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English Summary

Burkholderia cepacia complex (Bcc) bacteria are significant pathogens in people with cystic
fibrosis (CF) because of their high impact on morbidity, mortality and post-lung transplant
survival. Epidemiological studies revealed that Burkholderia multivorans is the most prevalent
Bcc CF pathogen in many countries, including Belgium. The continued emergence of unique
B. multivorans strains in CF patients suggests acquisition from non-human sources, such
as the natural environment. Although semi-selective growth media have been developed for
the isolation of Bcc bacteria from environmental samples, B. multivorans has thus far only
rarely been isolated from such samples and its environmental niche is considered unknown.
Therefore, the first goal of the present thesis was to gain a better insight into the epidemiology
of B. multivorans by examining its environmental niche and by comparing the genomes of

clinical and environmental B. multivorans isolates.

A first study assessed the environmental occurrence of B. multivorans in water and soil samples
from Flanders (Belgium) using a fast, cultivation-independent PCR assay. B. multivorans
was detected in 11 % of the water samples and 92 % of the soil samples, demonstrating that

B. multivorans DNA is present in water and — to a greater extent — soil samples.

In a second study, cultivation strategies were evaluated and optimized for the isolation of
B. multivorans from the PCR positive samples from the first study. These included direct
plating and liquid enrichment procedures and the use of semi-selective and diluted isolation
media, acclimatizing recovery and co-cultivation with amoebae, seedlings, CF sputum and
helper strain panels. However, none of these approaches yielded B. multivorans isolates from
PCR positive water and soil samples. Nonetheless, many non-Bcc Burkholderia bacteria,
several Gram-negative non-fermenting bacteria (including Cupriavidus, Inquilinus, Pandoraea,
Pseudomonas and Stenotrophomonas) and rapidly growing mycobacteria were all isolated
from water and soil samples. The use of Bcc isolation media thus yielded a surprisingly wide

array of rare but often clinically relevant CF pathogens, confirming that water and soil are
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English summary

potential reservoirs for these opportunistic CF pathogens.

Finally, a third study examined to which extent B. multivorans isolates with the same
multilocus sequence type (ST) but from different origin differ in their genetic potential.
Therefore, eight isolates were selected, representing four distinct STs. For each ST, a CF
and an environmental isolate were sequenced using the PacBio SMRT sequencing technology,
resulting in eight high-quality B. multivorans genome assemblies. The genomic structure of B.
multivorans was shown to be highly conserved and the genomic lineages were defined by their
ST. The finding that the ST predicts both phylogeny and gene content of B. multivorans
isolates corroborates the use of multilocus sequence typing (MLST) for epidemiological

surveillance of Bcc bacteria.

Because the CF lung can harbor a wide range of bacteria, accurate identification of CF
pathogens at the species level is important to assess the clinical impact of these generally
rare opportunistic pathogens. Furthermore, accurate typing of CF pathogens is necessary
to identify outbreaks, gain insight into their epidemiology and improve infection control
guidelines. Therefore, the second goal of the present thesis was to contribute to the general
knowledge of the prevalence and epidemiology of Gram-negative non-fermenting bacteria in
CF patients.

Since January 2011 a National Reference Center (NRC) is charged with the surveillance of
respiratory infections caused by Gram-negative non-fermenting bacilli in Belgian CF patients.
LM-UGent is part of the NRC Bcc and is responsible for the molecular identification and
typing of these CF bacteria. The NRC Bcc results of 2011-2015 demonstrated that B.
multivorans is still the most prevalent Bcc species in Belgian CF patients. Although the B.
multivorans isolates from Belgian CF patients mostly represented unique strains, three B.
multivorans strains were found to be present in multiple Belgian CF patients and in multiple

CF centers.

The ever-decreasing cost of high-throughput sequencing technologies is revolutionizing pro-
karyotic taxonomy. The taxonomic work performed in the context of the present thesis
led to the formal classification of novel species in the genera Burkholderia, Achromobacter
and Bordetella. Throughout the present thesis, an evolution in taxonomic methods can be
observed with regards to phylogeny and species delineation. In this genomics era, DNA-DNA
hybridization is gradually being replaced by multilocus sequence analysis (MLSA) and whole-
genome sequence-based parameters such as digital DNA-DNA hybridization (dDDH). In the
present thesis, the application of MLSA led to the formal classification of three novel Bcc

and four novel Achromobacter species, while the application of the 70 % dDDH threshold
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value led to the formal classification of 13 novel Burkholderia glathei-like species.

Although we described three novel Bcc species and more than a dozen novel B. glathei-like
species, there is still an overwhelming number of putative novel Burkholderia species awaiting
formal classification. In the future, a robust, whole-genome sequence-based species definition
will contribute to classify the backlog of diversity awaiting formal description and the huge
diversity of bacteria that is yet to be discovered.






Nederlandse Samenvatting

Burkholderia cepacia complex (Bcc) bacterién zijn belangrijke pathogenen voor mensen met
mucoviscidose, een genetische aandoening die ook wel cystic fibrosis (CF) genoemd wordt.
Bcc longinfecties kunnen een zeer negatieve invloed hebben op de gezondheidstoestand van
CF patiénten en zijn een belangrijke doodsoorzaak. Eerdere epidemiologische studies toonden
aan dat Burkholderia multivorans de meest voorkomende Bcc CF pathogeen is in veel landen,
waaronder Belgié. Omdat B. multivorans isolaten uit CF patiénten veelal tot unieke stammen
behoren, wordt de omgeving als een mogelijke infectiebron beschouwd. In eerdere studies
werden reeds verschillende Bcc bacterién uit omgevingsstalen geisoleerd met behulp van
semi-selectieve isolatiemedia, maar deze waren slechts zelden B. multivorans en de niche
van dit Bcc species is dus ongekend. Het eerste doel van deze thesis was daarom een beter
inzicht te genereren in de epidemiologie van B. multivorans door diens omgevingsniche te
onderzoeken en door genomen te vergelijken van B. multivorans isolaten die geisoleerd werden

uit enerzijds de natuurlijke omgeving en anderzijds CF patiénten.

De eerste studie onderzocht aan de hand van een snelle, cultuur-onafhankelijke PCR ana-
lyse de aanwezigheid van B. multivorans in water- en grondstalen uit Vlaanderen (Belgié).
B. multivorans DNA werd gedetecteerd in 11% van de waterstalen en in 92% van de

grondstalen.

Een tweede studie had als doel om B. multivorans te isoleren uit de PCR positieve stalen van de
eerste studie. Hiervoor werden bestaande cultivatiemethoden geévalueerd en geoptimaliseerd,
waaronder uitplating op vaste media, vloeibare aanrijking, het gebruik van semi-selectieve
en nutriéntarme isolatiemedia en co-cultivatie met amoeben, kiemplantjes, CF sputum en
andere CF pathogenen. Hoewel geen enkel experiment B. multivorans isolaten opleverde uit
PCR positieve water- en grondstalen, werden wel non-Bcc Burkholderia bacterién verkregen.
Daarenboven werden ook tal van Gram-negatieve niet-fermenterende bacterién geisoleerd

(waaronder Cupriavidus, Inquilinus, Pandoraea, Pseudomonas en Stenotrophomonas), alsook
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verschillende mycobacterién. De toepassing van Bcc isolatiemedia op omgevingsstalen
maakte het dus mogelijk om een diverse set van zeldzame, maar klinisch erg relevante CF
pathogenen te isoleren en toont aan dat zowel water als grond een potentieel reservoir zijn

voor opportunistische CF pathogenen.

In een derde studie tenslotte werd nagegaan of omgevingsisolaten en CF isolaten van B.
multivorans over hetzelfde genetisch potentieel beschikken, en in welke mate het multilocus
sequentie type (ST) de genoominhoud kan voorspellen. Hiervoor werden acht isolaten geselec-
teerd die tot vier verschillende STs behoorden. Voor elk ST werd van één omgevingsisolaat en
van één CF isolaat het genoom gesequeneerd met behulp van de PacBio SMRT technologie,
resulterend in acht B. multivorans genoomsequenties van hoge kwaliteit. De genoomstructuur
van B. multivorans bleek erg geconserveerd en de genoominhoud werd gedefinieerd door het
ST. De bevinding dat op basis van het ST voorspellingen gemaakt kunnen worden over zowel
de fylogenie als de genoominhoud van B. multivorans isolaten bevestigt het gebruik van

multilocus sequentie typering (MLST) voor epidemiologische studies van Bcc bacterién.

Omdat de longinfecties in CF patiénten veroorzaakt kunnen worden door een brede variéteit aan
bacterién is een accurate identificatie van CF pathogenen noodzakelijk om de klinische impact
van deze opportunistische pathogenen te kunnen onderzoeken. Daarnaast is een accurate
typering van CF pathogenen nodig om uitbraken vast te stellen, om inzichten te verkrijgen in
de epidemiologie, en om richtlijnen en interventies met oog op infectiecontrole te verbeteren.
Het tweede doel van deze thesis bestond er daarom in bij te dragen aan de algemene kennis
over de prevalentie en de epidemiologie van Gram-negatieve niet-fermenterende bacterién in

CF patiénten.

Sinds Januari 2011 is een Nationaal Referentie Centrum (NRC) belast met het toezicht op
luchtwegeninfecties in Belgische CF patiénten die veroorzaakt worden door Gram-negatieve
niet-fermenterende bacillen. LM-UGent maakt deel uit van het NRC Bcc en is verantwoordelijk
voor de moleculaire identificatie en typering van deze CF bacterién. De NRC Bcc resultaten
van 2011-2015 toonden aan dat B. multivorans nog steeds het meest voorkomende Bcc
species is in Belgische CF patiénten. Hoewel de meeste B. multivorans isolaten van Belgische
CF patiénten tot unieke stammen behoorden, werden ook drie B. multivorans stammen
teruggevonden die aanwezig waren in meerdere Belgische CF patiénten en in meerdere CF

centra.

De steeds afnemende kostprijs van de high-throughput sequeneringsmethoden heeft een
revolutie veroorzaakt in de taxonomische methodologie. De taxonomische studies die werden

uitgevoerd tijdens deze thesis resulteerden in de formele classificatie van nieuwe species in de
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genera Burkholderia, Achromobacter en Bordetella. Doorheen deze thesis is een evolutie waar
te nemen in de toegepaste taxonomische methoden met betrekking tot fylogenie en species
afbakening. In dit tijdperk van genoomanalyses wordt de traditionele DNA-DNA hybridisatie
geleidelijk aan vervangen door multilocus sequentie analyse (MLSA) en genoomgebaseerde
parameters zoals digitale DNA-DNA hybridisatie (dDDH). De toepassing van MLSA in deze
thesis resulteerde in de formele classificatie van drie nieuwe Bcc en vier nieuwe Achromobacter
species, en de toepassing van de 70 % dDDH grenswaarde leidde tot de formele classificatie

van 13 nieuwe species in de Burkholderia glathei groep.

