Chapter 4

Virulence in a
Caenorhabditis elegans
host model Bcc species
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As seen in the introduction, the Bcc is a group of closely related bacterial species,
(Coenye et al., 2001, Vandamme et al., 1997), that thanks to their unusually large
genomes possess unsurpassed metabolic capacities, that allow them to colonize
extremely diverse habitats (Chiarini et al., 2006, Vandamme & Dawyndt, 2011).

In natural environment Bcc species can be found in several ecosystems, where they
are generally considered highly beneficial : many isolates protect commercially
useful crops against bacterial and fungal diseases, can promote plants growth, fix
nitrogen and degrade several man-made toxic agents, in particular chlorinated
aromatic compounds (Vial et al., 2011, Mahenthiralingam et al., 2005, Chiarini et
al.,, 2006). On the other hand, these bacteria can also cause lethal infections in
immuno-compromised individuals like those affected by CF (Saldias & Valvano,
2009, Mahenthiralingam et al., 2008).

The prevalence (2009 and 2010) of chronic infection by Bcc is reported to vary
between 0 and 12% of the CF population attending various CF centres (Ciofu et al.,
2013), that it is not high compared to other CF pathogens but Bcc infections often
correlates with poorer prognosis, longer hospital stays and an increased risk of
death (Mahenthiralingam et al., 2005). Among the reasons for this high mortality
rate in Bcc infected patients there are the ability of these bacteria to produce a
wide variety of potential virulence factor and their high resistance to antibiotics:
they are intrinsically resistant to many antibiotics and can develop in vivo
resistance to essentially all classes of antimicrobial drugs (Mahenthiralingam et al.,
2005, Drevinek & Mahenthiralingam, 2010).

Actually the Bcc comprises 18 validly named species (Table 1) (Vandamme &
Dawyndt, 2011, Peeters et al., 2013). Among them, B. cenocepacia and B.
multivorans are the two Bcc species that predominate in CF patients. In particular
B. cenocepacia is considered one of the most serious pathogens and most of the
studies on mechanisms of Bcc virulence have been conducted on this lineage

(Holden et al., 2009). The other species of the Bcc are much less characterize and
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some have only recently been defined (Vandamme & Dawyndt, 2011, Peeters et
al., 2013).

A characterization of the 18 type strains of the Bcc species is in progress in our
laboratory from various viewpoint. In particular, sequencing of their genomes and
their phenotypic characterization by Phenotype Microarray are still in progress and
therefore they are not included in this thesis. We also studied the pathogenicity
determinants of these strains by using the non-vertebrate host Caenorhabditis
elegans (Tedesco et al., submitted for publication).

C. elegans has been proven to be a reproducible and genetically tractable model to
validate microbial virulence traits that are involved in mammalian infections
(Schwager et al., 2013, Uehlinger et al., 2009), and there is an extensive literature
for the usefulness of the nematode to model virulence and antimicrobial efficacy in
a variety of bacteria (Wu et al., 2013, Bhatt et al., 2011) including the pathogens B.
pseudomallei (Lee et al., 2011, O'Quinn et al., 2001, Lee et al., 2013). For example,
the set up of a C. elegans - P. aeruginosa pathogenesis model system has facilitated
the systematic dissection of both host and pathogen responses (Tan et al., 1999a,
Tan et al., 1999b, Feinbaum et al., 2012).

Bcc strains are able to kill C. elegans through different mechanisms that include the
intestinal accumulation/colonisation and/or production of toxic compounds, the
latter causing first paralyses of the worms and then death (Kothe et al., 2003,
Huber et al., 2004). The C. elegans-Bcc interaction was the subject of intensive
investigation for the last decade (Huber et al., 2004, Kothe et al., 2003, Sousa et al.,
2011, Tegos et al., 2012, O'Grady et al., 2012, Cooper et al., 2009, Schwager et al.,
2013, Cardona et al., 2005, Springman et al., 2009, Sousa et al., 2010, Markey et al.,
2006).

In our work (Tedesco et al., submitted for publication) a multistep approach was
used. Firstly, two different assays to evaluate the Bcc virulence determinants were

set up and used with the type strains of the 18 Bcc species (eight of which had
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never been characterized before for their capability of killing C. elegans): the Slow
Killing Assay (SKA), correlates worm mortality with intestinal bacterial
accumulation/colonisation (Huber et al., 2004, Kothe et al., 2003) while the Fast
Killing Assay (FKA) allows to demonstrate and evaluate the secretion of bacterial
toxins (or alternative virulence factors) capable of paralysing the worms and
consequently promoting their death (Huber et al.,, 2004, Kothe et al.,, 2003). A
pathogenicity scale for Bcc strains under investigation was established ranging from
score 0 to score 3. Data obtained revealed that both killing mechanisms, i.e. i)
bacterial accumulation/colonisation in the worms intestine as it was also visualised
by microscope analysis, and ii) production of diffusible toxins-virulence factors are
exhibited by most of Bcc strains.

The Bcc strains that displayed high pathogenicity score in the nematode FKA were
used for further analysis revealing that toxin/compound production is growth-
phase dependent and even though the compound produced by one of strain was
not UV and heat labile. This compound should be further biochemically and
mechanistically investigated, through its purification and characterisation.

Lastly, we analysed the behaviour of C. elegans mutants strains [mrp-3(ok955) and
mrp-4(ok1095) ] impaired in ABC CF trans-membrane conductance regulator (CFTR)
-like transporters, towards the Bcc selected strains. Our findings suggested that the
nematode ABC transporters mrp-3 and mrp-4 were also involved in the Bcc
infection process and further studies are required to better understand the role of

these transporters.

Bibliography

Bhatt, S., A. Anyanful & D. Kalman, (2011) CsrA and TnaB coregulate tryptophanase
activity to promote exotoxin-induced killing of Caenorhabditis elegans by
enteropathogenic Escherichia coli. Journal of bacteriology 193: 4516-4522.

172



Cardona, S. T., J. Wopperer, L. Eberl & M. A. Valvano, (2005) Diverse pathogenicity
of Burkholderia cepacia complex strains in the Caenorhabditis elegans host
model. FEMS microbiology letters 250: 97-104.

Chiarini, L., A. Bevivino, C. Dalmastri, S. Tabacchioni & P. Visca, (2006) Burkholderia
cepacia complex species: health hazards and biotechnological potential.
Trends Microbiol 14: 277-286.

Ciofu, O., C. R. Hansen & N. Hoiby, (2013) Respiratory bacterial infections in cystic
fibrosis. Curr Opin Pulm Med 19: 251-258.

Coenye, T., P. Vandamme, J. R. Govan & J. J. LiPuma, (2001) Taxonomy and
identification of the Burkholderia cepacia complex. J Clin Microbiol 39:
3427-3436.

Cooper, V. S., W. A. Carlson & J. J. Lipuma, (2009) Susceptibility of Caenorhabditis
elegans to Burkholderia infection depends on prior diet and secreted
bacterial attractants. PloS one 4: e7961.

Drevinek, P. & E. Mahenthiralingam, (2010) Burkholderia cenocepacia in cystic
fibrosis: epidemiology and molecular mechanisms of virulence. Clin
Microbiol Infect 16: 821-830.

Feinbaum, R. L., J. M. Urbach, N. T. Liberati, S. Djonovic, A. Adonizio, A. R. Carvunis
& F. M. Ausubel, (2012) Genome-wide identification of Pseudomonas
aeruginosa virulence-related genes using a Caenorhabditis elegans
infection model. PLoS Pathog 8: €1002813.

Holden, M. T., H. M. Seth-Smith, L. C. Crossman, M. Sebaihia, S. D. Bentley, A. M.
Cerdeno-Tarraga, N. R. Thomson, N. Bason, M. A. Quail, S. Sharp, .
Cherevach, C. Churcher, I. Goodhead, H. Hauser, N. Holroyd, K. Mungall, P.
Scott, D. Walker, B. White, H. Rose, P. Iversen, D. Mil-Homens, E. P. Rocha,
A. M. Fialho, A. Baldwin, C. Dowson, B. G. Barrell, J. R. Govan, P.
Vandamme, C. A. Hart, E. Mahenthiralingam & J. Parkhill, (2009) The
genome of Burkholderia cenocepacia 12315, an epidemic pathogen of cystic
fibrosis patients. J Bacteriol 191: 261-277.

Huber, B., F. Feldmann, M. Kothe, P. Vandamme, J. Wopperer, K. Riedel & L. Eberl,
(2004) Identification of a novel virulence factor in Burkholderia cenocepacia
H111 required for efficient slow killing of Caenorhabditis elegans. Infection
and immunity 72: 7220-7230.

Kothe, M., M. Antl, B. Huber, K. Stoecker, D. Ebrecht, |. Steinmetz & L. Eberl, (2003)
Killing of Caenorhabditis elegans by Burkholderia cepacia is controlled by
the cep quorum-sensing system. Cell Microbiol 5: 343-351.

Lee, S. H., S. K. Ooi, N. M. Mahadi, M. W. Tan & S. Nathan, (2011) Complete killing
of Caenorhabditis elegans by Burkholderia pseudomallei is dependent on
prolonged direct association with the viable pathogen. PloS one 6: €16707.

Lee, S. H., R. R. Wong, C. Y. Chin, T. Y. Lim, S. A. Eng, C. Kong, N. A. ljap, M. S. Lau,
M. P. Lim, Y. H. Gan, F. L. He, M. W. Tan & S. Nathan, (2013) Burkholderia
pseudomallei suppresses Caenorhabditis elegans immunity by specific

173



degradation of a GATA transcription factor. Proceedings of the National
Academy of Sciences of the United States of America.

Mahenthiralingam, E., A. Baldwin & C. G. Dowson, (2008) Burkholderia cepacia
complex bacteria: opportunistic pathogens with important natural biology.
J Appl Microbiol 104: 1539-1551.

