi-
muriummutant missing the entire O-antigen is avirulent
in G. mellonella host model, and the shortening of the
O-antigen chain length in a mutant lacking the enzymes
involved in the synthesis of long and very long O-antigen
reduced its pathogenic potential by one-half compared to
wild-type.42 Another noteworthy observation of this
work is the highly attenuated virulence of IST4129 in
both infection models. Except for this isolate, mRNA lev-
els from the aidA gene were detected in all isolates
retrieved from patient J (unpublished data). This infor-
mation led us to hypothesize and subsequently confirm
the lack in isolate IST4129 of the third replicon, where
the aidA gene is located. This replicon was reported to
be associated with virulence in this species.26 This result
strongly suggests, for the first time, the in vivo loss of the
nonessential virulence third replicon in B. cenocepacia.
Based on previous studies26,27 and in the screening per-
formed in this work comprising the 39 isolates examined

throughout this study plus 20 5 additional isolates from
patients AB and AN, all of them found to have the third
replicon, it is possible to conclude that the in vivo loss of
this megaplasmid, although possible, is a rare event.

Concluding remarks

This study supports the concept of the occurrence during
cystic fibrosis long-term lung infection of Burkholderia
cenocepacia clonal expansion and diversification of the
pathogenic potential, assessed using Galleria mellonella
and Caenorhabditis elegans. However, no strain/patient-
independent pattern of reduction (or increase) of the
virulence potential was registered during long-term
infection. Moreover, no correlation could be established
between several relevant phenotypes related with bacte-
rial virulence and the virulence potential. Studies such as
this one on the adaptation of a group of bacteria with
inherent genomic plasticity to a highly stressful environ-
ment are ideal to gain insights into the dynamics of phe-
notype alteration during chronic infections. This study
also shows that the 2 established non-mammalian infec-
tion models C. elegans and G. mellonella are able to dif-
ferentiate the pathogenic potential of B. cenocepacia
clonal variants. However, divergent results were obtained
when the 2 infection hosts were used for some of the iso-
lates tested, as would be expected considering the multi-
factorial and combinatorial nature of B. cenocepacia
virulence and the dependence of the virulence potential
on specific virulence factors in different infection models.
This study also provides the first evidence for the in vivo
infrequent loss of the nonessential third replicon in B.
cenocepacia and its relation with the marked attenuation
of the pathogenic potential in different infection models.

Materials and methods

Bacterial isolates and growth conditions

The 39 Burkholderia cenocepacia clinical isolates exam-
ined in this study were recovered from the sputum of 3
cystic fibrosis (CF) patients under surveillance at the
major Portuguese CF Center in Hospital de Santa Maria
(HSM) from Centro Hospitalar Lisboa Norte EPE, Lis-
bon. According to the hospital’s routine, sputum samples
are obtained from CF patients every 2 to 3 months, dur-
ing periodic consultations to monitor their clinical status,
or more often for patients showing clinical deterioration.
This retrospective study used isolates that were selected
at random among the isolated colonies obtained in selec-
tive Burkholderia cepacia Selectatab medium. For several
isolation dates only one isolate was available for this
study but for other dates 2 or 3 different isolates
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corresponding to different colonies obtained in the isola-
tion plate were tested. The eleven isolates retrieved from
patient J and examined during this study were previously
identified as belonging to B. cenocepacia recA lineage
IIIA and confirmed to be clonal variants.12,43 The other
isolates included in this study were retrieved from
patients AB and AN, also infected with B. cenocepacia
recA lineage IIIA (43,44 and results of the present work),
were randomly selected from the onset of the infection
until patient’s death after 7.5 y (patient AN) or until the
last isolation date after 12.5 y (patient AB). Bacterial
growth was carried out in Lysogeny Broth, Lennox (LB;
Conda, Pronadisa) liquid medium, at 37�C and 250 rpm,
or in LB agar plates prepared by supplementation of LB
medium with 2% of agar (Iberagar, Portugal).

Molecular characterization of B. cenocepacia
isolates

Species identification and RAPD typing of Bcc isolates
Genomic DNA was prepared from fresh overnight cul-
tures using the Puregene DNA isolation kit (cell and tis-
sue kit) (Gentra Systems), followed by quantification of
DNA concentration using a ND-1000 spectrophotometer
(NanoDrop Technologies). Species identification was
carried out based on the amplification of fragments of
recA gene with species specific primers.45 Strain assign-
ment was performed by Random Amplified Polymorphic
DNA (RAPD).46 Genotyping of all the isolates used in
this study was performed using primer 270 (50-
TGCGCGCGGG-30), followed by confirmation of the
strain types established by this primer with primers 208
(50-ACGGCCGACC-30) and 272 (50-AGCGGGCCAA-
30). RAPD profiles were visually compared and analyzed
by GelJ software.47 Similarity coefficients were calculated
using the RAPD profiles obtained with each primer for
the complete set of isolates examined using Pearson coef-
ficient and Unweighted Pair Group Method with Arith-
metic Mean (UPGMA) linkage method.