Hoewel tijdens deze thesis drie nieuwe Bcc species en 14 nieuwe B. glathei-gerelateerde
species werden beschreven is er nog steeds een indrukwekkend aantal nieuwe Burkholderia
species dat nog niet formeel geclassificeerd werd. Een robuuste, genoomgebaseerde species
definitie zal het in de toekomst mogelijk maken om de grote, nog gedeeltelijk ongekende,

diversiteit aan bacterién te inventariseren.
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1 Burkholderia cepacia complex
bacteria as opportunistic pathogens
in cystic fibrosis patients

1.1 Cystic fibrosis lung pathology

Cystic fibrosis (CF) is an autosomal recessive genetic disorder that results from a mutation in
the CF transmembrane conductance regulator (CFTR) gene. This gene encodes a membrane
protein which is involved in transepithelial ion transport and its defect leads to the secretion
of viscous secretions in all organs (Rowe et al., 2005). CF is most common in the northern
European population but the birth prevalence varies for different countries and ethnic back-
grounds. The incidence of CF in Belgium is estimated at 1:2850 (Farrell, 2008). In total,
more than 1500 mutations have been identified but the clinical significance is known only for
a very small fraction of mutations. The best characterized mutation is F508del, representing
a deletion of phenylalanine at position 508, which accounts for two-thirds of the mutations in
northern European and North American populations (O’Sullivan & Freedman, [2009)).

The symptoms of CF are mainly evident in the gastrointestinal and respiratory tracts and
chronic inflammation and respiratory infections represent the main causes of morbidity
and mortality. Several hypotheses exist about how CFTR dysfunction leads to phenotypic
symptoms, and possibly all of them contribute to the outcome of recurrent respiratory
infections and chronic inflammation. The constant cycle of inflammation and infection leads
to permanent lung damage and may eventually result in death by pulmonary insufficiency
(O’Sullivan & Freedman, [2009)).

The accumulation of mucus in the CF lung creates an environment suitable for colonization
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by various opportunistic pathogens, resulting in a complex community consisting of bacteria,
fungi and viruses. The recurrent bacterial respiratory infections in CF are caused by a variety
of organisms and their prevalence typically varies with the age of the CF patient (Fig.
(Harrison| 2007)). A recent study showed that the microbial community in the lower airways
of children with CF is less rich and less even compared with that of non-CF children and that
the CF lung microbial community is disrupted early in life (Renwick et al., 2014). Moreover,
a longitudinal study demonstrated that the community diversity is decreased in patients
with more progressive lung disease and that this decrease in diversity in driven primarily by
antibiotic therapy (Zhao et al., [2012)). Similarly, two recent studies showed that a loss of
microbial diversity is associated with severe lung disease and the presence of Burkholderia
bacteria (Flight et all 2015} [Stokell et all [2015)).
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Figure 1.1: Prevalence of bacterial respiratory infections in CF patients by age group. MRSA,
meticillin-resistant Staphylococcus aureus. (Harrison|, [2007])

Because the CF lung can harbor a wide diversity of bacteria, accurate identification is
crucial to assess the prevalence and clinical relevance of these generally rare opportunistic
pathogens (Coenye et al.,, 2002aj |LiPumal [2010). One important group of opportunistic
pathogens consists of the Gram-negative non-fermenting (GNNF) bacteria, including the
genera Pandoraea, Inquilinus, Achromobacter, Ralstonia, Cupriavidus, Pseudomonas and
Stenotrophomonas (Vandamme & Dawyndt, 2011; |Alby et al., [2013). Although the clinical
significance of these B. cepacia-like organisms is mostly unclear, infection with these GNNF
opportunistic pathogens may have a high impact on morbidity because of their multi-resistance
to antibiotics and their transmissibility (Coenye & Vandamme| 2003; Jorgensen et al., 2003;
Schmoldt et all, 2006} Kalka-Moll et al., 2009).
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1. Bcc bacteria as opportunistic pathogens in CF patients

1.2 Burkholderia cepacia complex epidemiology in cystic

fibrosis patients

Burkholderia cepacia complex (Bcc) bacteria are significant pathogens in people with CF
because of their high impact on morbidity, mortality and post-lung transplant survival (De
Boeck et al., [2004; (Govan et al/, 2007; |LiPumal 2010). Bcc infection in CF is characterized
by a highly variable clinical outcome, but generally results in a progressive decline of lung
function. In extreme cases, Bcc infection can result in "cepacia syndrome", a necrotizing
pneumonia and septicemia resulting in early death. Bcc infections are difficult to eradicate
because Bcc bacteria show an innate multiresistance to antibiotics. Finally, the diagnosis of
Bcc infection also has a social and psychological impact because the transmissibility of Bcc
strains through social contact resulted in stringent infection control guidelines that necessitate
patient segregation (Mahenthiralingam et al,, 2005)).

Bcc bacteria rarely cause infection in healthy (i.e. non-immunocompromised) individuals,
except when they are present as contaminants in pharmaceutical products (Mahenthiralingam
et al,[2005)). Several studies reported on disinfectants, intravenous solutions and contaminated
medical devices as sources of nosocomial outbreaks (Weber et al 2007} [Heo et al., 2008;
Torbeck et al, 2011} Souza Dias et al., [2013).

Of the 20 formally named species within the Bcc (Fig. and , Burkholderia multivorans
and Burkholderia cenocepacia are generally the most prevalent Bec species in CF. During the
last decade, infection control measures have restricted patient-to-patient transmission, which
is mostly associated with B. cenocepacia (Mahenthiralingam et al., 2001; |Speert et al., 2002;
Turton et al., 2003; [France et al., [2008). Consequently, B. multivorans emerged as the most
prevalent Bcc pathogen in many countries, including Belgium, France, Denmark, the United
Kingdom, the United States (Fig. and New Zealand (Brisse et al., [2004; De Boeck
et al., 2004; |Govan et al., 2007} |LiPumal, [2010; [INorskov-Lauritsen et al., |2010; |Pope et al.,
2010)). In Spain, Portugal and Argentina a high prevalence has recently been reported of B.
contaminans in CF patients (Martina et al., [2013; |Coutinho et al., [2015; [Medina-Pascual
et al} 2015).

Historically, B. cenocepacia strains have been responsible for large epidemics within the CF
community and are often extremely virulent (Drevinek & Mahenthiralingam, [2010). The ET12
clone is responsible for infecting many CF patients in Canada and Europe (Mahenthiralingam
et al., 2002)), while the Midwest clone (Coenye & LiPumal 2002)) and the PHDC clone (Chen
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Figure 1.2: Distribution and incidence of Burkholderia in U.S. CF patients. (A) Distribution of
Burkholderia species among U.S. CF patients. The proportions of CF patients infected with various
Burkholderia species are shown. The data are based on 2,024 CF patients who were infected with
Burkholderia species and whose isolates were referred to the Burkholderia cepacia Research Laboratory
and Repository (University of Michigan) between 1997 and 2007. “Other Bcc species” indicates
patients infected with Bcc species other than those specified in the chart. “Indeterminate” refers to
patients infected with strains that phylogenetically are members of the Bcc species but that cannot be
definitively placed into one of the 17 defined species in this group. (B) Incidence of B. cenocepacia
and B. multivorans infection in U.S. CF patients. The proportions of Bcc-infected CF patients who
were first infected with either B. cenocepacia (red line) or B. multivorans (blue line) in the years

indicated are shown. (LiPumaj 2010)

let all are dominant strains infecting CF patients in the United States. Although B.
multivorans is generally considered a lesser virulent Bcc pathogen compared to B. cenocepacia,
rare cases of cepacia syndrome caused by B. multivorans have been reported
let al., [2004; Jones et al., 2004). While preoperative Bcc infection is generally associated with

a poor prognosis for post-lung transplant survival, mortality is primarily dependent on the
Bcc species and strain (Aris et al, 2001; |De Soyza et al., 2001; [Murray et al., 2008).

The ability to differentiate Bcc strains has been crucial in understanding their epidemiology

and improving infection control guidelines for the CF community. Methods for strain

differentiation include multilocus restriction typing (Coenye & LiPuma 2002)), pulsed field
gel electrophoresis (Coenye et al, 2002b)), randomly amplified polymorphic DNA (RAPD)
analysis (Mahenthiralingam et al., [1996), BOX-PCR fingerprinting (Coenye et al., 2002b)),
multilocus sequence typing (MLST) (Baldwin et al.,[2005)) and single-nucleotide polymorphism

analysis of whole-genome sequences (Pallen et al., [2010; |Lieberman et al, 2011). MLST is a

well-established method for studying the population structure of Bcc organisms and takes
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into account the allelic variation of seven housekeeping genes (atpD, gitB, gyrB, recA, lepA,
phaC and trpB) (Baldwin et al, 2005)). As a result, each strain is defined by its unique allelic
profile and multilocus sequence type (ST). Only a limited number of B. multivorans outbreak
strains was described and for all cases of implied patient-to-patient spread, unique STs were
found (Baldwin et al., 2008). In the United Kingdom, the strains ST-27 and ST-15 caused
hospital outbreaks among CF patients in Glasgow and South Wales, respectively (Whiteford
et al., 11995; Millar-Jones et al., [1998)). Strains ST-25 and ST-179 were shared by CF patients
in the United States (Biddick et al| 2003). Finally, strain ST-419 caused an outbreak among
CF patients in France (Segonds et al., 1999).

The low number of outbreaks caused by B. multivorans and the fact that B. multivorans
isolates from CF patients commonly represent unique strains suggest that there is only limited
person-to-person transmission and that B. multivorans strains are acquired from non-human

sources such as the natural environment (Baldwin et al., 2008).

1.3 The natural environment as a reservoir for cystic fibrosis

pathogens

Bcc bacteria are characterized by a versatile lifestyle and almost all Bcc species have been
isolated from both CF patients and environmental samples (Coenye & Vandamme, 2003;
Baldwin et al., 2007)). Exceptions are Burkholderia ubonensis and Burkholderia territorii
which have not been isolated from CF patients thus far (http://pubmlst.org/bcc/) (Jolley &
Maiden, [2010). Baldwin et al|(2008) demonstrated a continued emergence of unique B.
multivorans strains in the CF population, with several STs being globally distributed and
associated with human infection. The same study showed an overlap in strains between water
environments, industrial products and human infection, suggesting that the environment may

be an important reservoir for infection with B. multivorans (Baldwin et al., [2008)).

Specific media have been developed for the isolation of Bcc from environmental samples such
as Pseudomonas cepacia azelaic acid tryptamine (PCAT) (Burbage & Sasser, |1982)), trypan
blue tetracycline (TB-T) (Hagedorn et al, |1987) and Bcc enrichment medium (BCEM)
(Vermis et al., 2003a; Vanlaere et al| 2005)). The selectivity of these media is achieved by
specific nitrogen and carbon sources, often combined with antimicrobial compounds to inhibit
other bacteria and fungi (Vermis et al 2003b). Although many studies described the isolation

of B. cenocepacia from rhizosphere samples (Butler et al., 1995} Balandreau et al/ [2001;
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Fiore et al, 2001} [Bevivino et all [2002; |[LiPuma et al., 2002} [Pirone et al., 2005; |[Zhang &
Xiel 2007} Bevivino et al), 2011} Hall et al, |2015)), only few studies reported the isolation of
B. multivorans from maize rhizosphere (Ramette et al., [2005) and agricultural soil (Lin et al.,
2011; Hsueh et al., 2015). |Vermis et al.| (2003b]) developed a selective enrichment broth for
the isolation of Bcc bacteria from water samples and obtained eight B. multivorans isolates
from the Schelde river in Belgium. Using the same strategy Vanlaere et al.| (2005]) obtained
two B. multivorans isolates from soil in a veranda. Finally, a more recent study described
the isolation of 48 B. multivorans isolates from West Lake, China (Fang et al} 2011)). Yet
together, the number of environmental B. multivorans isolates is very small compared to the

number of CF isolates and its true environmental niche is considered unknown.