Mahenthiralingam, E., T. A. Urban & J. B. Goldberg, (2005) The multifarious,
multireplicon Burkholderia cepacia complex. Nat Rev Microbiol 3: 144-156.

Markey, K. M., K. J. Glendinning, J. A. Morgan, C. A. Hart & C. Winstanley, (2006)
Caenorhabditis elegans killing assay as an infection model to study the role
of type Il secretion in Burkholderia cenocepacia. Journal of medical
microbiology 55: 967-969.

O'Grady, E. P., D. F. Viteri & P. A. Sokol, (2012) A unique regulator contributes to
guorum sensing and virulence in Burkholderia cenocepacia. PloS one 7.
e37611.

O'Quinn, A. L., E. M. Wiegand & J. A. Jeddeloh, (2001) Burkholderia pseudomallei
kills the nematode Caenorhabditis elegans using an endotoxin-mediated
paralysis. Cell Microbiol 3: 381-393.

Peeters, C., J. E. Zlosnik, T. Spilker, T. J. Hird, J. J. Lipuma & P. Vandamme, (2013)
Burkholderia pseudomultivorans sp. nov., a novel Burkholderia cepacia
complex species from human respiratory samples and the rhizosphere. Syst
Appl Microbiol.

Ponce, A. G., R. Fritz, C. del Valle & S. I. Rourac, (2003) Antimicrobial activity of
essential oils on the native microflora of organic Swiss chard. LWT - Food
Science and Technology 36: 679-684.

Saldias, M. S. & M. A. Valvano, (2009) Interactions of Burkholderia cenocepacia and
other Burkholderia cepacia complex bacteria with epithelial and phagocytic
cells. Microbiology 155: 2809-2817.

Schwager, S., K. Agnoli, M. Kothe, F. Feldmann, M. Givskov, A. Carlier & L. Eberl,
(2013) Identification of Burkholderia cenocepacia strain H111 virulence
factors using nonmammalian infection hosts. Infection and immunity 81:
143-153.

Sousa, S. A., C. G. Ramos & J. H. Leitao, (2011) Burkholderia cepacia Complex:
Emerging Multihost Pathogens Equipped with a Wide Range of Virulence
Factors and Determinants. International journal of microbiology 2011.

Sousa, S. A., C. G. Ramos, L. M. Moreira & J. H. Leitao, (2010) The hfq gene is
required for stress resistance and full virulence of Burkholderia cepacia to
the nematode Caenorhabditis elegans. Microbiology 156: 896-908.

Springman, A. C.,, J. L. Jacobs, V. S. Somvanshi, G. W. Sundin, M. H. Mulks, T. S.
Whittam, P. Viswanathan, R. L. Gray, J. J. Lipuma & T. A. Ciche, (2009)
Genetic diversity and multihost pathogenicity of clinical and environmental
strains of Burkholderia cenocepacia. Applied and environmental
microbiology 75: 5250-5260.

174



Tan, M. W,, S. Mahajan-Miklos & F. M. Ausubel, (1999a) Killing of Caenorhabditis
elegans by Pseudomonas aeruginosa used to model mammalian bacterial
pathogenesis. Proceedings of the National Academy of Sciences of the
United States of America 96: 715-720.

Tan, M. W,, L. G. Rahme, J. A. Sternberg, R. G. Tompkins & F. M. Ausubel, (1999b)
Pseudomonas aeruginosa killing of Caenorhabditis elegans used to identify
P. aeruginosa virulence factors. Proceedings of the National Academy of
Sciences of the United States of America 96: 2408-2413.

Tegos, G. P., M. K. Haynes & H. P. Schweizer, (2012) Dissecting novel virulent
determinants in the Burkholderia cepacia complex. Virulence 3: 234-237.

Uehlinger, S., S. Schwager, S. P. Bernier, K. Riedel, D. T. Nguyen, P. A. Sokol & L.
Eberl, (2009) Identification of specific and universal virulence factors in
Burkholderia cenocepacia strains by using multiple infection hosts.
Infection and immunity 77: 4102-4110.

Vandamme, P. & P. Dawyndt, (2011) Classification and identification of the
Burkholderia cepacia complex: Past, present and future. Syst App! Microbiol
34: 87-95.

Vandamme, P., B. Holmes, M. Vancanneyt, T. Coenye, B. Hoste, R. Coopman, H.
Revets, S. Lauwers, M. Gillis, K. Kersters & J. R. Govan, (1997) Occurrence of
multiple genomovars of Burkholderia cepacia in cystic fibrosis patients and
proposal of Burkholderia multivorans sp. nov. Int J Syst Bacteriol 47: 1188-
1200.

Vial, L., A. Chapalain, M. C. Groleau & E. Deziel, (2011) The various lifestyles of the
Burkholderia cepacia complex species: a tribute to adaptation. Environ
Microbiol 13: 1-12.

Wu, K., K. Zhang, J. McClure, J. Zhang, J. Schrenzel, P. Francois, S. Harbarth & J.
Conly, (2013) A correlative analysis of epidemiologic and molecular
characteristics of methicillin-resistant Staphylococcus aureus clones from
diverse geographic locations with virulence measured by a Caenorhabditis
elegans host model. Eur J Clin Microbiol Infect Dis 32: 33-42.

175



Novel insights into the interaction of Burkholderia cepacia
complex strains revealed through the model host system

Caenorhabditis elegans
(Submitted for publication)

. 1 . 1 . o112 . . . 2 . 3
Pietro Tedesco”, Marco Visone, Ermenegilda Parrilli®, Maria Luisa Tutino®, Elena Perrin~,
. 3 .3 . 4 5,6,7 . . . .8
Isabel Maida”, Renato Fani”, Francesco Ballestriero’, George Tegos™ ', Elia Di Schiavi’,
1*
Donatella de Pascale™ .

YInstitute of Protein Biochemistry, National Research Council, Via P. Castellino 111, 1-80131
Naples, Italy.

2Department of Chemical Sciences and School of Biotechnological Sciences, University of
Naples Federico Il, Via Cintia, 1-80126, Naples, Italy

3Laboratory of Microbial and Molecular Evolution, Department of Biology, University of
Florence, Via Madonna del Piano, I1-50019, Sesto Fiorentino, Florence, Italy

*School of Biotechnology and Biomolecular Sciences and Centre for Marine Bio-Innovation,
University of New South Wales, Sydney 2052, New South Wales, Australia.

*Department of Pathology, School of Medicine University of New Mexico Center for
Molecular Discovery 700 Camino de Salud, Albuquerque, NM 87131, USA

®Wellman Center for Photomedicine, Massachusetts General Hospital, Boston MA
7Department of Dermatology, Harvard Medical School, Boston MA

{|nstitute of Genetics and Biophysics ABT, National Research Council, via P. Castellino 111, I-
80131 Naples, Italy.

*Corresponding author:

Dr. Donatella de Pascale
Institute of Protein Biochemistry
National Research Council

Via P. Castellino, 111, 1-80131
Naples, ITALY

Tel: +39 081 6132314

Fax: +39 081 6132277

Email: d.depascale@ibp.cnr.it

176



ABSTRACT

Aim: The main goal of this work was to try to define the interaction between
members of the Burkholderia cepacia complex and the nematode host
Caenorhabditis elegans, in order to gain knowledge of pathogenicity traits and
identify strains with high virulence. These strains may be for future experimental
tests aimed to uncover Bcc virulence genes that can be exploited as novel
therapeutic target against Bcc. The nematode C. elegans has been recently
established as a useful host model for studying virulence factors and for the
assessment of novel therapeutic strategies.

Materials & Methods: With this aim, two different toxicity tests were used: a slow
killing assay (SKA) and a fast killing assay (FKA). The latter was performed onto two
different C. elegans larval stages. A pathogenicity score was defined for the
evaluation of the Bcc panel members toxicity towards C. elegans, based on the
percentage of survival worms.

Results & Conclusions: Firstly, our data showed that nematode killing is due to the
bacterial accumulation in the whole intestine on SKA, while worm death is
mediated by paralyzing toxins on FKA. Secondly, we provided evidence that the
toxins produced by some Bcc strains are secreted in the medium and are able to kill
the nematodes and are UV and heat stable. Finally, we noticed different
pathogenic score of some Bcc strains when infecting the multidrug resistance C.
elegans mutant strains mrp-3(ok955) and mrp-4(ok1095) and this evidence suggest
the nematode ABC transporters mrp-3 and mrp-4 are involved in the Bcc infection

process.

Keywords: Burkholderia cepacia complex (Bcc), non-vertebrate hosts,

Caenorhabditis elegans virulence, pathogenicity, multidrug resistance
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Introduction

Pathogen resistance to commonly used antimicrobials is a worldwide concern and a
major challenge for modern medicine [1]. The major manifestation of resistance
entails the appearance of microorganisms able to overcome lethal or inhibitory
doses for a variety of antimicrobial compounds. Consequently, these phenomena
as a total have lead to the generation of an elite class of multi-drug resistance
(MDR) bacteria. These microorganisms possess effective and dynamic virulence and
pathogenic capabilities, both of nosocomial and community-acquired origin, and
emerged not only in the developing world, but also the developed world.

The Burkholderia cepacia complex (Bcc) occupies a critical position among Gram-
negative multi-drug resistant (MDR) bacteria. It consists of at least 18 closely
related species inhabiting different ecological niches, including plants and animals
[2-4].