Analysis of B. cenocepacia clonal variants genomic
DNA by pulsed field gel electrophoresis (PFGE)
Genomic DNA was prepared in situ in agarose blocks
based on the method described by Schoonmaker et al.
(1992).48 Briefly, cells grown in LB broth until mid-expo-
nential phase were washed twice, and resuspended in
Pett IV solution (1 M NaCl and 10 mM Tris-HCl, pH
7.6). Equal volumes of these cell suspensions and 1.5%
(w/v) low-melting-point agarose (FMC Bioproducts,
Rockland, Me., USA) were mixed, and 100 ml aliquots
were dispensed into insert molds to solidify. Gel plugs
were treated with a lysis solution (6 mM Tris-HCl, 1 M
NaCl, 0.01 M EDTA, 0.5% Brij-58, 0.2% deoxycholate

and 0.5% N-lauroylsarcosine, pH 7.6) overnight at 37�C.
The purification of DNA in gel plugs was performed by
the standard proteinase K method (0.5 M EDTA, 1% (w/
v) N-lauroylsarcosine, 1 mg/ml proteinase K) at 50�C for
24 h, followed by an additional period of 24 h in the
same fresh solution without proteinase K at 50�C. Gel
plugs were finally washed several times with TE buffer
(10 mM Tris-HCl and 1 mM EDTA, pH 7.6) at 37�C,
and then stored at 4�C in TE buffer. These gel plugs
were used directly for chromosome separation by PFGE
or after digestion with SpeI to separate the generated
macrofragments by PFGE.

For restriction endonuclease digestion, slices (2 mm)
were cut from the agarose plug and equilibrated with
150 ml of restriction endonuclease buffer (supplied with
the enzyme by the manufacturer) at 4�C for 1 h. The
buffer was replaced with fresh buffer, and DNA was
digested overnight with 20 U of SpeI. After complete
digestion, the buffer was removed, and slices were equili-
brated for 1 h in 500 ml of TE buffer at 4�C and then
loaded into 1% (w/v) Pulse-Field grade agarose (Nzytech,
Lda - genes and enzymes, Lisbon, Portugal) gels that
were prepared in 0.5£ TBE running buffer (0.45 M Tris-
Base, 0.45 M boric acid and 0.01 M EDTA (pH 8.0)).

PFGE was carried out using a Gene Navigator appara-
tus (Pharmacia-LKB, Uppsala, Sweden). Intact chromo-
somes or the corresponding SpeI restriction fragments
were separated using an initial pulse time of 400 s that
was increased to 700 s over 48 h at 100 V at 8�C or an
initial pulse time of 5 s that was increased to 80 s over
24 h at 200 V at 8�C, respectively. CHEF DNA Size
Marker (from Hansenula wingei, Biorad) or Yeast Chro-
mosome PFG Marker (New England Biolabs) were used
as size standards for complete chromosome separation
or macrofragment separation, respectively. Gels were
stained with GelRed (GelRedTM, Biotium) and photo-
graphed under UV light illumination.

PCR screening for the presence of the third replicon
The screening for the detection of the third replicon in
all the isolates examined in this study was performed
using sequentially 3 sets of primers designed to anneal to
the highly conserved origin of replication in the third
replicon, as previously described.27

Virulence potential assessment

Nematode slow killing assays
Aliquots of 50 ml of B. cenocepacia cultures were plated
onto the surface of 35 mm diameter Petri dishes contain-
ing 4 ml of nematode growth medium II (NGMII; 0.3%
NaCl, 0.35% bacto peptone, 5 mg/ml cholesterol, 1 mM
CaCl2, 1 mM MgSO4, 25 mM potassium phosphate
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buffer pH 6.0, 2 mg/ml uracil, 0.0025% nystatin, 1.7%
bacto agar)49 and incubated for 24 h at 37�C. Nematode
slow-killing assays were performed using L4-stage syn-
chronized larvae of Caenorhabditis elegans strain
DH26,50 based on methods described previously.51 This
C. elegans strain is sterile at 25�C, thus allowing the score
of worms without the interference of progeny. Results
are the mean values of at least 2 independent experi-
ments with at least 7 plates per experiment using a nem-
atode population of 178 § 39 worms. Escherichia coli
OP50 was used as a negative control.