Environmental pressure can select for traits that confer virulence and natural environments
could therefore serve as potential reservoirs of opportunistic pathogens (Coenye & Vandamme,
2003; |Berg et al} 2005). Bcc bacteria adopt a wide range of lifestyles (Section and the
very same mechanisms of adaptation that let these bacteria thrive in different ecological niches
may enable them to colonize the CF lung and cause infection (Vial et al., [2011)). Therefore,

the natural environment may be considered a fitness school for emerging pathogens.



2 Taxonomy and diversity of the
genus Burkholderia

2.1 Taxonomy of the genus Burkholderia

2.1.1 Historical background

The genus Burkholderia originated in the 1940s when plant physiologist Walter Burkholder
isolated bacteria from onion bulbs that were suffering from "sour skin" disease and proposed
to name these strains Pseudomonas cepacia (Burkholder, [1950). Based on rRNA-based
methods, the genus Pseudomonas was shown to be phylogenetically diverse and to consist of
five major clusters, the so called rRNA homology groups (Palleroni et al, [1973). In 1992,
the new genus Burkholderia was proposed to accommodate RNA homology group Il which
then comprised P. cepacia and six other species (Yabuuchi et al., [1992)). During the last two
decades, the genus Burkholderia expanded dramatically and it became apparent that this
genus comprised versatile bacteria which occupy a wide range of ecological niches (Coenye &
Vandamme 2003). In March 2016, the genus comprised 90 validly named species (Euzeby,
1997) and a large number of uncultivated Candidatus species (Van Oevelen et al/, [2002, 2004}
Lemaire et al., [2011a, |2012; Verstraete et al., 2011). However, literature data and analysis
of publicly available 16S rRNA gene sequences suggest that many unclassified Burkholderia
isolates represent additional novel species, showing that the diversity of Burkholderia bacteria

is still not fully uncovered.

Organisms now known as Burkholderia cepacia emerged as important CF pathogens in the
1980s (|Isles et all 1984; LiPuma et al., 1990; Govan et al., [1993). Only after its formal

reclassification in the genus Burkholderia it became apparent that presumed B. cepacia
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strains showed a marked heterogeneity (Butler et al., [1995; (Gillis et al., [1995). This led
to a polyphasic taxonomic study which revealed that presumed B. cepacia strains from CF
patients in fact belonged to at least five distinct genomic species or genomovars, collectively
referred to as the B. cepacia complex (Vandamme et all [1997). Bcc species are closely
related and typically show 30-50 % DNA-DNA hybridization (DDH). Only two out of the five
closely related genomic species could also be distinguished phenotypically at that time and
these were Burkholderia vietnamiensis and B. multivorans. The term "genomovar" was used
to denote groups of strains that are delimited by DDH but that are phenotypically similar
so that they cannot be differentiated (Ursing et al., 1995]). The used polyphasic approach
was based on multiple techniques including whole-cell protein electrophoresis, whole-cell fatty
acid methyl ester analysis, DNA-DNA and DNA-rRNA hybridizations and several biochemical
tests and set an example for a taxonomic consensus approach to bacterial systematics in
which the results of several genotypical and phenotypical tests are integrated (Vandamme
et all, 1996)).

Driven by the devastating effect of Bcc infections in CF patients, a wide range of alternative
identification methods were developed, including species-specific 16S rRNA (LiPuma et al.,
1999; Whitby et al., 2000) and recA PCR assays (Mahenthiralingam et al., 2000a} Drevinek
et al,, 2002; Vermis et al., 2002a)), amplified fragment length polymorphism analysis of
genomic DNA (Coenye et al., [1999b)), ribotyping (Brisse et al., [2000)), restriction fragment
length polymorphism (RFLP) analysis of PCR amplified 16S rRNA and recA gene fragments
(Mahenthiralingam et al., [2000a; McDowell et all 2001; |Vermis et al} 2002b) and tRNA
profiling (Storms et al,, 2002). The sensitivity and specificity of these first-generation
molecular identification approaches needed re-evaluation each time novel Bcc species were
described and several misidentifications were reported (Coenye et al 1999b; [McMenamin
et al., 2000; |Moore et al., 2002} Cesarini et al., 2009; Drevinek et al., [2010). At present,
sequence analysis of recA and other housekeeping genes have been established as powerful,
objective and portable taxonomic tools that are useful for the accurate identification and
classification of Bcc organisms (Section (Vandamme & Dawyndt, 2011)). As more CF
isolates were examined and techniques with a better resolution became available, additional
Bcc species could be distinguished both genotypically and phenotypically and were formally
classified. Today (March 2016) the Bcc comprises 20 validly named species (De Smet et al.
2015a)).

10
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2.1.2 Taxonomic overview of the genus Burkholderia based on the 16S
rRNA gene

Based on 16S rRNA gene sequence analysis, the genus Burkholderia consists of several
deep-branching lineages (Fig. . The type species B. cepacia is part of a first clade of
about 30 species that comprises the Bcc, species closely related to the risk class 3 pathogens
Burkholderia mallei and Burkholderia pseudomallei and a group of plant-pathogenic species
that includes Burkholderia gladioli, Burkholderia plantarii and Burkholderia glumae. This
clade (from here on referred to as 16S rRNA clade 1) comprises the well-known human
pathogens in this genus (Section , but also includes strains that show potential for
plant-growth promotion and biocontrol (Section [2.2.1)).

A second deep-branching Burkholderia clade (from here on referred to as 16S rRNA clade 2)
comprises Burkholderia glathei and 11 validly named Burkholderia species (Fig. [2.1). Most
species in this clade have been isolated as free-living organisms from soil (Zolg & Ottow, 1975;
Vandamme et al., 2013a; |Draghi et al., [2014} Baek et al., [2015]) but also associations with
fungi (Lim et al., 2003)), plants (Tian et al.,[2013) and insects (Kikuchi et al., 2011) have been
described for this clade. Additionally, many uncultivated species adapted a endosymbiotic
lifestyle in plant tissue and represent candidate species (Verstraete et al., 2013; |Carlier et al.,
2016)). Exemplary for the versatile metabolism of Burkholderia bacteria, several B. glathei
clade species were isolated from contaminated soil (Vandamme et al., 2013a; |Liu et al., 2014)
or from a wastewater treatment system (Lu et al| 2012). The B. glathei clade thus far
includes only 12 formally classified species, yet many unclassified B. glathei-like bacteria have
been reported (Nogales et al} 2001; Salles et al., [2006b; |Pumphrey & Madsen| |2008; |Draghi
et al), [2014; |Verstraete et al [2014)).

A third deep-branching Burkholderia clade (from here on referred to as 16S rRNA clade
3) comprises more than 40 species which are primarily plant-associated beneficial and en-
vironmental (Suarez-Moreno et al., [2012) (Fig. . However, Burkholderia fungorum,
Burkholderia ginsengisoli, Burkholderia tropica and Burkholderia xenovorans represent impor-

tant exceptions in this clade because they have been isolated from human clinical samples

too (Section [2.2.3)).

In addition to these three large clades, several Burkholderia species represent rather unique
16S rRNA lineages and do not cluster closely with any other Burkholderia species (Fig. .
Their 16S rRNA-based phylogenetic position is variable and dependent on the remaining

sequences included in the phylogenetic analysis. Burkholderia rhizoxinica and Burkholderia

11
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endofungorum represent a first lineage that includes bacterial endosymbionts of a plant-
pathogenic fungus (Partida-Martinez et al, 2007). A second lineage comprises Burkholderia
caryophylli, Burkholderia symbiotica and Burkholderia soli which are known as a plant
pathogen, a root nodule endosymbiont of Mimosa species and a soil bacterium, respectively
(Yabuuchi et all[1992; Yoo et all 2007; Sheu et al.,[2012)). Finally, Burkholderia andropogonis
is a plant pathogen (Coenye et al., [2001a)) that represents a deep-branching lineage within
16S rRNA clade 2 in the present analysis (Fig. but which occupies a distinct position in
most 16S rRNA-based phylogenetic trees (Gyaneshwar et al., 2011; Suarez-Moreno et al.,
2012} Estrada-de los Santos et al., [2013, [2015))).

2.1.3 Burkholderia taxonomy in a changing landscape

2.1.3.1 Gene sequence analysis

While the 16S rRNA gene phylogeny gives a traditional representation of the phylogeny of
Burkholderia bacteria, this gene only has limited taxonomic resolution for species identification
within the genus Burkholderia. Within the Bcc, 16S rRNA sequences of different Bec species
typically show more than 98 % similarity, while exhibiting at the same time up to 2%
intraspecies divergence (Vandamme & Dawyndt, 2011)). In contrast with the 16S rRNA gene,
the recA gene is a powerful taxonomic tool for Bcc species identification (Mahenthiralingam
et al} [2000a). RecA sequences typically show 94-95% similarity between Bcc species
and, mostly, about 98-99 % similarity within Bcc species (Vandamme & Dawyndt, 2011)).
Remarkably, B. cenocepacia (formerly known as genomovar I11) comprises four recA lineages
referred to as IIIA through IlIID, with most clinical strains residing in clusters II1A and
1B (Vandamme et al., 2003). Another housekeeping gene that proved useful for species
identification within the genus Burkholderia is gyrB (Tayeb et al} 2008). This gene serves
as a reliable taxonomic tool for species-level discrimination of both Bcc (Tabacchioni et al.,
2008) and non-Bcc Burkholderia species (Vandamme et al 2013a)).

Multilocus sequence analysis (MLSA) is a technique that uses a set of genes (usually six or
seven) that are universally present within the taxon, occur as a single copy in the genome, are
not closely linked and are not subject to high levels of recombination ((Gevers et al., 2005)).
With the advent of new sequencing technologies, MLSA was proposed to replace DDH as a
tool for species delineation (Stackebrandt et al} 2002; |Gevers et al., 2005). The Bcc MLST
scheme was developed for differentiation of Bcc isolates at both strain and species level so
that the same sequence data that was used for strain differentiation (Section could

12
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also be employed for identification. Phylogenetic analysis of housekeeping gene fragments of
atpD, gltB, gyrB, recA, lepA, phaC and trpB has a superior taxonomic resolution for species
level identification within the Bcc (Baldwin et al, [2005) and PCR primers were subsequently
improved to reliably amplify the target loci from both Bcc and non-Bcc Burkholderia species
and to enable the use of a single primer set for both amplification and sequencing (Spilker
et al}, 2009). Vanlaere et al|(2009) compared the average concatenated allele sequence
divergence within and between established Bcc species as delineated by DDH studies and
demonstrated that a 3% concatenated allele sequence divergence level can be used as a
threshold value for species delineation within the Bcc, thus replacing the need to perform

DDH experiments in this complex.