Many Bcc strains are opportunistic human pathogens and represent a serious
concern for Cystic Fibrosis (CF) patients and immune-compromised individuals. The
two most clinically relevant species are B. cenocepacia and B. multivorans,
accounting for >85% of all Bcc infections in CF patients. Bcc strains are naturally
resistant to many antibiotics such as cephalosporin, B-lactams, polymyxins and
aminoglycosides and therefore Bcc infections are very difficult to eradicate [5, 6].
The MDR phenomena related with the Bcc were attributed to: i) the ability of its
members to reduce outer membrane permeability; ii) the production of pB-
lactamase enzymes and the alteration of antibiotic targets [7]; iii) a variety of
virulent factors with most notable lipases, proteases and other secreted products
including system-associated effectors [8]; iv) the presence of multidrug efflux
pumps with emphasis in members of the Resistance-Nodulation cell Division

(RNDs) [9, 10].
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To fight the infection of these bacteria there is a serious need of development of
new strategies, one of which is dissecting the virulence and pathogenicity
determinants of these pathogens to identify novel therapeutic targets. This task
has been facilitated by using the non-vertebrate host models Drosophila
melanogaster, Galleria melonella, Caenorhabditis elegans and Danio rerio. These
non-vertebrate hosts have been systematically also used to evaluate the efficacy of
antimicrobial compounds and treatments [11-16]. The nematode Caenorhabtidis
elegans is a widespread multicellular organism, a self-fertilizing hermaphrodite
with a rapid generation time. Adults can reach the maximum length of 1 mm, and
in optimal condition they can produce about 300 genetically identical progeny in 3
days, allowing the cultivation of nematodes and the establishment of homogenous
populations.

The free-living nematode C. elegans has been proven to be a reproducible and
genetically tractable model to validate microbial virulence traits that are involved in
mammalian infections [15, 16]. The simulation of a bacterial infection in a
nematode is a subject of continuous investigation with emphasis in the
methodology surrounding physiological responses between the host and the
pathogen.

There is an extensive body of literature for the usefulness of the nematode to
model virulence and antimicrobial efficacy in S. aureus [17], E. coli [18] and a
variety of Gram-negative bacteria including the pathogens Burkholderia
pseudomallei [19-21].

Pseudomonas aeruginosa causes a broad spectrum of opportunistic infections in
immunocompromised individuals and in CF patients. The set up of a C. elegans - P.
aeruginosa pathogenesis model system has facilitated the systematic dissection of
both host and pathogen responses [22-24]. Bcc strains are able to kill C. elegans
through different mechanisms that include the intestinal

accumulation/colonisation and/or production of toxic compounds, the latter
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causing first paralyses of the worms and then death [25, 26]. The C. elegans-Bcc
interaction was the subject of intensive investigation for the last decade [8, 16, 25-
33]. Even though some correlation of bacterial genotype with the physiology of
either the bacterial or nematode strains has been traced, those studies are mainly
focused on the microbe-nematode interaction. Moreover, the availability of C
elegans mutants (mrp-3(ok955) and mrp-4(ok1095)) impaired in ABC CF trans-
membrane conductance regulator (CFTR) -like transporters and the fact that CF is a
genetic disease due to a loss of function in the CFTR may shed some light on the
comprehension of the ability of Bcc strains in infecting CF patients.

In this study we employed a panel of 18 Bcc strains (eight of which were previously
analyzed by Cardona et al, 2005 [25]) representing all the 18 different species
recognized so far, and with a different origin, in order to shed additional light on
the nematode-Bcc pathogenic interaction by: i) correlating nematode death with
either an intestinal accumulation/colonisation and/or ii) a presence of a diffusible
toxin or compounds; iii) implicating the nematode larval stage on the infection
susceptibility iv) checking the response to Bcc strains by two CFTR-like multi drug
resistant C. elegans mutants (mrp-3(0k955) and mrp-4(ok1095)), which are

impaired in ABC membrane transporters.

Materials and Methods

Bacterial strains, nematode strains and growth conditions

C. elegans Bristol N2, RB1028 (mrp-3(ok955) X) and VC712 (mrp-4(ok1095) X)
strains were obtained from the Caenorhabditis Genetic Center (CGC). All strains
were recovered from frozen stocks, and routinely kept on NGM (Nematode Growth
Medium) plates seeded with E. coli OP50 as a food source [34]. The panel of Bcc

strains used in this work belongs to the Bcc strains collection at the University of
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Gent, Belgium, and is listed in Table 1. When available, information on the
geographic and biological sources of the isolates was also included in the Table 1.
Bcc and E. coli OP50 cells were routinely grown in Luria-Bertani broth (LB) (10 g/L
Bacto-tryptone, 5 g/L Yeast extract, 10 g/L NaCl) at 37°C.

Nematode Slow Killing Assay (SKA) and Fast Killing Assay (FKA)

Slow-killing assays were performed using the C. elegans strains N2, mrp-3 and mrp-
4 mutants. Plates containing 3 ml of NGM agar (Peptone 2.5 g/L, NaCl 2,9 g/L,
Bacto-Agar 17 g/L, CaCl, 1 mM, Cholesterol 5 pg/mL, KH,PO, 25 mM, MgS0O, 1 mM)
were seeded with 50 ul of the overnight Bcc cultures, normalized to an ODgg, of
1.7 and incubated 24 h at 37 °C to allow the formation of a bacterial lawn, and. C.
elegans N2 strain, mrp-3 and mrp-4 mutants were synchronized by bleaching
treatment [35], and twenty to forty L4 larvae were transferred to each plate and
incubated at 20 °C for three days. The plates were scored for living worms every 24
h.

Fast-killing assays were carried out in 2.5-cm-diameter agar plates, containing
about 3 ml of PGS medium [25] (Peptone 12 g/L, Glucose 12 g/L, Sorbitol 27.25 g/L,
NaCl 12 g/L, Bacto-Agar 17 g/L, CaCl, 1 mM, Cholesterol 5 pg/mL, KH,PO, 25 mM,
MgSO, 1 mM). Plates were seeded with fifty pl of the overnight Bcc cultures,
normalized to an ODgyy of 1.7 and incubated 24 h at 37 °C to allow the formation of
a bacterial lawn. Then, L1 and L4 C. elegans larvae from N2 strain and mrp-3 and
mrp-4 mutants were collected from NGM plates, washed with M9 medium
(Na,HPO,-7H,0

12.8 g/L, Na,HPO, (anhydrous) 6 g/L, KH,PO, 3 g/L, NaCl 0.5 g/L, NH,Cl 1 g/L) and
30-40 live animals were spotted onto the bacterial lawn. The plates were then
incubated at 20 °C and scored for living worms every 24 h. In both assays, E. coli

OP50 was used as a negative control. A worm was considered dead when it no
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longer responded to touch. For statistical purposes, 5 replicates per trial were
carried out. The same pathogenic scale was used in both assays and the incubation

time was defined in 3 days for L1 larvae, and in 5 days for L4 larvae at 20 °C.

Microscopy analysis

C. elegans N2 Bristol L4 larvae were grown on NGM plates seeded with 50 pl of the
overnight Bcc culture normalized to an ODgy of 1.7 and incubated 24 h at 37 °C to
allow the formation of a bacterial lawn. NGM plates seeded with E. coli OP50 and
with the same number of worms were used as control. Plates were incubated at 20
°C, and after two different time-points (4 and 24 h) the nematodes were inspected
with a Zeiss Axioskop microscope equipped with differential interference contrast
(DIC) employing 10x, 20x, 40x, 63x and 100x objectives and 10X eyepiece. Images

were collected with a Zeiss Axiocam MR digital camera.

Toxin Diffusion assay

LB overnight cultures (100 &l) of Bcc strains and E. coli OP50 as control, were
spread on sterile 0.22 Bm Millipore Nitrocellulose (Darmstadt, Germany) filter disk
located onto 2.5 cm PGS plates [25]. After an incubation at 37 °C overnight, the
filter together with the bacterial lawn was removed and the plates were allowed to
cool to room temperature. 30-40 hypochlorite-synchronised C. elegans L4 larvae
worms were spotted onto the conditioned agar. Paralysation and mortality of the
worms were detected at 4 and 24 h. The experiments were performed twice, and

data reported are mean values + SD.

Toxin Diffusion assay at late growth phase
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100 BL of Bcc overnight cultures, in LB of and E. coli OP50 as control for all the
Table 1 strains were spread on sterile 0.22 Bim Millipore Nitrocellulose (Darmstadt,
Germany) filter disk located onto 2.5 cm PGS plates.

Different sets of plates for all strains tested were prepared, and each set was
incubated at 37 °C for 24 h, 48 h and 72 h. After the incubation the filter with the
bacterial lawn was removed and the plates were allowed to cool to room
temperature. 30-40 hypochlorite-synchronised C. elegans L4 larvae were spotted
onto the conditioned agar. Paralysis and mortality of the worms were detected at 4
and 24 h. The experiments were performed in triplicate, and the data reported are

mean values % SD.

Bacterial cell-free culture filtrate assay

One colony of an individual Bcc isolate was inoculated into 1 mL LB broth and
incubated overnight at 37 °C. The bacterial culture was centrifuged at 4000 x g for
15 minutes at 4 °C and the supernatant collected and filtered through a 0.22 um
pore size syringe membrane filter unit (Millipore, Billerica, MA). The supernatant
(100 Bll) was used to spread onto PGS plates. Supernatant of E. coli OP50 growth
represented the control.

The toxicity of some heat-killed Bcc strains plated onto PGS plates was also tested;
for this purpose 1 ml of overnight culture of Bcc strains was incubated at 65 °C for 1
h, and the cells were spread onto PGS plates for the FKA. Twenty to forty L4- and
L1-larvae of C. elegans N2 were spread onto these plates and incubated at 20 °C;
the toxicity, by counting the surviving worms, was evaluated at 4 and 24 h.
Mortality of the worms was monitored at 4-hour intervals. Heat-killed E. coli OP50
was used in place of Bcc strains as the negative control. Three independent

experiments were performed for each isolate.
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UV and Heat treatment

UV treatment: fifty uL of overnight cultures of Burkholderia cepacia LMG 1222
adjusted to and E. coli OP50 as control were spotted onto PGS agar plates. Plates
were incubated overnight at 37°C and then exposed to UV (254 nm, 1.5 J/cm?) for
10, 20 and 30 min. Four plates were exposed in parallel for each bacterium. The
irradiated plates were allowed to cool to room temperatures and 20 to 30 N2 L4
synchronized larvae were spotted on the agar on 3 plates for each condition. As
control, a fourth plate was instead washed with 200 uL of sterile water and the
collected bacteria were transferred on a new PGS plate and incubated at 37 °C.
Survival worms were checked at 24 h.