Galleria mellonella killing assays
B. cenocepacia isolates were grown in LB broth until
mid-exponential phase. After dilution to a standardized
OD640 nm of 0.2 § 0.02 in 0.9% NaCl (w/v), 100 ml of
these cell suspensions were plated onto LB plates and
incubated for 24 h at 37�C. Cells were washed with
1.5 ml of 0.9% NaCl (w/v), centrifuged at 8000 rpm and
4�C for 5 minutes, and resuspended in 10 mM MgSO4

with 1.2 mg/ml ampicillin (inclusion of antibiotic in the
inoculum was previously proposed21 and used to prevent
contamination by bacteria naturally present on the cater-
pillar or in their surface). As described before,52 a
micrometer was adapted to control the injection volume
of a microsyringe used to inject 3.5 ml of a bacterial sus-
pension containing 1 £ 106 CFU/larvae into the haemo-
coel of the caterpillars via the hindmost left proleg,
which had been surface-sterilized with 70% (v/v) ethanol.
Larvae were placed in Petri dishes and stored in the dark
at 37�C, the standard temperature for the killing assays,21

or at 25�C to examine the temperature effect in compar-
ative virulence assays. Results are the mean values of at
least 3 independent experiments that gave similar results
using 10 larvae per treatment for each isolate, recording
their survival at 24 h intervals until 72 h. Larvae were
considered dead when no movement was observed in
response to touch with a pipette tip. As negative control,
at least 5 larvae were injected with 3.5 ml of 10 mM
MgSO4 plus 1.2 mg/ml ampicillin in each assay to moni-
tor any problem related to the injection process.

Phenotypic characterization of B. cenocepacia
isolates

Swarming and swimming assays
B. cenocepacia isolates were grown until the beginning of
the stationary phase of growth and 2 ml of these cell cul-
tures were used to inoculate swim agar plates containing
25 ml of 1% (wt/vol) tryptone, 0.5% (wt/vol) NaCl and
0.3% (wt/vol) agar or swarm plates containing 25 ml of
0.8% (wt/vol) nutrient broth, 0.5% (wt/vol) glucose and
0.5% (wt/vol) agar. These swim and swarm plates were

incubated for 24 h at 37�C in stacks with 4 plates, and
the diameter of the growth was measured. Values repre-
sent the means for at least 3 independent experiments.

Determination of siderophore production, protease
activity and EPS production
For the detection of siderophore production, CAS plates
were inoculated with 5 ml of B. cenocepacia cultures
grown until the beginning of the stationary phase, and
incubated for 48 h at 37�C. Halo diameter was measured
to determine siderophore production, and values repre-
sent the mean of at least 3 independent experiments.

For the determination of protease activity, 5 ml of B.
cenocepacia cultures grown until the beginning of the
stationary phase were used to inoculate skimmed milk
agar plates (2% skimmed milk, LB broth, 1% agar). Plates
were incubated during 48 h at 37�C, and the clearance
zone was measured. Results are the mean values of at
least 3 independent experiments.

Extracellular polysaccharides (EPS) production was
visualized using mannitol agar plates supplemented with
Congo red, as previously described,24 after 24 h of incu-
bation at 37�C and using 5 ml of B. cenocepacia cultures
grown until the beginning of the stationary phase.

AHL quantification
Cell cultures of B. cenocepacia isolates grown until the
beginning of the stationary phase were centrifuged at
6,500 rpm for 5 minutes with subsequent filter steriliza-
tion of supernatants. One hundred microliters of each
supernatant was mixed with an equal volume of a culture
of Pseudomonas putida F117(pAS-C8-Gmr),53 kindly
provided by Professor Leo Eberl, in exponential growth
phase. After 6 h of incubation at 30�C in BRAND
cellGradeTM plates, fluorescence was measured with a
FilterMax F5 Multimode Microplate Reader (Molecular
Devices), with an excitation wavelength of 485 nm and
an emission detection of 535 nm, and connected to the
SoftMax� Pro Microplate reader. The relative fluores-
cence units (RFU) were determined for at least 3 inde-
pendent supernatants of each isolate.

Statistical analysis

Statistical analysis was performed using Prism GraphPad
software 6.05 (GraphPad Software, San Diego, CA). The
statistical significance of the variation in virulence poten-
tial between the first isolate and each of the other isolates
was determined using the Mantel-Cox test, while the sta-
tistical differences regarding the variation in phenotypes
was determined using a 2-tailed Student’s t-test. In both
cases, P � 0.05 was considered statistically significant.
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