The ability to carry out both species identification and strain differentiation in a single
approach represented a major advantage over previous methods (Baldwin et al., 2005). An
additional advantage of these multilocus sequence based methods over previous typing and
identification methods was its reproducibility and portability (Jolley & Maiden, [2010)). The
public database enabled researchers worldwide to analyze and deposit data and as a result the
Bcc PubMLST database currently (March 2016) holds information on 1,964 isolates and their
087 associated STs. Fig. shows a phylogenetic analysis of the concatenated sequences
of the seven loci of all STs in the database and reveals the presence of at least 12 putative

novel Bcc species awaiting formal classification.
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Figure 2.1: Phylogenetic tree based on partial 16S rRNA gene sequences of Burkholderia species.
Sequences (1125-1610 bp) were aligned against the SILVA SSU reference database using SINA v1.2.11
www.arb-silva.de/aligner/| (Pruesse et al.| [2012)). Phylogenetic analysis was conducted using MEGA6
(Tamura et al}, [2013)). All positions containing gaps and missing data were eliminated, resulting in a
total of 1087 positions in the final dataset. The optimal tree (highest log likelihood) was constructed
using the maximum likelihood method and Tamura-Nei model (Tamura & Nei, [1993)). A discrete
gamma distribution was used to model evolutionary rate differences among sites (5 categories (+G,
parameter = 0.3498)) and allowed for some sites to be evolutionarily invariable ([+1], 68.6154 % sites).
The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test
(1000 replicates) are shown next to the branches if greater than 50 %. The sequence of Ralstonia
solanacearum LMG 22997 was used as outgroup. The scale bar indicates the number of substitutions
per site. (Depoorter et al., |2016)

2.1.3.2 Genomic taxonomy

In this genomics era, the number of finished or draft bacterial genomes has risen exponentially
and phylogenetic analysis has entered the new era of phylogenomics (Eisen & Fraser, [2003}
Delsuc et all, [2005). Several tools are available for studying genomic taxonomy and these can
be subdivided based on how phylogeny is inferred and what part of the genome is being analyzed
(Table . Methods for inferring evolutionary relationships can generally be classified as
either distance-based or character-based (Fig. . Distance-based methods convert aligned
sequences into a distance matrix employing a model of evolution and subsequently use this
distance matrix to infer a phylogenetic tree (Hall, 2011} Sleator| 2013). Although effective,
these methods have the disadvantage of providing only one tree instead of a consensus tree
and changing the order in which the constituent sequences are entered into the analysis may
result in different trees (Sleator, [2013). On the other hand, character-based methods infer
the most probable tree(s) based on the characters at each position in a multiple sequence
alignment (Hall, 2011; |Sleator, [2013)).

The character-based methods in genomic taxonomy infer phylogenetic trees based on the
multiple sequence alignment of conserved protein-coding genes in all genomes under study
and represent an extension of the MLSA principle (Table 2.1). This extended MLSA approach
has the advantage that it only takes into account the coding part of the genome and is
therefore not influenced by non-coding sequences or pseudogenes which might have a different
evolutionary history than the rest of the genome. Important disadvantages are the need
for correctly annotated genomes and the fact that the set of single-copy orthologous genes
may become very small when studying more distantly related organisms or organisms that
underwent reductive genome evolution (Vandamme & Dawyndt| 2011). Examples of this

approach are the core gene identity (Vanlaere et al} 2009), supermatrix (Ciccarelli et al., 2006)
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Figure 2.2: Phylogenetic tree based on the concatenated sequences of seven housekeeping gene
fragments [atpD (443 bp), gltB (397-400 bp), gyrB (454 bp), recA (393 bp), lepA (397 bp), phaC
(385 bp) and trpB (301 bp)] of all STs in the Bcc PubMLST database, showing the 20 established
Bcc species (in bold type) and putative novel Bcc species (labeled "Other Bec"). The number of STs
per species is given in between brackets. Concatenated allele sequences of all STs (n=987, March
2016) were exported in frame from the Bcc PubMLST database (http://pubmist.org/bec)) (Jolley &
Maiden| |2010]). Sequences (2757-2760 bp) were aligned based on their amino acid sequences using
Muscle (Edgar, [2004) in MEGAG6 (Tamura et all [2013). The phylogenetic tree was constructed based
on the nucleic acid alignment in RAXML version 7.4.2 (Stamatakis, [2014). Rapid bootstrapping
and the maximum likelihood search were performed using the general time reversible model with
CAT approximation (GTRCAT) and the best scoring maximum likelihood tree (optimized under
GTRGAMMA) was annotated in iTOL (Letunic & Bork| [2011)). The percentage of replicate trees in

which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to
the branches if greater than 70 %.
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Figure 2.3: Schematic overview of the major analytical approaches to phylogenetic tree building.

(Sleator, [20T1)

and supertree (Daubin et al., 2001) methods. The supermatrix method infers phylogeny based

on the concatenated alignments of all orthologous genes in the genome dataset, while the

supertree approach infers phylogeny for all loci separately and combines the trees afterwards

(Klenk & Goker, 2010). The core gene identity method is similar to the supermatrix approach

by the fact that it also restricts its calculation to the conserved genes in all genomes, but

the phylogenetic tree is in this case calculated on a randomly chosen set of positions in the

amino acid alignment (Vanlaere et al, 2009).

The ribosomal MLST (rMLST) scheme enables rapid species and strain identification from

whole-genome sequences by analyzing the divergence of 53 universal ribosomal protein

encoding genes (Jolley et all 2012). This approach was recently applied to all publicly

available Burkholderia genomes and provided a robust and high-resolution phylogenetic tree
of the genus Burkholderia (Fig. (Depoorter et al., 2016). The same main clades as in
the 16S rRNA phylogeny (Fig. were revealed, except that 16S rRNA clade 2 clustered
among species belonging to 16S rRNA clade 3 (Section . In the rMLST analysis too, B.
rhizoxinica occupied a very distinct position.

17



|. Introduction

| Burkholderia cenocepacia PT15 1
[ Burkholderia cenocepacia S2AES
r Burkholderia cenocepacia PC184
Burkholderia cenocepacia MCO0-3
| Burkholderia cenocepacia AU1054
Burkholderia cenocepacia HI2424
Burkholderia cenocepacia D2AES
Burkholderia cenocepacia J2315"
Burkholderia cenocepacia BC7
Burkholderia cenocepacia K56-2Valvano
Burkholderia cenocepacia H111
Burkholderia cepacia ATCC 254167
-Burkholderia cepacia AU4i
Burkholderia lata 3837
Burkholderia sp. RB-39
76 Burkholderia ambifaria AMMD™
Burkholderia ambifaria MC40-6
Burkholderia ambifaria |OP40-10
Burkholderia ambifaria MEX-5
Burkholderia vietnamiensis G4
Burkholderia vietnamiensis KJOOB
Burkholderia stagnalis CH-67
Burkholderia ubonensis Bu
Burkholderia multivorans CF2
59 Burkholderia multivorans ATCC 17616
78¢ Burkholderia multivorans DWS 42B-1
Burkholderia multivorans CGD1
Burkholderia multivorans CGD2
Burkholderia multivorans LMG 13010
Burkholderia dolosa AU0158
Burkholderia dolosa PC543
Burkholderia pseudomultivorans TJI49 -
Burkholderia mallei NCTC 10229 1
Burkholderia mallei NCTC 10247
Burkholderia mallei ATCC 233447
Burkholderia mallei SAVP1
Burkholderia pseudomallei K96243
Burkholderia pseudomallei 1710b
Burkholderia pseudomallei 1106a
Burkholderia pseudomallei 668
Burkholderia thailandensis Bt4
Burkholderia thailandensis E2647
Burkholderia thailandensis TXDOH
Burkholderia thailandensis E555
"Burkholderia humptydooensis" MSMB43
"Burkholderia humptydooensis" MSMB121
‘Burkholderia oklahomensis C6786"
-Burkholderia oklahomensis EO147 -
Burkholderia gladioli BSR3
Burkholderia gladioli 3848s-5
Burkholderia gladioli ERR353354
Burkholderia gladioli CIP 10541 o"
Burkholderia gladioli UCD-UG_CHAPALOTE
Burkholderia glumae BGR1
rkholderia glumae LMG 2196"
11| Burkholderia glumae 336gr-1
Burkholderia glumae 3252-8
Burkholderia glumae AU6208
Burkholderia phenoliruptrix AC11 00"
Burkholderia phenoliruptrix JPY366
Burkholderia phenoliruptrix CCGE1001
Burkholderia phenoliruptrix BR3459a
Burkholderia sp. CCGE1003
Burkholderia sp. WSM2232
Burkholderia sp. WSM2230
-Burkholderia graminis URHA0054
Burkholderia bryophila 376MFSha3.1
Burkholderia caledonica LMG 19076"
Burkholderia dilworthii WSM3556"
Burkholderia xenovorans LB400"
Burkholderia sp. Ch1-1
Burkholderia phytofirmans PsJN"
Burkholderia fungorum LMG 162257
Burkholderia sp. CCGE1002
Burkholderia sp. JPY251
Burkholderia tuberum WSM4176
Burkholderia sprentiae WSM5005"
Burkholderia sp. H160
Burkholderia terrae BS001
Burkholderia terrae BT03
Burkholderia terrae NBRC 100964"
Burkholderia caribensis MBA4
Burkholderia phymatum STM81 57
Burkholderia sp. UYPR1.413
Burkholderia cordobensis Y123
Burkholderia zhejiangensis SJ98
Candidatus Burkholderia kirkii UZHbot1
Burkholderia jiangsuensis MP-17
Burkholderia sp. RPE64
imiae R27"

15,

Bcce group

B. pseudomallei group

grimi
Burkholderia glathei LMG 141 90"
Burkholderia mimosarum LMG 23256
Burkholderia mimosarum NBRC 106338"
Burkholderia mimosarum STM 3621
Burkholderia nodosa DSM 21604"
Burkholderia oxyphila NBRC 105797"
i NBRC 1038717

L_— Burkholderia ferrariae NBRC 106233
,_[Burkhu/dena kururiensis M130
ie is JCM 10599"

L—Burkholderia kururiensis NBRC 107107
i iotica JPY347"

HKI 454"

is Ba3549

Ralstonia

18

0.04

Psi07

{
1 Burkholderia andropogonis ICMP 2807"

B. glathei
group

B. xenovorans
group




2. Taxonomy and diversity of the genus Burkholderia

Figure 2.4: Burkholderia phylogeny reconstructed from concatenated ribosomal protein gene se-
quences. Aligned concatenated gene sequences from defined rMLST loci were downloaded from the
rMLST database (http://pubmlst.org/rmlst/) (Jolley et al} |2012). Low confidence regions of the
alignment were removed with Gblocks (Talavera & Castresana, [2007)), resulting in a total of 18,490
positions in the final dataset. A phylogeny was reconstructed with FastTree (Price et al] [2010) using
the general time reversible model of nucleotide evolution, and the resulting tree was visualized with
FigTree (http://tree.bio.ed.ac.uk/software/figtree). Type strains are indicated in bold type. Node
confidence is shown if less than 80 %. The sequence of Ralstonia solanacearum PSI07 was used as
outgroup. The scale bar indicates the number of substitutions per site. (Depoorter et al., [2016])

A first distance-based approach estimates intergenomic distances or similarities based on
the divergence of the conserved DNA or protein-coding genes (Table [2.1]). Examples of this
approach are average nucleotide identity (ANI) (Konstantinidis & Tiedje, [2005a} Varghese
et al., [2015)) and average amino acid identity (AAIl) (Konstantinidis & Tiedje| 2005b). The
ANI and AAI methods estimate the genetic relatedness of a pair of genomes (expressed
as a percentage similarity value) based on the average nucleotide and amino acid identity,
respectively, of all the conserved genes between the two genomes and this may induce a bias
in pairwise similarities when computed on draft genomes (Vandamme & Dawyndt, 2011).
Goris et al.| (2007)) introduced a variation on the original ANI method (ANIg) (Konstantinidis
& Tiedje, 2005a) in which the nucleotide identity is calculated as the mean identity of
all BLAST matches of 1020 nt long DNA fragments in a pair of genomes (ANIb). This
artificial fragmentation of genomic sequences was implemented to mimic the genomic DNA
fragmentation in DDH experiments, but was later implemented as such in the JSpecies
software (Richter & Rossello-Mora, [2009). Another variation on the ANI method that was
implemented in the JSpecies software makes use of the MUMmer software (ANIm) instead of
BLAST to find the conserved DNA in a pair of genomes and does not require slicing of the
genome sequence (Richter & Rossello-Mora|, 2009)).