Heat treatment: fifty uL of overnight cultures of B. cepacia LMG 1222 and E. coli
OP50 as control were spotted onto PGS agar plates. Plates were incubated
overnight at 37 °C and then incubated at 65 °C for 1 h and 2 h. Four plates were
exposed in parallel for each bacterium. The heated plates were allowed to cool to
room temperatures and 20 to 30 N2 L4 synchronized larvae were spotted on the
agar on 3 plates for each condition. As control, another plate was washed with 200
pL of sterile water and the bacteria were transferred on a new PGS plate and

incubated at 37 °C. Survival worms were checked at 24 h.

Statistical analysis

All the Kaplan-Meier survival curves were analyzed by using the Graph-pad Prism 5
software. All p-value were calculated with "Log-rank (Mantel-Cox) Test". For Toxin
diffusion assay and Heat-UV experiments, data reported considered by mean
values of triplicate + SD. p-value between sample and referring controls were

calculated with “Z test” with the Primer software.
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Results and Discussion

Overall experimental strategy

The main goal of this work was to try to define the pathogenicity interaction
attributed to members of the Bcc complex employing the nematode host C.
elegans. To this purpose, a multistep approach was used. Firstly, a panel of
taxonomically, environmentally and clinically diverse Bcc strains was used (Table 1)
to infect the worms. The 18 strains were obtained from a variety of habitats,
clinical settings and conditions spanning from cystic fibrosis patients (9 isolates),
animal infection (1 isolate), onion (1 isolate), and soil rizhosphere (7 isolates). Apart
from the wide geographic and environmental distribution of the selected isolates,
the panel comprehensively covers all the known identified species of the Bcc
complex. It should be noted that B. latens LMG 24064, B. diffusa LMG 24065, B.
arboris LMG 24066, B. seminalis LMG 24067, B. metallica LMG 24068, B.
pseudomultivorans LMG 26883, B. lata 22485, B. contaminans LMG 23361 were
recently added as novel Bcc species and have not been previously characterized for
their pathogenicity towards C. elegans [4, 36, 37]. There is a well-demonstrated
variety and diversity in the infections assays used for Bcc and a justified need to
identify and validate consistent pathogenicity models. This fact prompted the set
up of C. elegans assays tailored to evaluate Bcc virulence determinants and
properties: i) the Slow Killing Assay (SKA), performed on a low osmolarity medium
(NGM, Nematode Growth Medium), was set up and assigned to correlate worm
mortality with intestinal bacterial accumulation/colonisation [25, 26]; ii) the Fast
Killing Assay (FKA) was carried out on a high osmolarity medium (PGS medium) to
demonstrate and evaluate the secretion of bacterial toxins (or alternative virulence
factors) capable of paralysing the worms and consequently promoting their death

[25, 26]. Mostly important, by comparisons of the "infectivity" of nematodes
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between E. coli OP50 and Bcc isolates, a pathogenicity scale for Bcc strains under
investigation was established ranging from score 0 to score 3 (see Fig. 1). The
parameters for scoring were the following: i) a strain (isolate) was considered to be
non-pathogenic when no symptom of disease was observed during the course of
nematode infection, which was fixed to be 3 days and a percentage of still alive
worms ranged from 85 to 100% (pathogenic score 0); ii) the pathogenic score 1
corresponded to a percentage of alive worms, ranging between 84 to 45%, iii)
when a range from 44 to 10% of worms were still alive after 3 days of incubation
the pathogenic score was 2; iv) lastly, when the percentage of alive worms ranged
between 9 and 0% the score was 3.

It should be noted that 9 out of the 18 isolates-strains were not previously analysed
for their ability to infect and kill C. elegans, and in the remaining cases the mortality
assays were carried out (only) on slow killing medium [30, 38].

The Bcc strains that displayed high pathogenicity score in the nematode FKA were
used for further analysis to correlate score with actual virulence factors responsible
for the nematocide activity. In order to perform a preliminary analysis of the toxins,
we also tested whether these compounds were UV and/or heat labile.

Lastly, we analysed the behaviour of C. elegans mutants towards the Bcc selected

strains.

Nematode Slow-Killing Assays (SKA)

The pathogenicity of the 18 Bcc strains was investigated using SKA [25], which was
carried out cultivating N2 Bristol wild type (w.t.) C. elegans L4 synchronised larvae
on a bacterial lawn grown on NGM. Data obtained are summarised in Table 1,
whose analysis revealed a variety of "virulent phenotypes" among the 18 Bcc

representatives:
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i) Only 3 out of 18 Bcc strains (B. diffusa LMG 24065, B. metallica LMG 24068, B.
stabilis LMG 14294) displayed high nematocide activity (Pathogenic score 3)
towards L4 N2 Bristol C. elegans larvae. Viable nematodes were not detectable in
the plates after 3 days of incubation at 20°C.

ii) Six out of 18 Bcc strains (B. ambifaria LMG 19182, B. dolosa LMG 18943, B.
pseudomultivorans LMG 26883, B. pyrrocinia LMG 14191, B. lata LMG 22485 and B.
multivorans LMG 13010) were unable to kill worms, i.e. the whole population was
viable (Pathogenic Score 0).

iii) A quite interesting behaviour was observed for B. ubonensis LMG 20358, B.
diffusa LMG 24065, B. cenocepacia LMG 16656 strains; after 48 h of incubation on
these strains, most of dead worms displayed a “bags of worms” phenotype, with
the presence of many L1 worms within the adult ones. It should be noted that the
“bags of worms” was the result of internal hatching embryos.

Intriguingly, nematodes killed in the lawn of bacteria took on a ghostly and hollow
“shell-like” appearance about 48 h after the L4 were firstly introduced, and their
shells induced by B. ubonensis LMG 20358, B. metallica LMG 24068 and B. stabilis
LMG 14294 were defined as “chalk-mark ghosts”. This shape is characteristic for
not having a discernible internal cell structures. Often the ghosts eroded to a mere

outline.

Bacterial intestinal accumulation/colonisation

The Bcc strains subset with paramount ability to infect and kill nematodes in the
SKA assay (score 3), that is B. stabilis LMG 14294, B. metallica LMG 24068 and B.
diffusa LMG 24065 was assessed for their ability to colonize the C. elegans
intestine. Thus, C. elegans N2 Bristol L4 larvae were grown on NGM plates seeded
with Bcc strains, using NGM plates seeded with E. coli OP50 and with the same

number of worms as control. The nematodes were inspected at different
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incubation time with a Zeiss Axioskop microscope for the visualization and
evaluation of the bacterial accumulation/colonisation in the intestinal lumen.

Nematodes exposed for 24-h to B. metallica LMG 24068 resulted to have the
intestinal lumen packed with bacteria, whereas worms fed with E. coli OP50
showed a thin intestinal lumen, as expected (Fig. 2 A-B). These data suggested that
B. metallica LMG 24068 cells were able to proliferate within the entire nematode
intestine and therefore slow-killing resembled with an infection-like process (Fig. 2
E-F). The same experiment, performed with strain B. pseudomultivorans LMG
26883, exhibiting a low pathogenicity vs N2 Bristol C. elegans (0 score on SKA)
revealed that after 24-h of infection (Fig. 2 C-D) accumulation of LMG 26883 cells
was observed only in the first part of the intestine, but not in the whole. This
finding might indicate that even non-pathogenic Bcc strains were able to pass
intact through the pharynx and proliferate in the intestine. Moreover, this
observation might suggest that the accumulation/colonization of the Bcc in the
whole nematode gut, especially in the last part of the intestine, might be

responsible for worm’s death [26].

Nematode Fast Killing Assays (FKA)

The pathogenicity of the 18 Bcc strains was also investigated for the ability of
producing toxins on high-osmolarity media, by cultivating N2 Bristol wild type C.
elegans L4 synchronised larvae on a bacterial lawn grown on PGS. Data obtained
are summarised in Table 1, and revealed a wide array of "virulent phenotypes"
among the 18 Bcc members also on FKA [25].

The phenotypic observation for dying worms on FKA suggested that nematodes
infection to be an rapid process. Nematodes appeared to rapidly loose locomotor
functions, as shown by the rapid onset of lethargy. Locomotion visibly decreased

after exposure for 4 h, and the rate of foraging was similarly affected in the same
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time frame. On FKA five strains (B. ambifaria LMG 19182, B. cepacia LMG 1222, B.
contaminans LMG 23361, B. metallica LMG 24068, B. stabilis LMG 14294) were
highly active (score 3) against L4 N2 larvae and only 2 strains (B. multivorans LMG
13010 and B. vietnamiensis LMG 10929) were completely ineffective in killing
worms. For the highly active strains almost 100 % of mortality occurs in 24 h (Fig 3
A-B-C) and this rapid killing kinetics suggested a potential role for diffusible toxins
as part or as a totally separate infectious process component.

We further performed the FKA on L1 worms. This relies on the fact that the
majority of studies performed to assess pathogenicity of Bcc strains on C. elegans
was carried out on L4 larval stage; however, it has been previously reported that
the age of adult animals and the composition of a population may impact the
infection assay readout [26, 30]. The safe assumption was made that animals in the
early larval stages were more susceptible and sensitive to infection. This concept
was consecutively tested by using synchronized L1 and L4 larval populations in
infection with panel members from the Bcc strains (as described in Materials and
Methods). Data obtained are shown in Table 1. A different response of L1 and L4
larvae to the presence of Bcc cell populations was revealed; as expected, the 18 Bcc
strains have a stronger nematocide activity against L1 larvae than on L4 larvae.
Interestingly, five strains (B. ambifaria LMG 19182, B. cepacia LMG 1222, B.
contaminans LMG 23361, B. metallica LMG 24068, B. stabilis LMG 14294)
demonstrated to be highly active (score 3) towards both L1 and L4 larvae and the
majority of worms were found dead within 24 h. On the contrary, three strains (B.
arboris LMG 24066, B. latens LMG 24064, and B. seminalis LMG 24067) appeared to
have a C. elegans larval stage dependent effect; they were highly active on L1
larvae, whereas the L4 larvae seemed to be less susceptible by these Bcc isolates
(Table 1).

Also, strain B. vietnamiensis LMG 10929 was completely ineffective towards C.

elegans at any larval stage tested.
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The comparison of data obtained in the FKA and SKA carried out on L4 N2 Bristol C.
elegans larvae revealed that three Bcc strains (B. ambifaria LMG 19182, B. cepacia
LMG 1222 and B. stabilis LMG 14191) possess high nematocide activity in the FKA,
whereas the same strains were unable to kill the worms in the SKA (score 0 and 1).
It should be noted that these strains have been isolated from soil; this finding may
suggest that Bcc pathogenesis might be related to the ecological niche.

The B. metallica LMG 24068 and B. stabilis LMG 14294 deserve a further and more
comprehensive observation and analysis, since these two strains were very active

in both C. elegans SKA and FKA.

Toxin Diffusion assay

To evaluate whether the partition of diffusible secreted factors (toxins or other
virulence chemical signals-lead molecules) contribute to Bcc-mediated killing of C.
elegans, we assayed the survival of nematodes exposed to culture filtrates alone
and then it was checked by the toxin diffusion filter assays. The experiments were
carried out on a reduced panel of Bcc strains, i.e. those possessing high nematocide
activity vs N2 Bristol C. elegans in the L4 larvae on FKA (B. diffusa LMG 24065, B.
contaminans LMG 23361, B. cepacia LMG 1222, B. ambifaria LMG 19182, B.
metallica LMG 24068, B. stabilis LMG 14294 and B. anthina LMG 20980). Hence,
each of these Bcc strains was plated onto a small filter, placed on a PGS-plate and
incubated overnight at 37 °C. Afterwards, the filter was removed from the plate
and synchronised L4 larvae N2 Bristol were placed onto the conditioned agar. Data
obtained are shown in Fig. 4 and revealed that, depending on the plated Bcc strain,
a different percentage of worms appeared to be paralyzed after 4 h even if they
were not in contact with the bacteria. In particular, about 30% of the worms placed
on the Bcc B. ambifaria LMG 19182 strain were still mobile and active, whereas the

remaining nematode population appeared motionless and paralysed. Among the
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tested Bcc strains, B. ambifaria LMG 19182 was the most active nematode killer in
terms of a diffusible toxin/chemical. Indeed, after 24 h of incubation only a 20% of
the total number of nematodes was still moving on LMG 19182 plates (Fig. 4). A
diverse nematode behaviour was also observed on conditioned agar by the other
Bcc strains. The worms’ survival in the presence of B. anthina LMG 20980 cells was
accountable for optimal nematode survival when compared with the other Bcc
members. In fact, after 24 h of incubation about 75% of the worms were still alive,
under the same assay conditions. In some cases (B. diffusa LMG 24065, B. stabilis
LMG 14294, B. anthina LMG 20980) we observed that paralyzed worms were able
to move again and survive. One plausible explanation for the diverse nematode
behavioural response might be related to the short half-life of the diffusible toxin-
virulence determinants produced by those strains that requires continuous
production.

On the contrary, when E. coli OP50 was used as control after 4 h of incubation no
mortality has been observed. Interestingly, when the toxin filter assay was
performed on NGM medium, no paralysis or mortality was detected. This evidence
is in full agreement with the finding that on NGM media worms death might be due

to bacterial colonization, while FKA in mediated by secreted toxins.

Toxin Diffusion assay at late growth phase

Several studies have correlated virulence factors activation to quorum sensing
mechanisms and cascades [25, 38, 39]. This implies that key pathogenic
determinants, including toxin production, may be expressed in steady-state [14].
The high activity towards N2 Bristol C. elegans in the L4 larvae e on toxin diffusion
assay prompted the investigation for the thorough answer to whether toxin
production was dependent on the bacterial growth phase. Therefore, a further

analysis was carried out on three strains, i.e. B. cepacia LMG 1222, B. stabilis LMG
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14294 and B. metallica LMG 24068, whose cells at different growth stages were
used for the toxin diffusion assay.

We have chosen these three strains because they were responsible for high degree
of C. elegans mortality, which occurred in about 36 hours on FKA (Figure 3).
Different sets of plates with filters plated with each of the three strains incubated
at 37 °C for 24h, 48h, and 72h. At each incubation time-point, filters with the
bacterial lawn were removed and the plates were allowed to cool to room
temperature; 30-40 -synchronised C. elegans L4 larvae were then spotted onto the
conditioned agar and observed after 4 and 24 h. The whole body of data obtained
is reported in Fig 5. As a general trend, a remarkable nematode mortality was
observed in the plates that were incubated for 72 h. This time-comprehensive
assay revealed that, regarding B. metallica LMG 24068 and B. cepacia LMG 1222
strains, 4h of incubation led to lack of mobile worms. The fraction of nematode
populations that sustained some movement at 4h and 24h significantly decreased
and it was dependent on the incubation time of Bcc strains. Only for B. cepacia
LMG 1222, we observed that a little percentage of worms paralyzed after 4h,
moved again at 24h. Again, the possible explanation for this behaviour might rely
on the short half-life of the diffusible toxins/compounds produced by the B.
cepacia LMG 1222 strain.

In an attempt to correlate the bacterial cell-free culture filtrates with the diffusible
toxins, assays were performed exposing worms to crude extracts of the Bcc strains
grown for 24 h at 37 °C. However, no killing of worms was observed (data not
shown). It is likely that extensive extract (bioassay driven) purification will be
necessary to identify and concentrate toxins and the additional virulence
determinants, which mediate the fast killing. The same data set demonstrated that,
for all the isolates tested, the secreted molecules under investigation were
incapable to mediate the complete nematode killing. This might be due either to

the binding of the toxin to the filters or the instability of toxin in the supernatant.
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UV and Heat Treatment of B. cepacia LMG 1222 toxins

As it was challenging to dissect the chemical features of the toxin-signalling
molecule(s) a reasonable follow up was to assess its/their stability, with emphasis
in standard physic-chemical properties such as the resistance to UV or heat
exposure. We choose as a model system the B. cepacia LMG 1222 strain, since it
displayed a pathogenic score 3 and 1 on FKA and SKA, respectively. Thus, the
virulence of this strain might be related to the way of toxins production, rather
than the colonization; therefore, this strain might represent a good candidate for
performing toxins characterization. Accordingly, PGS plates were seeded with B.
cepacia LMG 1222 cells (as described in Materials and Methods) and irradiated
with 1.5 J/ecm? for 10, 20 and 30 min; afterwards L4 larvae N2 Bristol were placed
onto the conditioned agar. Plates were washed and the collected bacteria were
seeded again onto a novel plate that was incubated at 37 °C to assess the
percentage of surviving bacteria as a control. Colony Forming Units (CFUs) were
observed only for plates irradiated for 10 min. Data obtained are reported in Fig.
6A. A remarkable nematode mortality was detected on the B. cepacia LMG 1222-
plated and subsequently irradiated plates, in comparison with E. coli OP50-plated
control. Indeed, about the 50% of the worm population remained alive after 24 h
of incubation on plates irradiated for 30 min and 1 h. However, the percentage of
worms’ mortality was comparable to that obtained when L4 larvae were spotted on
PGS plates seeded with living bacteria (Figure 4). On the contrary, on B. cepacia
LMG 1222 plates irradiated for 10 min the nematode survival detected was lower,
probably due to insufficient bacterial cell killing at short time of irradiation. These
data suggested that the toxin/compound produced by B. cepacia LMG 1222 was

not UV-labile under the irradiation conditions reported above.
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The heat resistance of the putative toxins-virulence factor(s) attributed to B.
cepacia LMG 1222 was also investigated. The experimental design included
incubation (exposure) of PGS plates seeded with B. cepacia LMG 1222 cells at 65 °C
for 1 and 2 h. Then, L4 larvae N2 Bristol were placed onto the conditioned agar. As
a control, a plate was washed with 200 uL of sterile water and the collected
bacteria were incubated at 37 °C to assess the effect of heat challenge to the Bcc
cell population. For all the experiments, we observe 0 CFUs. Data obtained are
shown in Fig 6B. The nematode mortality rate detected on the B. cepacia LMG
1222 heated plates was remarkably higher than the control on E. coli OP50.
Surprisingly, high worm mortality was observed in both conditions tested. In fact,
after 24 h of incubation only 17% and 7% of worms were still alive on the plates
heated for 1 and 2 h respectively. These data suggested that the
compound(s)/toxin(s) produced by Bcc B. cepacia LMG 1222 cells was/were not

heat-labile.