A second distance-based approach estimates intergenomic distances or similarities based on
the proportion of DNA or orthologous genes that is shared among genomes (Table 2.1)).
Examples of this approach are the percentage of conserved DNA (pcDNA) (Goris et al., 2007)),
the maximal unique matches index (MUMi) (Deloger et al., 2009) and the alignment fraction
(AF) (Varghese et al., 2015)). While both the pcDNA and MUMi approaches are based on
finding stretches of nucleotides that are conserved in the genomic DNA under comparison,
they differ by the fact that pcDNA calculations are based on inexact BLAST matches, while
MUMi is based on exact MUMmer matches between two genomes and was developed to
be most sensitive at the intraspecies level (Deloger et al., |2009). Both the pcDNA and

MUMi approaches do not require any annotation of the genomes but need (nearly) complete
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genome sequences because large stretches of missing DNA in draft genome assemblies can
dramatically influence the result (Vandamme & Dawyndt, [2011]). On the other hand, the
recently introduced AF method considers the fraction of orthologous genes instead of DNA
and is thus dependent of annotation (Varghese et al, 2015]).

The Genome BLAST Distance Phylogeny (GBDP) approach was introduced as an in silico
replacement for DDH and calculates pairwise intergenomic distances based on the results
of a genome-wide homology search (Henz et al., 2005). Several studies were performed in
which different distance formulas, algorithms and statistical models were compared to find the
optimal method for in silico DDH (Auch et al., 2010; Meier-Kolthoff et al., 2013). As a result,
the GBDP method provides a quick and reliable alternative to the wet-lab DDH technique and
its improved DDH prediction capability produces classifications which correlate better with
the traditional DDH values than do any of the ANI implementations (Meier-Kolthoff et al.
2013). Besides its good mimicking of wet-lab DDH values, this method has the advantages
of being independent from genome annotation and being immune against problems caused
by incompletely sequenced or low-quality draft genomes. Finally, the GBDP method provides
confidence intervals and support values for groupings in the resulting phylogenetic trees
(Meier-Kolthoff et al., [2013). As two recent examples, the GBDP method was used to
successfully clarify the taxonomic affiliations of the Bacillus cereus group (Liu et al., [2014)
and to propose a novel method to delineate subspecies, exemplified by the Escherichia coli
group (Meier-Kolthoff et al| 2014b).

Genomic signatures reflecting di-, tri- or tetranucleotide relative abundances circumvent the
need of pairwise alignment of genomic DNA and represent a fast, alignment-free alternative
to the approaches described above (Burge et al., 1992} [Karlin et al., |1998; Richter & Rossello+
Mora, 2009)). The dinucleotide relative abundance was shown to be constant within a genome
(Karlin et all 1997} Karlin, |1998) and correlated well with 16S rRNA similarity for closely
related species (Coenye & Vandamme, 2004).

For each of these genomic taxonomy tools, cut-offs for species delineation have been proposed
that correspond to the recommended cut-off of 70 % DDH (Table [2.1)).

2.1.3.3 Routine identification of Bcc bacteria by MALDI-TOF MS

Biochemical tests alone are insufficient to reliably distinguish between Bcc species and
commonly cannot differentiate them from members of related genera such as Ralstonia,
Pandoraea, Achromobacter or Cupriavidus (Henry et al| 2001; Vandamme & Dawyndt,
2011). Therefore, it is important to use both phenotypic and molecular methods for the

identification of Bcc bacteria. Now that bioinformatics tools catch up with the ever-advancing
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Table 2.1: Overview genomic taxonomy tools

Tool Principle Cut-off References
for species
delineation

Character-based methods

Extended MLSA  Similarity of conserved protein- NA (Daubin et al, 2001} |Ciccarelli

and rMLST coding genes et al [2006; Vanlaere et al}2009;
Jolley et al} 2012)

Distance-based methods

ANIg Nucleotide acid similarity of con-  94%, 96.5%  (Konstantinidis & Tiedje, |2005a;
served protein-coding genes Varghese et al, [2015)

AAI Amino acid similarity of con- 95-96 % (Konstantinidis & Tiedje, |2005b))
served protein-coding genes

ANIb Similarity of conserved genomic  95-96 % (Goris et al., [2007; |Richter &
DNA Rossello-Moral, [2009)

ANIm Similarity of conserved genomic  95-96 % (Richter & Rossello-Moraj, 2009)
DNA

GBDP Proportion and similarity of con- 70% dDDH  (Meier-Kolthoff et al., 2013)

served genomic DNA or protein-
coding genes

pcDNA Proportion of conserved genomic 69 % (Goris et al} [2007)
DNA
MUMi Proportion of conserved genomic  0.33 (Deloger et al., 2009))
DNA
AF Proportion of conserved protein- 0.6 (Varghese et al.| [2015)
coding genes
TETRA Genomic nucleotide signature of 99 % (Richter & Rossello-Mora, [2009)
genomic DNA

high-throughput sequencing technologies, taxonomy and identification based on whole-genome
sequences are likely to become an everyday practice (Varghese et al., 2015; Whitman, 2015)).
However, fast, accurate and easy-to-implement tools are needed for the routine identification
of large numbers of clinical isolates.

During the last decade, Matrix-Assisted Laser Desorption/lonization Time-Of-Flight mass
spectrometry (MALDI-TOF MS) has become an important tool for routine identification of
clinical isolates (Cherkaoui et al, 2010} |Van Veen et al 2010; |Carbonnelle et al., 2011)). In
this technique, intact cells or whole-cell protein extracts are subjected to MALDI-TOF MS
which separates ionized peptides and proteins based on their molecular mass and ionization
status. The resulting mass spectrum represents a fingerprint that can be compared to
reference databases to identify the isolate. Although protein expression is dependent on the
growth conditions and this technique requires some level of standardization (Clark et al|
2013)), species level identification is unaffected by varying growth media (Wieme et al)|
2014a)). Several studies reported on the application of MALDI-TOF MS for identification of
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GNNF bacteria from CF patients (Degand et al., [2008} Desai et al., | 2012; |[Fernandez-Olmos
et al., 2012; |Alby et al., 2013; |Lambiase et al., [2013). While its overall performance for the
identification of GNNF bacteria is generally good, identification of Bcc species requires an
extended reference database (Fernandez-Olmos et al., 2012 Alby et al., 2013]).

2.2 The good, the bad and the ugly: a tribute to

adaptation

The genus Burkholderia currently (March 2016) comprises 90 validly named species (Euzeby,
1997)) which have a versatile metabolism and occupy very diverse niches (Coenye & Vandamme,
2003)). Burkholderia organisms have been isolated mainly as free-living organisms from water,
soil and the rhizosphere of plants but these bacteria also developed different types of
interactions with different hosts including plants, animals, fungi and amoebae (Marolda et al.
1999; Van Borm et al/, 2002} [Kikuchi et al, 2011} |Verstraete et al| 2013} Stopnisek et al.,
2016).

2.2.1 Plant growth promotion

Several Burkholderia species are plant growth promoting rhizobacteria (PGPR). PGPR
are rhizosphere soil bacteria that influence plant growth through a range of interactions.
These interactions can be direct through the production of phytohormones or through the
enhancement of nutrient availability, or indirect through biological control of plant pathogens
(Lugtenberg & Kamilova), 2009). Several diazotrophic (nitrogen-fixing) Burkholderia species
have been described, including B. vietnamiensis, Burkholderia silvatlantica, Burkholderia
diazotrophica, Burkholderia unamae, B. xenovorans and B. tropica (Van et al,[2000; |Caballero{
Mellado et all 2004; Perin et al 2006 Caballero-Mellado et all 2007; Sheu et al., [2013)).
Burkholderia phytofirmans, B. unamae and B. xenovorans show l-aminocyclopropane-1-
carboxylic acid deaminase activity and thereby lower the ethylene levels in stressed or
developing plants (Sessitsch et al., 2005; (Caballero-Mellado et al., [2007). Plant hormone
levels are also influenced by the production of indol acetic acid by B. fungorum, Burkholderia
graminis, Burkholderia kururiensis, B. phytofirmans, B. unamae and B. vietnamiensis (Bevivino
et al., [1994; Suarez-Moreno et al, 2012; |Castanheira et al., 2016). Finally, the production of
organic acids and siderophores increases the availability of phosphate and iron for the plant
and thereby also promotes plant growth (Caballero-Mellado et al., [2007)).

While many Burkholderia species live in close interactions with plants in the rhizosphere,

some rhizosphere bacteria also colonize roots, stems and leaves (Coenye & Vandamme, 2003;
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Compant et al., [2008). Many Burkholderia species including B. cepacia, B. cenocepacia, B.
gladioli, B. phytofirmans, Burkholderia pyrrocinia, B. silvatlantica, B. tropica, B. unamae
and B. vietnamiensis have been isolated from plant tissue specimens (Compant et al., 2008)).
Burkholderia caledonica was detected between mesophyll cells in Fadogia and Vangueria
species (family Rubiaceae) known to cause gousiekte, a fatal disease of South African
ruminants (Verstraete et al,, [2011). Recently, B. multivorans WS-FJ9 was shown to colonize
the rhizosphere and root tissues of poplar seedlings and promoted their growth (Li et al., [2013)).
Additionally, several Burkholderia species including Burkholderia caribensis, Burkholderia
mimosarum, Burkholderia nodosa, Burkholderia phymatum and Burkholderia tuberum are
also known for nodulation of plant species of the Fabaceae family (Vandamme et al., 2002a}
Chen et al} 2005} 2006, 2007). In addition to these free-living plant-beneficial species, several
Candidatus Burkholderia species have been described. They are obligate endosymbionts
in species of the Rubiaceae (genera Pavetta, Psychotria and Sericanthe) and Primulaceae
families (Van Oevelen et al., 2002, [2004; Lemaire et al., 2011a, [2012; Verstraete et al, 2011,
2013). These endosymbionts occur in leaf nodules, are vertically transmitted and represent
an obligatory symbiosis which was estimated to originate millions of years ago (Lemaire et al.,
2011b).