Killing of mrp-3 and mrp-4 C. elegans mutants by Bcc strains

ATP binding cassette (ABC) systems are responsible for the import and export of a
wide variety of molecules across cell envelopes and comprise one of largest protein
superfamilies found in Bacteria, Archaea and Eucarya [40]. ABC systems play
important roles in the several C. elegans behaviour and development. It has been
demonstrated that ABC transporter genes encoded in the C. elegans genome are
required for robust RNAi [41]. In host-pathogen interactions it has been
demonstrated that ABC systems play important roles in bacterial lifestyle, virulence
and survival for both the involved parts [24, 42, 43]. Recent data highlighted a
significant role of ABC transporters in virulence and pathogenicity for bacteria
belonging to the genus Burkholderia [24, 44]. This analysis prompted a

comprehensive profile of the Bcc strains against two CFTR-like multi drug resistant
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nematode mutants, such as mrp-3(0k955) and mrp-4(ok1095), which are impaired
in ABC membrane transporters, in order to shed some light on the role that these
transporters might play during Bcc infection, although they are phenotypically
comparable to the wild type. Both the SKA and FKA assays were performed using all
the 18 Bcc strains. Data reported in Table 1 and concerning the SKA N2 Bristol, mrp-
3 and mrp-4 datasets, revealed a differential effect of the Bcc strains on the
nematode strains. In particular: i) B. contaminans LMG 23361 was very active
towards L4 mrp-3 larvae, whereas no effect was detected in the wild-type and mrp-
4 nematode mutants, ii) mrp-3 and N2 Bristol were severely impaired by the
presence of B. cenocepacia LMG 16656 and B. seminalis LMG 24067, while no
apparent pathogenic effects were observed in mutant mrp-4.

The FKA performed on the L1 C. elegans mrp-3 and mrp-4 mutants revealed a
different behaviour of the mutants in comparison with the C. elegans w.t. for 10
out of 18 Bcc strains used (B. arboris LMG 24066, B. cenocepacia LMG 16656, B.
dolosa LMG 18943, B. pseudomultivorans LMG 26883, B. pyrrocinia LMG 14191, B.
seminalis LMG 24067, B. ubonensis LMG 20358, B. viethamiensis LMG 10929, B.
lata LMG 22485, B. multivorans LMG 13010).

Interestingly, both the C. elegans transporter mutants (mrp-3 and mrp-4) appeared
to be very sensitive to B. pseudomultivorans LMG 26883 and B. lata LMG 22485
compared with the w.t. N2 Bristol nematodes.

The FKA was also performed on the L4 C. elegans mrp-3 and mrp-4 larvae mutants,
and it revealed a different response of the nematode transporter mutants when
compared with the w.t. C. elegans strain for the following strains: B. anthina LMG
20980, B. cenocepacia LMG 16656, B. dolosa LMG 18943, B. ubonensis LMG 20358,
B. multivorans LMG 13010, B. pyrrocinia LMG 14191, B. contaminans LMG 23361
and B. lata LMG 22485 (Table 1). In particular, LMG 18943 strain was found to be
very toxic for C. elegans mrp-3 mutant (pathogenic score 3), whereas it was not

highly virulent for the wild type and mrp-4 mutant (pathogenic score 1). Also, B.
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multivorans LMG 13010 seemed to be less toxic in the wild type nematodes
whereas it appeared strongly pathogenic towards the mrp-3 and mrp-4 C. elegans
strains.

These data suggest a significant role of mrp-3 and mrp-4 in Bcc infection process
but the multitude of the data set pinpointed the needs for a comprehensive
experimental design and investigation to demonstrate the specific roles for the C.

elegans mrp-3 and mrp-4 genes during the infection.

Conclusions

The aim of this work was to analyze the nematocide activity of strains spanning the
entire set of known Bcc species, some of which recognized as crucial invasive
clinical opportunistic pathogens in lung infections with an arsenal of virulence
factors yet to be elucidated [45]. The use of non-vertebrate hosts to profile Bcc
virulence and pathogenicity has been a subject of intense investigation and the first
set of results are promising but circumstantial [27, 29, 30]. In this paper we tested
the interaction between C. elegans and Bcc by using an approach, which differs
from that previously used [30] and which relies on the use of i) a set of isolates
without characterized pathogenicity properties, ii) two different killing assays, iii)
two different larval stages, and iv) two knock out mutants impaired in ABC
transporter. Data obtained revealed that both killing mechanisms, i.e. i) bacterial
accumulation/colonisation in the worms intestine as it was also visualised by
microscope analysis, and ii) production of diffusible toxins-virulence factors, are
exhibited by most of Bcc pathogens. Each Bcc strain was tested for the ability to
accumulate in the last part of the intestine and for the production of paralyzing
toxins. Recent studies demonstrated that several Bcc strains produce a haemolytic
toxin required for full virulence [46]. This toxin is synthesized by non-ribosomal

peptide synthase pathway, typical of complex secondary metabolite. These
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compounds, were former known as occidiofungins or burkholdines, and have been
shown to have antifungal activity [47].

Here we showed that the toxin/compound production is growth-phase dependent
and even though the compound produced by strain LMG 1222 was not UV and heat
labile. This compound should be further biochemically and mechanistically
investigated, through its purification and characterisation. It was also defined the
pathogenicity of 8 Burkholderia species, which were recently added to Bcc (B.
latens LMG 24064, B. diffusa LMG 24065, B. arboris LMG 24066, B. seminalis LMG
24067, B. metallica LMG 24068, B. pseudomultivorans LMG 26883, B. lata 22485, B.
contaminans LMG 23361) and they were never characterized for the capability of
killing C. elegans. Among these strains, B. metallica LMG 24068 and B. diffusa LMG
24065 (isolated from CF patients) revealed to be the most virulent ones in both SKA
that FKA.

B. metallica LMG 24068 and B. stabilis LMG 14294 were a notable exception since
they exhibited high killing capability in both the SKA and FKA.

Nine out of 18 strains were already characterized [30, 38], but only SKA was carried
out. The results obtained for these strains were in agreement with the previous
studies for 5 strains (B. anthina LMG 20980, B. ubonensis LMG 20358, B.
vietnamiensis LMG 10929, B. cenocepacia LMG 16656, B. dolosa LMG 18943), while
we revealed a different pathogenicity score on C. elegans when incubated in
presence of B. ambifaria LMG 19182, B. cepacia 1222, B. pyrrocinia 14191, B.
stabilis LMG 14294. These variations may be due to the differences in establishing
virulence scores between these studies.

We also reported that strains isolated from CF patients were more virulent on SKA
than strains isolated from environments. This finding might suggest that toxins
production may be a common mechanism of virulence for the majority of Bcc
strains, while Bcc isolated from CF patients have acquired different pathogenic

traits that allow them to infect and colonize hosts.
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ABC systems play important roles in the several C. elegans lifestyle. Multidrug
resistance-associated protein (MRP), which belongs to the ABC transporter
superfamily transporters in C. elegans are involved in the protection of organisms
against exogenous toxins or heavy metals by cellular detoxification processes [48,
49]. These transporters have been also found to be involved in other roles such as
differentiation [50]. Our findings suggested that the nematode ABC transporters
mrp-3 and mrp-4 were also involved in the Bcc infection process and further

studies are required to better understand the role of these transporters.
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Executive summary

e The Burkholderia cepacia complex (Bcc) consists of at least 18 closely
related species inhabiting different ecological niches, including plants and
animals.

e Many Bcc strains are opportunistic human pathogens and represent a
serious concern for Cystic Fibrosis (CF) patients and immune-compromised
individuals.

e Dissecting the pathogenicity determinants of these pathogens been
facilitated by using the non-vertebrate host Caenorhabditis elegans

Aims of the study
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e The main goal of this work was to define the pathogenicity interaction
attributed to members of the Bcc complex employing the nematode host C.
elegans.

e We aimed to identify virulence strains to use for future experimental tests
to uncover Bcc virulence genes, that may be potential therapeutic targets

Conclusion

e The majority of Bcc strains tested are able to kill C. elegans by both
intestinal colonization, both toxins production.

e L1 larvae are more sensitive than L4 larvae to Bcc infection on FKA.

e Most the Bcc strains tested are able to produce and secrete a paralyzing
toxin that is not UV/Heat labile.

e The multidrug resistance C. elegans transporters mrp-3(0k955) and mrp-

4(0k1095) are involved in pathogenicity.

199



References:

Papers of special note have been highlighted as:
m of interest

mm of considerable interest

1. Berdy J: Thoughts and facts about antibiotics: Where we are now and
where we are heading. J Antibiot (Tokyo) 2012, 65(8):441.

2. Compant S NJ, Coenye T, Clement C, Ait Barka E: Diversity and occurrence
of Burkholderia spp. in the natural environment. FEMS Microbiol Rev 2008,
32(4):607-626.

m A description of Burkhoderia genus

3. Coenye T, Vandamme P: Diversity and significance of Burkholderia species
occupying diverse ecological niches. Environmental microbiology 2003, 5(9):719-
729.

4, Charlotte Peeters JEAZ, Theodore Spilker, Trevor J. Hird, John J. LiPuma,
Peter Vandamme: Burkholderia pseudomultivorans sp. nov., a novel Burkholderia
cepaciacomplex species from human respiratory samples and therhizosphere.
Systematic and applied microbiology 2013- Article in press.

5. Bazzini S, Udine C, Riccardi G: Molecular approaches to pathogenesis study
of Burkholderia cenocepacia, an important cystic fibrosis opportunistic
bacterium. Applied microbiology and biotechnology 2011, 92(5):887-895.

6. Drevinek P, Mahenthiralingam E: Burkholderia cenocepacia in cystic
fibrosis: epidemiology and molecular mechanisms of virulence. Clin Microbiol

Infect 2010, 16(7):821-830.

200



7. Wellington EM, Boxall AB, Cross P, Feil EJ, Gaze WH, Hawkey PM, Johnson-
Rollings AS, Jones DL, Lee NM, Otten W et al: The role of the natural environment
in the emergence of antibiotic resistance in gram-negative bacteria. Lancet Infect
Dis 2013, 13(2):155-165.

8. Tegos GP, Haynes MK, Schweizer HP: Dissecting novel virulent

determinants in the Burkholderia cepacia complex. Virulence 2012, 3(3):234-237.

m Describes new strategies for detection of novel virulent determinants in Bcc

9. Perrin E, Fondi M, Papaleo MC, Maida |, Buroni S, Pasca MR, Riccardi G,
Fani R: Exploring the HME and HAE1 efflux systems in the genus Burkholderia.
BMC evolutionary biology 2010, 10:164.

10. Perrin E, Fondi, M.,Papaleo, M.C., Maida, I., Emiliani, G., Buroni, S., Pasca,

M.R., Riccardi, G., and Fani, R.: Antibiotic resistance in the Burkholderia genus: a

census of RND-superfamily proteins. . Future Microbiology Submitted for
publication.
11. Fallon JP, Reeves EP, Kavanagh K: The Aspergillus fumigatus toxin

fumagillin suppresses the immune response of Galleria mellonella larvae by
inhibiting the action of haemocytes. Microbiology 2011, 157(Pt 5):1481-1488.

12. Lionakis MS: Drosophila and Galleria insect model hosts: new tools for the
study of fungal virulence, pharmacology and immunology. Virulence 2011,
2(6):521-527.

13. Abebe E, Abebe-Akele F, Morrison J, Cooper V, Thomas WK: An insect
pathogenic symbiosis between a Caenorhabditis and Serratia. Virulence 2011,
2(2):158-161.

14. Olsen RJ, Watkins ME, Cantu CC, Beres SB, Musser JM: Virulence of
serotype M3 Group A Streptococcus strains in wax worms (Galleria mellonella

larvae). Virulence 2011, 2(2):111-119.

201



15. Uehlinger S, Schwager S, Bernier SP, Riedel K, Nguyen DT, Sokol PA, Eberl L:
Identification of specific and universal virulence factors in Burkholderia
cenocepacia strains by using multiple infection hosts. Infection and immunity
2009, 77(9):4102-4110.

16. Schwager S, Agnoli K, Kothe M, Feldmann F, Givskov M, Carlier A, Eberl L:
Identification of Burkholderia cenocepacia strain H111 virulence factors using
nonmammalian infection hosts. Infection and immunity 2013, 81(1):143-153.

17. Wu K, Zhang K, McClure J, Zhang J, Schrenzel J, Francois P, Harbarth S,
Conly J: A correlative analysis of epidemiologic and molecular characteristics of
methicillin-resistant Staphylococcus aureus clones from diverse geographic
locations with virulence measured by a Caenorhabditis elegans host model. Eur J
Clin Microbiol Infect Dis 2013, 32(1):33-42.

18. Bhatt S, Anyanful A, Kalman D: CsrA and TnaB coregulate tryptophanase
activity to promote exotoxin-induced killing of Caenorhabditis elegans by
enteropathogenic Escherichia coli. Journal of bacteriology 2011, 193(17):4516-
4522.

19. Lee SH, Ooi SK, Mahadi NM, Tan MW, Nathan S: Complete killing of
Caenorhabditis elegans by Burkholderia pseudomallei is dependent on prolonged
direct association with the viable pathogen. PloS one 2011, 6(3):e16707.

20. O'Quinn AL, Wiegand EM, Jeddeloh JA: Burkholderia pseudomallei kills the
nematode Caenorhabditis elegans using an endotoxin-mediated paralysis. Cell
Microbiol 2001, 3(6):381-393.

21. Lee SH, Wong RR, Chin CY, Lim TY, Eng SA, Kong C, ljap NA, Lau MS, Lim MP,
Gan YH et al: Burkholderia pseudomallei suppresses Caenorhabditis elegans
immunity by specific degradation of a GATA transcription factor. Proceedings of
the National Academy of Sciences of the United States of America 2013.

22. Tan MW, Mahajan-Miklos S, Ausubel FM: Killing of Caenorhabditis elegans

by Pseudomonas aeruginosa used to model mammalian bacterial pathogenesis.

202



Proceedings of the National Academy of Sciences of the United States of America
1999, 96(2):715-720.

23. Tan MW, Rahme LG, Sternberg JA, Tompkins RG, Ausubel FM:
Pseudomonas aeruginosa killing of Caenorhabditis elegans used to identify P.
aeruginosa virulence factors. Proceedings of the National Academy of Sciences of
the United States of America 1999, 96(5):2408-2413.

24. Feinbaum RL, Urbach JM, Liberati NT, Djonovic S, Adonizio A, Carvunis AR,
Ausubel FM: Genome-wide identification of Pseudomonas aeruginosa virulence-
related genes using a Caenorhabditis elegans infection model. PLoS Pathog 2012,
8(7):e1002813.

25. Kothe M, Antl M, Huber B, Stoecker K, Ebrecht D, Steinmetz |, Eberl L:
Killing of Caenorhabditis elegans by Burkholderia cepacia is controlled by the cep

quorum-sensing system. Cell Microbiol 2003, 5(5):343-351.

mm Analysis of Burkholderia cenocepacia pathogenicity against C. elegans and

description of toxicity assays.

26. Huber B, Feldmann F, Kothe M, Vandamme P, Wopperer J, Riedel K, Eberl L:
Identification of a novel virulence factor in Burkholderia cenocepacia H111
required for efficient slow Kkilling of Caenorhabditis elegans. Infection and
immunity 2004, 72(12):7220-7230.

27. Sousa SA, Ramos CG, Leitao JH: Burkholderia cepacia Complex: Emerging
Multihost Pathogens Equipped with a Wide Range of Virulence Factors and
Determinants. International journal of microbiology 2011, 2011.

28. O'Grady EP, Viteri DF, Sokol PA: A unique regulator contributes to quorum

sensing and virulence in Burkholderia cenocepacia. PloS one 2012, 7(5):e37611.

203



29. Cooper VS, Carlson WA, Lipuma JJ: Susceptibility of Caenorhabditis elegans
to Burkholderia infection depends on prior diet and secreted bacterial
attractants. P/oS one 2009, 4(11):e7961.

30. Cardona ST, Wopperer J, Eberl L, Valvano MA: Diverse pathogenicity of
Burkholderia cepacia complex strains in the Caenorhabditis elegans host model.

FEMS microbiology letters 2005, 250(1):97-104.

m First Bcc-C. elegans pathogenicity study employing a panel of Bcc

31. Springman AC, Jacobs JL, Somvanshi VS, Sundin GW, Mulks MH, Whittam
TS, Viswanathan P, Gray RL, Lipuma JJ, Ciche TA: Genetic diversity and multihost
pathogenicity of clinical and environmental strains of Burkholderia cenocepacia.
Applied and environmental microbiology 2009, 75(16):5250-5260.

32. Sousa SA, Ramos CG, Moreira LM, Leitao JH: The hfq gene is required for
stress resistance and full virulence of Burkholderia cepacia to the nematode
Caenorhabditis elegans. Microbiology 2010, 156(Pt 3):896-908.

33. Markey KM, Glendinning KJ, Morgan JA, Hart CA, Winstanley C:
Caenorhabditis elegans killing assay as an infection model to study the role of
type lll secretion in Burkholderia cenocepacia. Journal of medical microbiology
2006, 55(Pt 7):967-969.

34. Brenner S: The genetics of Caenorhabdits elegans. Genetics 1974, 77:71-
94.

35. Stiernagle T: Maintenance of C. elegans WormBook, The C elegans Research
Community 2006.

36. Vanlaere E, Lipuma JJ, Baldwin A, Henry D, De Brandt E, Mahenthiralingam
E, Speert D, Dowson C, Vandamme P: 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

204



cepacia complex. International journal of systematic and evolutionary microbiology
2008, 58(Pt 7):1580-1590.

37. Vanlaere E, Baldwin A, Gevers D, Henry D, De Brandt E, LiPuma JJ,
Mahenthiralingam E, Speert DP, Dowson C, Vandamme P: Taxon K, a complex
within the Burkholderia cepacia complex, comprises at least two novel species,
Burkholderia contaminans sp. nov. and Burkholderia lata sp. nov. International
journal of systematic and evolutionary microbiology 2009, 59(Pt 1):102-111.

38. Wopperer J, Cardona ST, Huber B, Jacobi CA, Valvano MA, Eberl L: A
quorum-quenching approach to investigate the conservation of quorum-sensing-
regulated functions within the Burkholderia cepacia complex. Applied and
environmental microbiology 2006, 72(2):1579-1587.

39. Deng Y, Wu J, Eberl L, Zhang LH: Structural and functional characterization
of diffusible signal factor family quorum-sensing signals produced by members of
the Burkholderia cepacia complex. Applied and environmental microbiology 2010,
76(14):4675-4683.

40. Harland DN, Dassa E, Titball RW, Brown KA, Atkins HS: ATP-binding
cassette systems in Burkholderia pseudomallei and Burkholderia mallei. BMC
genomics 2007, 8:83.

41. Timmons LD: ABC transporters and RNAi in Caenorhabditis elegans.
Journal of bioenergetics and biomembranes 2007, 39(5-6):459-463.

42. Kurz CL, Shapira M, Chen K, Baillie DL, Tan MW: Caenorhabditis elegans
pgp-5 is involved in resistance to bacterial infection and heavy metal and its
regulation requires TIR-1 and a p38 map kinase cascade. Biochemical and
biophysical research communications 2007, 363(2):438-443.

43, Ooi SK, Lim TY, Lee SH, Nathan S: Burkholderia pseudomallei kills
Caenorhabditis elegans through virulence mechanisms distinct from intestinal

lumen colonization. Virulence 2012, 3(6):485-496.