Besides directly stimulating plant growth through the mechanisms described above,
Burkholderia organisms can also produce antibacterial and antifungal metabolites which
prevent the proliferation of other rhizobacteria and fungi (Compant et al., [2008)). By sup-
pressing other organisms in the rhizosphere environment, they do not only compete with
other soil bacteria, but also protect plants from soilborne pathogens. Examples of these
metabolites are cepacin, quinolones, phenazine and pyrrolnitrin (Parke & Gurian-Sherman|,
2001). The best known example is Burkholderia ambifaria AMMDT, which protects pea
plants from Aphanomyces root rot and Phytium damping-off disease (King & Parke, 1993)). B.
pyrrocinia produces at least two antifungal compounds including pyrrolnitrin and occidiofungin
(Kwak & Shin, 2015; Wang et al} 2016]) and an endophytic B. cenocepacia strain showed in
planta biocontrol of soilborne Fusarium wilt of banana plants (Ho et al., [2015). Next to the
production of antimicrobial compounds, the biocontrol properties of Burkholderia bacteria
can also be attributed to their capacity to compete for limited resources (e.g. iron, vitamins,
amino acids), to utilize root exudates and to activate an induced systemic resistance in plants
(Compant et al., |2008; |Vial et al} 2011).
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2.2.2 Plant pathogens

The best known plant-pathogenic species within the genus Burkholderia are B. andropogonis,
B. caryophylli, B. cepacia, B. gladioli, B. glumae and B. plantarii (Compant et al} 2008). B.
andropogonis is an important cause of stripe disease of sorghum and leaf spot of velvet bean
and causes considerable loss of carnation (Coenye et al., 2001a)). B. cepacia causes soft rot of
onion leaves and bulbs (Burkholder, |1950). B. caryophylli causes wilt in various plant species
(Furuya et al., [2000). Finally, B. gladioli, B. glumae and B. plantarii form a phylogenetically
coherent group (Fig. [2.1] and of notorious rice pathogens (Seo et al} 2015). In addition,
B. gladioli also induces soft rot in onions (Lee et al} 2005) and B. glumae causes wilting

symptoms in several field crops (Jeong et al., [2003)).

2.2.3 Human and animal pathogens

B. mallei and B. pseudomallei are primary pathogens causing glanders in horses, donkeys and
mules and melioidosis in humans and animals, respectively. The Bcc contains opportunistic
pathogens that pose a threat to patients with an underlying immunocompromising illness
such as CF (Chapter [1)) and chronic granulomatous disease. Also the plant pathogen B.
gladioli has been isolated from human clinical samples and is a well-known CF pathogen. B.
fungorum is a most striking exception among the 16S rRNA clade 3 species (Fig. since
it has not only been isolated from the environment but also from a wide range of human and
animal samples such as cerebrospinal fluid, vaginal secretions, blood, respiratory secretions of
CF patients sputum and the nose of mice (Coenye et al., 2001b} 20023} Gerrits et al., 2005).
Other exceptions are B. tropica which was isolated from a neonatal patient who developed
septicemia (Deris et al, 2010), B. xenovorans which was isolated from human blood (Goris
et al., 2004) and B. ginsengisoli which was isolated from a young man with Crohn's disease
who developed bacteraemia (Marks et al., [2016).

2.2.4 Fungal interactions

Interactions between Burkholderia bacteria and fungi exist in many forms (Scherlach et al.,
2013)). B. rhizoxinica and B. endofungorum represent bacterial endosymbionts of the plant-
pathogenic fungus Rhizopus microsporus (Partida-Martinez et al 2007)). The phytotoxin
used by the plant-pathogenic fungi to cause rice seedling blight is produced by the bacterial
endosymbiotic cells (Partida-Martinez & Hertweck, [2005)). B. fungorum and Burkholderia
sordidicola have been isolated from the white-rot fungi Phanerochaete chrysosporium and
Phanerochaete sordida, respectively (Coenye et al., 2001b; [Lim et al} 2003). Associations

between Burkholderia and fungal cells have not only been described for plant-pathogenic
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fungi, but also for plant-beneficial mycorrhizal fungi. Burkholderia species have been found
in close association with both ectomycorrhizal (lzumi et all 2007} \Uroz et al., 2012) and
arbuscular mycorrhizal (Andrade et al., [1997)) fungi. Burkholderia are often associated with
fungi in soils (Warmink et al., 2011; Nazir et al., [2012b; Uroz et al,, [2012) and it was recently
demonstrated that this co-occurrence of Burkholderia with a wide range of fungi might
represent a survival strategy of Burkholderia organisms in acidic soils (Stopnisek et al., 2014,
2016)).

2.2.5 Insect interactions

Burkholderia bacteria belonging to the B. glathei clade have been described as gut en-
dosymbionts of the bean bug Riptortus pedestris (Kikuchi et al), [2011). The bacterial
endosymbionts are not vertically transmitted but are acquired from soil by the nymphal
insect (Kikuchi et al, 2007)). The insecticide resistance to fenitrothion in the pest insects is
established by the endosymbiotic Burkholderia in the gut (Kikuchi et al), [2012) and emerges
as a consequence of repeated insecticide use (Tago et all [2015). Also in the chinch bug
Blissus insularis Burkholderia bacteria were found in the gut (Boucias et al., [2012; Xu et al.,
2016)). Furthermore, a survey of Bartonella bacteria bed bugs in the United States detected
DNA sequences of Bcc bacteria (Saenz et al,, [2013). Finally, also ants (Van Borm et al.
2002; |Santos et al., [2004)) and beetles (Lundgren et al., 2007; Kim et al., [2009) have been
reported to live in complex interactions with Burkholderia bacteria. In contrast with these
beneficial insect interactions, Burkholderia strain A396 (named "Burkholderia rinojensis") was
isolated from soil in Japan and showed insecticidal and miticidal activities (Cordova-Kreylos
et al 2013)).

2.2.6 Amoebal interactions

Several Bcc strains survive in Acanthamoeba cells and grow on by-products released by the
amoebae (Marolda et al., [1999; Landers et al., 2000). Burkholderia bacteria were internalized
by phagocytosis and survived in acidic vacuoles instead of being digested (Lamothe et al.,
2004)). Since amoebae are also found in freshwater environments they have been suggested
as a natural reservoir for Bcc strains (Marolda et al, [1999)). More recently, a cultivation-
independent study showed that Burkholderia was one of the genera found in free-living
amoebae that were isolated from drinking water (Delafont et al, 2013)). This ability to survive
intracellularly in eukaryotic cells was also demonstrated in human epithelial cells (Burns et al
1996) and macrophages (Saini et al., [1999), suggesting that the same mechanisms that

lead to survival and persistence in the natural environment may also lead to survival and
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persistence as opportunistic pathogens in host cells (Valvano et al., 2005; |Adiba et al., [2010)).
More recently, Burkholderia were found to colonize Dictyostelium discoideum amoebae and
to induce the farming phenomenon in which amoebae stably associate with bacteria as a
food source (DiSalvo et al, [2015).

2.2.7 Bioremediation

The metabolic versatility of Burkholderia allows them to utilize recalcitrant pollutants and
makes these bacteria useful for bioremediation applications (Coenye & Vandamme, [2003)).
Burkholderia bacteria are known to degrade antibiotics (Beckman & Lessie, 1979), herbicides
(Jacobsen, 1997} (Coenye et al., [2004)), insecticides (Hong et all, 2007; Kikuchi et al., [2012),
crude oil constituents (Castorena et al., 2006; Vanlaere et al., 2008b) and solvents such
as trichloroethylene (Mars et al., 1996 Zhang et al., [2000). B. xenovorans LB400 was
isolated from a polychlorinated biphenyl contaminated landfill in New York (Bopp, 1986))
and its genome encodes at least 27 aromatic pathways (Chain et al., 2006)). Burkholderia
phenoliruptrix AC1100 is well-known for its ability to degrade a variety of xenobiotics including
the herbicide 2,4,5-trichlorophenoxyacetic acid (Coenye et al), [2004). As a last example,
Burkholderia sp. strain NF100 was reported more than a decade ago as a degrader of the
insecticide fenitrothion (Hayatsu et al., [2000) and more strains with this bioremediation
capacity have been reported recently (Hong et al,, 2007} Lim et al| [2012; Tago et all
2015).

2.3 The genetic source code for versatility: Burkholderia

genomes

Burkholderia genomes vary in size from 2.4 Mb (Ca. Burkholderia schumannianae UZHbot8)
(Pinto-Carbo et al., [2016]) to 11.5 Mb (Burkholderia terrae BS001) (Nazir et al., [2012al),
are characterized by a high G+C content (60-68 %) and consist of multiple replicons (Lessie
et al., 1996; Winsor et al., [2008; Ussery et al., 2009). In general, large prokaryotic genomes
are disproportionately enriched in regulation and secondary metabolism, while being depleted
in protein translation, DNA replication, cell division and nucleotide metabolism. This may
explain why bacteria with large genomes dominate in environments were resources are scarce
but diverse, such as soil (Konstantinidis & Tiedje| 2004]).

These large genomes encode a multitude of metabolic functions and virulence factors (Fig.
[2.5]). The first and largest chromosome of Burkholderia species harbors most of the genes

essential for growth and basic metabolism while the other chromosome(s) encode mostly genes
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involved in adaptation and secondary metabolism (Mahenthiralingam et al., [2005; Ussery et al.
2009). Cooper et al.| (2010) demonstrated that genes were less conserved and evolved more
rapidly if they were located on the secondary chromosome and that secondary chromosomes
may serve as evolutionary test beds. The multireplicon structure of Burkholderia genomes
thus allows for long-term segregation of genes by their expression rate and dispensability.
Although the third chromosome of Bcc bacteria encodes at least one rRNA operon and was
therefore originally considered a chromosome, this replicon is not essential for survival and
should be considered a megaplasmid which is involved in virulence and stress response (Agnoli
et al} 2012). Burkholderia bacteria can also carry one or more plasmids which further foster
the diversification and adaptation to variable environments such as soil (Heuer & Smallal
2012).

Finally, Burkholderia genomes contain numerous genomic islands and insertion sequences,
representing as much as 9% of total DNA (Holden et al}, 2009). Insertion sequences or
transposons are small mobile genetic elements (up to 2500 bp) that can jump from one
location in the genome to another, thereby causing mutations or affecting gene expression.
Genomic islands are larger regions that are identifiable by their deviating G4-C content and are
involved in the dissemination of variable genes, including antibiotic resistance and virulence
genes as well as catabolic genes (Juhas et al, 2009). Altogether, this genomic diversity
and plasticity provides the genetic source code for the diversification and adaptation of

Burkholderia bacteria to a wide range of ecological niches.

2.4 What’s in the name Burkholderia?

Burkholderia bacteria interact in different ways with different hosts, making them ubiquitous
and versatile bacteria. This versatility and adaptability is both a blessing and a curse. Without
their ability to thrive in varying environments, they would never have emerged as useful
strains for plant growth promotion, bioremediation and biocontrol. However, this same ability
to thrive in varying environments most likely also contributes to their success as opportunistic
pathogens. In fact, many properties important for rhizosphere colonization and survival in
the natural environment (versatile metabolism, antibiotic resistance and production, quorum
sensing, siderophore production and adherence to host cells) may also be considered traits
that could contribute to establishing infection in immunocompromised patients (Parke &
Gurian-Sherman) 2001)).