205



44, Cuccui J, Easton A, Chu KK, Bancroft GJ, Oyston PC, Titball RW, Wren BW:
Development of signature-tagged mutagenesis in Burkholderia pseudomallei to
identify genes important in survival and pathogenesis. Infection and immunity
2007, 75(3):1186-1195.

45. Mahenthiralingam E, Urban TA, Goldberg JB: The multifarious,
multireplicon Burkholderia cepacia complex. Nat Rev Microbiol 2005, 3(2):144-
156.

46. Thomson EL, Dennis JJ: A Burkholderia cepacia complex non-ribosomal
peptide-synthesized toxin is hemolytic and required for full virulence. Virulence

2012, 3(3):286-298.

m Detection of genes involved in Bcc toxins synthesis.

47. Lu SE, Novak J, Austin FW, Gu G, Ellis D, Kirk M, Wilson-Stanford S, Tonelli
M, Smith L: Occidiofungin, a unique antifungal glycopeptide produced by a strain
of Burkholderia contaminans. Biochemistry 2009, 48(35):8312-8321.

48, Broeks A, Gerrard B, Allikmets R, Dean M, Plasterk RH: Homologues of the
human multidrug resistance genes MRP and MDR contribute to heavy metal
resistance in the soil nematode Caenorhabditis elegans. The EMBO journal 1996,
15(22):6132-6143.

49, Sheps JA, Ralph S, Zhao Z, Baillie DL, Ling V: The ABC transporter gene
family of Caenorhabditis elegans has implications for the evolutionary dynamics
of multidrug resistance in eukaryotes. Genome biology 2004, 5(3):R15.

50. Currie E, King B, Lawrenson AL, Schroeder LK, Kershner AM, Hermann GJ:
Role of the Caenorhabditis elegans multidrug resistance gene, mrp-4, in gut

granule differentiation. Genetics 2007, 177(3):1569-1582.

206



Legend to the figures:

Fig.1: Kaplan-Meier survival plots for L4 N2 larvae fed with exemplifying Bcc strains
for different pathogenic score grown on PGS medium. Worms fed on: LMG 24068
(Score 3; solid line; n = 113; 0% survival at day 3); LMG 24067 (Score 2; dashed line;
n=150; 21% survival at day 3); LMG 18943 (Score 1; dotted line; n=198; 70%
survival at day 3); LMG 13010 (Score 0; dot-dash line; n=120; 91% survival worms).
n: Number of worms at day 0. All p-value, comparing each survival curve between
them, resulted to be < 0.0001, calculated with "Log-rank (Mantel-Cox) Test" with

the Graph-pad Prism 5 software.

Fig. 2: The ability of Bcc strains to accumulate in C. elegans intestinal lumen was
evaluated with microscopic analysis. Red arrows indicate the nematodes intestine.
A) Intestinal lumen of one L4 N2 larvae after 4 h of incubation on NGM plate
spotted with OP50 E. coli, and B) after 24 h of incubation on the same plate. C)
Intestinal lumen of one L4 N2 larvae after 4 h of incubation on NGM plate spotted
with B. pseudomultivorans LMG 26883 (Pathogenicity score 0 on Slow Killing assay,
and D) after 24 h of incubation on the same plate. E) Intestinal lumen of one L4 N2
larvae after 4 h of incubation on NGM plate spotted with LMG 24068
(Pathogenicity score 3 on Slow Killing assay, and F) after 24 h of incubation on the

same plate.

Fig. 3: Kaplan-Meier survival plots for L4 N2 larvae fed with: E. coli OP50 (solid
lines), Bcc strains on NGM (dashed lines), Bcc strains on PGS (dotted lines). n:
Number of worms at day 0.

A) The killing ability of Bcc strain LMG 24068 on slow killing assay medium (n = 80)

was compared with the ability on fast killing assay medium (n = 113).
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B) The killing capacity of Bcc strain LMG 1222 on slow killing assay medium (n = 93)
was compared with the ability on fast killing assay medium (n = 184).

C) The killing ability of Bcc strain LMG 14294 on slow killing medium (n = 87) was
compared with the ability on fast killing medium (n = 161).

p-values were calculated between survival curves on FKA and SKA of each bacteria,
and resulted to be < 0.0001 calculated with "Log-rank (Mantel-Cox) Test" with the

Graph-pad Prism 5 software.

Fig. 4: Secreted compounds or toxins mediate fast killing. Bcc strains or control E.
coli OP50 were spread on sterile filter disk located onto 2.5 cm PGS medium plates.
After an incubation at 37 °C overnight, the filter together with the bacterial lawn
were removed and 30-40 hypochlorite-synchronised C. elegans L4 larvae were
spotted onto the conditioned agar. Paralysation and mortality of the worms were
detected at 4 and 24 h. Data represent mean values of three independent
experiment and SD values are reported. p-value were calculated with “Z test” with
the Primer software. p-values were calculated between sample (Bcc) and control
(OP 50) at the corresponding time, and resulted to be < 0.0001, otherwise is

indicated with: *= p-value < 0.01; **= non significant p-value.

Fig. 5: Toxin production depending on the bacterial growth phase. Bcc strains or
control E. coli OP50, were spread on sterile filter disk located onto 2.5 cm PGS
medium plates. Different sets of plates for all strains tested, were incubated at
37°C for different length of times (24 h, 48 h, 72 h). After the incubation the filter
together with the bacterial lawn were removed and 30-40 hypochlorite-
synchronized C. elegans L4 larvae were spotted onto the conditioned agar.
Paralysis and mortality of the worms were detected at 4 and 24 h. The experiments

were performed in triplicate, and the data reported are mean values * SD. p-value
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were calculated with “Z test” with the Primer software. p-values were calculated
between sample (Bcc) and control (OP 50) at the corresponding time, and resulted
to be < 0.0001 otherwise is indicated with: *= p-value < 0.005; **= -value < 0.05.

Control samples were omitted in the graphic for clarity.

Fig. 6: Effect of UV irradiation and heat on the compounds secreted by
Burkholderia cepacia LMG 1222. A) UV treatment. PGS medium plates with LMG
1222 or control E. coli OP50 were incubated overnight at 37 °C and then were
allowed to stay in an UV oven for 10, 20, 30 min. After the incubation, 30-40
hypochlorite-synchronized C. elegans L4 larvae were spotted onto the irradiated
agar. Worms’ survival was detected at 24 h. The experiments were performed in
triplicate, and the data reported are mean values * SD. p-value were calculated
with “Z test” with the Primer software. p-values were calculated between sample
(Bcc) and control (OP 50) at the corresponding time, resulted to be < 0,0001
otherwise is indicated with: *= p-value < 0.005.

B) Heat treatment. PGS medium plates with LMG 1222 or control E. coli OP50 were
incubated overnight at 37°C and then were allowed to stay at 65°C for 1h and 2h.
Then, 30-40 hypochlorite-synchronized C. elegans L4 larvae were spotted onto the
plates. Worms’ mortality was detected at 24 h. The experiments were performed in
triplicate, and the data reported are mean values + SD. p-value between calculated
with “Z test” with the Primer software. p-values were calculated between sample
(Bcc) and control (OP 50), at the corresponding time p-value resulted to be <

0.0001.
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Figure 3
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Figure 4
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Figure 6

OP50 24h MG 1222 0h LMG 1222

=3 == I e T= R TS IS B B A
suom Bulaow

24h

#1h
B2h

OP30 24h MG 1222 Oh LMG 1222 24h

= O M~ 0wy =

sunom Buinow o

215



Table 1. Burkholderia cepacia complex used in this work and pathogenicity score relative to the different killing assays and the C. elegans strains
used.

Abbreviations: Soil = Soil rhizosphere, Al = Animal Infections, CF = Cystic Fibrosis patients

Pathogenic scores: 0 = 100 % > Survival worms > 85%; 1 = 84 % > Survival worms > 45%; 2 = 44% > Survival worms > 10%; 3 = 9 % > Survival
worms > 0.

Species Strain Source Slowkilling assay Fastkilling assay
L4 L4 L1
N2 mrp-3 mrp-4 N2 mrp-3 mrp-4 N2 mip-3 mrp-4
Allium
Burkholderia cepacia LMG1222 cepa 1 1 0 3 3 3 3 3 3
Burkholderia nultivorans LMG 13010 CF 0 1 0 0 2 1 2 2 3
Burkkolderia cenocepacia LMG 16656 CF 2 2 0 2 2 0 3 2 2
Burkholderia stabilis LMG 14294 CF 3 3 3 3 3 3 3 3 3
Burkholderia vietnamiensis LMG 10929 Soil 1 0 0 0 0 0 2 2 3
Burkholderia dolosu LMG 18943 CF 0 0 1 1 3 1 2 3 3
Burkholderia ambifuria LMG 19182 Soil 0 1 1 3 3 3 3 3 3
Burkkolderiu anthing LMG 20980 Soil 2 2 2 2 2 1 3 3 3
Burkholderiapyrrocinia LMG 14191 Soil 0 0 0 2 1 1 3 2 1
Burkholderiaubonensis LMG 20358 Soil 2 2 1 2 2 1 2 2 2
Burkholderialatens LMG 240064 CF 1 0 0 1 1 1 3 3 2
Burkholderia diffusa LMG 24065 CF 3 2 2 2 2 2 2 2
Burkholderiaarboris LMG 24066 Soil 1 1 1 1 1 1 3 1 3
Burkholderia seminaiis LMG 24067 CF 2 1 0 2 1 1 3 3 2
Burkholderia metallica LMG 24068 CF 3 3 3 3 3 3 3 3 3
Burkholderia luta LMG 22485 Soil 0 0 1 1 1 2 1 2 2
Burkholderia confaminans LMG 23361 Al 1 3 1 3 2 2 3 3 3
Burkholderia psendomultivorans | LMG 26883 CF 0 0 0 1 1 1 1 3 3
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