Especially for the Bcc, their biotechnologically useful features are in marked contrast with
the severe and often fatal infections they cause as opportunistic human pathogens (Mahen;

thiralingam et al., |2008]). Increased concerns about the health risks for immunocompromised
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Figure 2.5: Genomic structure and major virulence factors of B. cenocepacia ET-12. Features of
the genome include the three chromosomal replicons (Chr. 1, Chr. 2 and Chr. 3) and the plasmid,
the presence of genomic islands on each of the three large replicons and the potential contribution of
insertion sequences to genomic plasticity. The following virulence factors and their roles or interactions
with host cells are also shown: cable pili and the 22-kDa adhesin (blue circles) that binds to the
intermediate filament protein cytokeratin 13 (CK13), the quorum-sensing systems ceplR and ccilR
which secrete and sense acyl-homoserine lactones (AHLs), the type Il secretion system (TTSS);
flagellin that binds to Toll-like receptor 5 (TLR5) to mediate the inflammatory response, multiple
extracellular and surface-associated factors including lipopolysaccharide (LPS), exotoxins, lipases,
siderophores and proteases, inherent antibiotic resistance of the cell envelope, and the type IV secretion
systems (Vir and PTW). (Mahenthiralingam et al, 2005)

patients by use of these bacteria in biopesticidal and bioremediation applications
let all, |1998} |LiPuma & Mahenthiralingam, 1999) led to a ban of biocontrol applications of
Bcc strains by the U.S. Environmental Protection Agency in 2003 (Environmental Protection|
Agency, 2003; Mahenthiralingam et al., [2008).

The phylogenetic diversity and conflicting biological properties of Burkholderia bacteria inspired

several researchers to split the genus Burkholderia in order to separate the beneficial from

the pathogenic strains (Gyaneshwar et al., [2011; Suarez-Moreno et al., [2012; |Estrada-de los
\Santos et all 2013} /Angus et al., 2014; Zuleta et al., [2014; Estrada-de los Santos et al., 2015).
Giving some Burkholderia species a less controversial name and thus taking away this negative

connotation might pave the way for agricultural applications (Estrada-de los Santos et al.|
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2015). However, there is no phylogenetic subdivision in this genus that distinguishes beneficial
from pathogenic strains, as exemplified by the fact that B. fungorum, B. ginsengisoli, B.
tropica and B. xenovorans, four species belonging to the so-called plant-associated beneficial
and environmental group (Suarez-Moreno et al, [2012)), have been isolated from human
clinical samples too (Coenye et al| [ 2001b, 2002a} |Goris et al., 2004; |Gerrits et al., 2005; Deris
et al} [2010; Marks et al., 2016)). Yet, Sawana et al.| (2014)) recently reclassified all species not
belonging to 16S rRNA clade 1 (Fig. into a single novel genus, Paraburkholderia (Sawana
et al., [2014; Oren & Garrity, 2015)). The rationale for splitting the genus Burkholderia was
based on the identification of conserved sequence indels in whole-genome sequences of 45
Burkholderia strains representing only 25 formally named species and several unclassified
strains. Species belonging to 16S rRNA clade 1 shared six conserved sequence indels. The
remaining Burkholderia strains representing a subset of species belonging to 16S rRNA clades
2 and 3 shared only two conserved sequence indels. However, the phylogenetic diversity
among the clade 2 and 3 species and B. rhizoxinica as revealed by 16S rRNA-based divergence
and by differences in the distribution of 22 additional conserved sequence indels was ignored
and the authors proposed to restrict the name Burkholderia to 16S rRNA clade 1 while
reclassifying all other species into a single novel genus named Paraburkholderia (Sawana et al.,
2014). More recently, a similar rationale led to the reclassification of all species of 16S rRNA
clade 2 (Fig. into the novel genus Caballeronia (Dobritsa & Samadpour| 2016]).
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Aims and QOutline

As outlined in Part [, Bcc bacteria are rare but significant pathogens in people with CF.
Epidemiological surveys reveal that B. multivorans is the most prevalent Bcc CF pathogen in
many countries, including Belgium, and the continued emergence of unique B. multivorans
strains in CF patients suggests acquisition from non-human sources, such as the natural
environment. Yet, environmental B. multivorans isolates are rare and its environmental niche
is therefore considered unknown.

The first goal of the present thesis was to gain better insight into the epidemiology of B.
multivorans by (i) examining its environmental niche and (ii) comparing the genomes of
clinical and environmental B. multivorans isolates. Chapter [3] describes how a large number
of environmental water and soil samples were examined using a cultivation-independent B.
multivorans-specific PCR assay (Section [3.1). Next, cultivation strategies were evaluated and
optimized for the isolation of B. multivorans from PCR positive samples (Sections and
. Finally, section presents a comparative genomics study of clinical and environmental
B. multivorans isolates. Chapter [6] provides a general discussion of these results and some

future perspectives.

The CF lung can harbor a wide range of bacteria and accurate identification of CF pathogens at
the species level is important to assess the clinical impact of these generally rare opportunistic
pathogens. Furthermore, accurate typing of CF pathogens is necessary to identify outbreaks,
gain insight into their epidemiology and improve infection control guidelines. Since January
2011 a National Reference Center (NRC) is charged with the surveillance of respiratory
infections caused by GNNF bacilli in Belgian CF patients (https://nrchm.wiv-isp.be/nl/ref_
centra_labo/burkholderia_cepacia_complex) and LM-UGent is responsible for the molecular
identification and typing of these CF isolates.

The second goal of the present thesis was to contribute to the general knowledge of the
prevalence and epidemiology of GNNF bacteria in CF by (i) applying MLST to study the

epidemiology of Bcc bacteria, (ii) using MLSA for the classification of novel species within
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the Bcc and (iii) performing polyphasic taxonomic studies for the classification of novel
Burkholderia species. Chapter [4] describes how increased knowledge of the diversity of Bec
bacteria and the application of MLSA led to the formal classification of three novel Bcc
species. Chapter [5] presents the application of both a traditional and modern polyphasic
approach for studying Burkholderia taxonomy and the formal classification of 14 novel species
in the B. glathei clade. Chapter[7|provides a general discussion of these results, reflections on

the use of MLST for surveillance of Bcc infections in CF and some future perspectives.
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3 The environmental niche
of Burkholderia multivorans:
fitness school for a cystic fibrosis
pathogen?

The continued emergence of unique B. multivorans strains in CF patients suggests acquisition
from non-human sources such as the natural environment (Baldwin et al,, |2008). Yet,
environmental B. multivorans isolates are rare and its true environmental niche is considered
unknown. Section describes the application of a cultivation-independent PCR assay to
screen a large number of environmental water and soil samples and to assess the occurrence
of B. multivorans in the natural environment. Sections [3.2] and present the application of
multiple cultivation strategies to B. multivorans PCR positive water and soil samples. Finally,
section provides the results of a comparative genomics study that examined to which
extent B. multivorans isolates with the same multilocus sequence type but from different

origins (CF vs environment) differed in genetic potential.
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3.1 PCR detection of Burkholderia multivorans in water and

soil samples

Redrafted from: Charlotte Peeters, Stijn Daenekindt and Peter Vandamme (2016). PCR
detection of Burkholderia multivorans in water and soil samples. BMC Microbiology, 16,
1-7.

Author contributions: CP and PV conceived the study and wrote the manuscript. CP
performed the experiments. CP and SD performed the statistical data analysis. SD proofread

the manuscript.

3.1.1 Abstract

Background: Although semi-selective growth media have been developed for the isolation
of Bcc bacteria from the environment, thus far B. multivorans has rarely been isolated from
such samples. Because environmental B. multivorans isolates mainly originate from water
samples, we hypothesized that water rather than soil is its most likely environmental niche.
The aim of the present study was to assess the occurrence of B. multivorans in water samples
from Flanders (Belgium) using a fast, culture-independent PCR assay.

Results: A nested PCR approach was used to achieve high sensitivity, and specificity was
confirmed by sequencing the resulting amplicons. B. multivorans was detected in 11 % of the
water samples (n=112) and 92 % of the soil samples (n=25) tested. The percentage of false
positives was higher for water samples compared to soil samples, showing that the presently
available B. multivorans recA primers lack specificity when applied to the analysis of water
samples.

Conclusion: The results of the present study demonstrate that B. multivorans DNA is
commonly present in soil samples and to a lesser extent in water samples in Flanders

(Belgium).

3.1.2 Background

The Bcc represents a group of closely related (Vandamme & Peeters, [2014; De Smet et al.,
2015a) and extremely versatile bacteria that can be applied for a range of bioremediation,
plant growth promotion and biocontrol purposes (Parke & Gurian-Sherman, [2001). Yet,
these bacteria are simultaneously rare but important opportunistic pathogens in CF patients
(De Boeck et al., 2004; [LiPuma, |2010). The most prevalent Bcc CF pathogens are B.

cenocepacia and B. multivorans. The low number of outbreaks caused by B. multivorans
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(Whiteford et al., 1995} |Segonds et al., [1999; Biddick et al., 2003), and the fact that B.
multivorans isolates from CF patients commonly represent unique strains, suggest that there
is only limited person-to-person transmission, and that strains are acquired from non-human
sources such as the natural environment (Baldwin et al, 2008)). Although many studies have
described the isolation of B. cenocepacia from rhizosphere samples (Mahenthiralingam et al.,
2008)), only few reported on the occasional isolation of B. multivorans from environmental
samples (Vermis et al} 2003a; |Ramette et al., 2005; |Vanlaere et al. [2005} Fang et al., [2011)).
Consequently, the true environmental niche of B. multivorans is considered unknown. The
fact that the few environmental B. multivorans isolates that have been reported mainly
originated from water samples (Vermis et al., 2003a; Fang et al., 2011) suggested that water
is the most likely environmental niche of B. multivorans.

PCR-based diagnostic tests have been developed for Bcc species identification based on
both the 16S rRNA and recA genes, resulting in two sets of species-specific primers for B.
multivorans (LiPuma et all |1999; Mahenthiralingam et al., [2000a). [Miller et al| (2002)
used the 16S rRNA-based PCR assays for the culture-independent detection of Bcc in soil
environments. In the latter study, none of the samples that were Bcc PCR positive yielded
Bcc isolates, suggesting that cultivation-dependent methods for the detection of Bcc bacteria
may underestimate environmental populations.

In the present study, we used a cultivation-independent recA-based PCR assay to assess
the presence of B. multivorans in water and soil samples in Flanders, Belgium. Our results
show that B. multivorans DNA could be detected only occasionally in water samples but
to a greater extent in soil samples, and that the available B. multivorans recA primers lack

specificity, especially when applied to the analysis of water samples.

3.1.3 Materials and methods
3.1.3.1 Samples

Water (n=112) and soil (n=27) samples were taken from August to October 2013 in Flanders,
Belgium (Supplementary Fig. [3.1)). For the water samples, an autoclaved 1 L Duran bottle
was opened and filled 10 cm below the water surface. Per sample, three times 150 ml was
filtered using a Nalgene vacuum filter funnel and cellulose nitrate membrane filters with 0.45
um pore size and 47 mm diameter (Thermo Scientific). For the soil samples, samples were
taken 2 cm below the soil surface using a sterile spoon, and collected in sterile falcon tubes.
Per sample, 1 g of soil was homogenized in 9 ml phosphate-buffered resuspension buffer (0.15
M NaCl, 10 mM EDTA, 0.1 M phosphate buffer, pH 8.0) using a Stomacher blender for 30

sec at 230 rpm. Three times 1 ml of soil suspension was transferred to an Eppendorf tube
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and centrifuged for 5 minutes at 13,000 rpm (17,949 g) before removing the supernatant.
Filters and soil pellets were stored at —20 °C until DNA extraction.

For each sample, sampling date, address, region (i.e. West-Vlaanderen [WV], Oost-Vlaanderen
[OV], Limburg [L], Vlaams-Brabant [VB] or Antwerpen [A]), and class (i.e. swimming or
recreational water [SRW], canal-river-stream [CRS] or other [O]) were recorded (Supplementary
Table [3.1)). Swimming and recreational waters were those under surveillance of the Flemish
Environment Agency (www.kwaliteitzwemwater.be). For water samples, pH and temperature
were measured on site. For soil samples, pH was measured after dissolving 10 g of soil in 50

ml distilled water and magnetic stirring for 10 min.

3.1.3.2 DNA extraction from environmental samples and quality assessment

Prior to DNA extraction, filters with biological material from water samples were cut into
smaller pieces with sterilized scissors. Total DNA was extracted in triplicate from the filters
and soil pellets (three per sample) following the protocol for Gram-negative bacteria of [Pitcher
et al| (1989). DNA pellets were dissolved by adding 50 or 100 ul TE buffer depending on the
size of DNA pellet, and left to dissolve overnight at 4°C. RNA was degraded by adding 2.5
or 5 pl RNase (2 mg/ml) for pellets dissolved in 50 or 100 pl TE, respectively, and incubating
at 37°C for 1 hour.

The quality and quantity of the extracted DNA were examined by measuring optical densities
(OD) at 234 nm, 260 nm, 280 nm and 320 nm (Miller, 2001} Arbeli & Fuentes, 2007)) with
a SpectraMax Plus 384 spectrophotometer. DNA was considered of acceptable quality if
the ODyg0/280 ratio was higher than 1.7, the ODj34/269 ratio was smaller than 1 and the
OD329 260 ratio was smaller than 0.15. If both quality and quantity of the three DNA extraction
replicates per sample were similar, these replicates were pooled. DNA fragmentation and RNA
contamination was assessed by agarose (1 %) gel electrophoresis and EtBr staining.

To test for the presence of PCR inhibitors, DNA extracts were subjected to a 16S rRNA
amplification PCR with universal primers ARl C/T (5-CTG GCT CAG GAY GAA CGC
TG-3') and pH (5'-AAG GAG GTG ATC CAG CCG CA-3"). The PCR mix contained 1x
CorelLoad PCR buffer (Qiagen), 0.2 mM dNTP (Applied Biosystems), 0.5 U AmpliTaq
(Applied Biosystems) 0.1 yM of both primers and 200 ng/pl BSA (Roche). For each sample,
2 pl DNA was added to 23 pl PCR master mix. B. multivorans R-20526 DNA and sterile
MQ were used as positive and negative control, respectively. PCR was performed using a MJ
Research PTC-100 thermal cycler. Initial denaturation for 5 min at 95°C was followed by 3
cycles of 1 min at 95°C, 2 min 15 sec at 55°C and 1 min 15 sec at 72 °C, another 30 cycles
of 35 sec at 95°C, 1 min 15 sec at 55°C and 1 min 15 sec at 72°C, and a final elongation for
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7 min at 72°C. The presence of amplicons was verified via agarose (1 %) gel electrophoresis
with SmartLadder (Eurogentec) as molecular size marker and EtBr staining.

If the OD329 /260 ratio was higher than 0.15 and/or no universal 165 rRNA amplicon could
be obtained, an extra purification step using agarose plugs was performed to remove humic
acids and other PCR inhibiting contaminants (Moreira, [1998)). After purification using plugs,
DNA extracts were diluted 5x in TE buffer. Only DNA extracts for which a universal 16S

rRNA amplicon could be obtained, were subjected to the B. multivorans PCR assay.

3.1.3.3 Preliminary experiment

A preliminary experiment compared the specificity of the B. multivorans-specific primers
that were based on the recA and 16S rRNA gene and were available from previous studies
(LiPuma et al} |1999; Mahenthiralingam et al., [2000a)). Sampling of two water samples, DNA
extraction and quality assessment of the DNA extracts was performed as described above.
For the nested B. multivorans 16S rRNA PCR assay, PCR products of the first, universal 165
rRNA PCR were used as template in a second PCR in which B. multivorans-specific primers
BC-GII (5'-AGG CGG TCT GTT AAG ACA-3') and BC-R (5'-AGC ACT CCC GAA TCT
CTT-3") were used (LiPuma et al.,[1999)). The second PCR mix was identical to the first PCR
mix, except for a lower BSA concentration (50 ng/pl). For each sample, 2 pl PCR product of
the first PCR was added to 23 pl PCR master mix. The positive (B. multivorans R-20526)
and negative (blank) control of the first PCR (5 pl) were also transferred as template into the
second PCR. The thermal cycling program was identical to that of the first PCR. The presence
of amplicons was verified via agarose (1 %) gel electrophoresis with SmartLadder (Eurogentec)
as molecular size marker and EtBr staining. If an amplicon (445 bp) was visible in the second
PCR, it was sequenced using the BC-GIl and BC-R primers as described previously (Peeters
et al., 2013) to exclude false positive results. The recA-based B. multivorans PCR assay was

performed as described below.

3.1.3.4 Nested recA PCR assay for B. multivorans

In a first PCR, Bcc-specific recA primers recA-01-F (5'-GAT AGC AAG AAG GGC TCC-3")
and recA-02-R (5'-CTC TTC TTC GTC CAT CGC CTC-3") were used (Baldwin et al.,
2005)). The PCR mix contained 1x CorelLoad PCR buffer (Qiagen), 0.25 mM dNTP (Applied
Biosystems), 1 U Taq (Qiagen), 0.5 pM of both primers, 1x Q-solution (Qiagen) and 200
ng/pul BSA (Roche). For each sample, 2 pl DNA was added to 23 pl PCR master mix.
B. multivorans R-20526 DNA and sterile MQ were used as positive and negative control,

respectively. This PCR reaction was setup in duplicate for each sample to enable pooling and
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to increase sensitivity. PCR was performed using a MJ Research PTC-100 thermal cycler.
Initial denaturation for 2 min at 94 °C was followed by 35 cycles of 30 sec at 94 °C, 45 sec
at 58°C and 1 min at 72°C, and a final elongation for 10 min at 72°C. PCR product of
the duplicate reactions for each sample were pooled using filter tips and used as template
in the second PCR, in which B. multivorans-specific primers BCRBM1 (5'-CGG CGT CAA
CGT GCC GGA T-3') and BCRBM2 (5'-TCC ATC GCC TCG GCT TCG T-3") were used
(Mahenthiralingam et al/, 2000a)). The second PCR mix was identical to the first PCR mix,
except for a lower BSA concentration (50 ng/pl) and a higher primer concentration (1 pM).
For each sample, 5 pl of pooled PCR product from the first PCR was added to 20 ul PCR
master mix. The positive (B. multivorans R-20526) and negative (blank) control of the
first PCR (5 pl) were also transferred as template into the second PCR. Thermal cycling
was identical to the first PCR, except that the annealing temperature was 64 °C instead of
58°C (Vermis et al), [2002a)). The presence of amplicons was verified via agarose (1 %) gel
electrophoresis with SmartLadder (Eurogentec) as molecular size marker and EtBr staining.
The nested recA PCR assay was performed twice for each sample. If the results for the two
runs were not the same, the assay was performed a third time. If an amplicon (714 bp)
was visible in the second B. multivorans-specific PCR, it was sequenced using the BCRBM1
and BCRBM2 primers as described previously (Peeters et al., 2013) to exclude false positive
results. Only if at least for one of the replicate runs an amplicon from the second PCR was
sequenced that showed at least 97 % similarity to the recA sequence of B. multivorans ATCC
17616, the sample was considered a true positive for the detection of B. multivorans.

To determine the detection limit of this PCR assay, it was applied on serial dilutions of
genomic DNA from B. multivorans R-20526, a strain for which whole-genome sequencing
data is available (BioProject PRINA234537). The mean weight for an AT and GC base
pair is 615.3830 Da and 616.3711 Da, respectively (Dolezel et al., 2003)). Given the GC
content of this genome of about 68 %, and ignoring the presence of modified nucleotides,
the mean relative weight of one base pair of R-20526 is 616.0549 Da or 1.023 x 10 pg
(1 Da = 1.660539 x 102 g). Given the genome size of 6.5 Mb, one genome of R-20526
contains 6.65 x 10 ng of DNA, or 1 ng of DNA contains 1.50 x 10° genome equivalents.
The undiluted genomic DNA stock of strain R-20526 contained 225 ng/ul DNA, as measured
with the Promega QuantiFluor ONE dsDNA system, or 3.38 x 107 genomic DNA equivalents
per pl. The PCR assay was first applied on a 50x dilution series (in TE buffer) to find the
approximate fading range. The highest 50x dilution for which an amplicon could be obtained
was then used to make a twofold dilution series to find the limit of detection. The PCR
assay was performed three times for each dilution and the detection limit was defined as the

highest twofold dilution that tested positive in all three runs. Considering the recA gene is
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a single-copy gene for B. multivorans R-20526, the detection limit was calculated from the

measured DNA concentration and calculated DNA content.

3.1.3.5 Statistical data analysis

Statistical data analysis was performed using R version 3.1.2 in RStudio (version 0.98.1091),
with the following packages: car, ggplot2, and MASS. Binomial logistic regression was used to
test which variables (type, region, class, pH, temperature) were significant predictor variables
for the outcome variable, i.e. B. multivorans detection (Bm). Type, class, region and Bm
were coded as factors, and the level with the most cases was chosen as reference category.
Temperature and pH were coded as numeric variables, and centered around the mean to
reduce standard error (SE). Backward stepwise model selection was applied to select the best

fitting models.

3.1.4 Results
3.1.4.1 Specificity of the 16S rRNA and recA PCR assays

Preliminary experiments were performed to compare the specificity of the B. multivorans-
specific primers that were available from previous studies (De Boeck et al, 2004; LiPumal,
2010). Therefore, PCR assays based on the recA and 16S rRNA genes were applied to DNA
extracts of two water samples and the resulting amplicons were sequenced. The obtained
sequences were analyzed using the NCBI blastn suite (blast.ncbi.nlm.gov) to evaluate specificity.
For amplicons of the recA PCR assay, hits showed 98 % or more similarity with the recA
sequence of B. multivorans ATCC 17616 (CP000868) (this degree of variability in recA gene
sequences corresponds with the sequence diversity commonly observed within Bcc species
(Vandamme & Dawyndt| [2011))). For the 16S rRNA nested PCR, amplicons showed the
highest similarity (96 %) with sequences of Comamonadaceae sp. (FM886892), Ideonella
sp. (FM886860), Roseatales sp. (JQ917995), and Mitsuaria sp. (JQ659937), all belonging
to the order Burkholderiales, yet demonstrating that the nested 16S rRNA PCR assay was
not B. multivorans-specific. Therefore, only the B. multivorans nested recA PCR assay was
further optimized (i.e. PCR mix, BSA concentration, number of cycles, primer concentration
and quantity of pooled PCR product being transferred to the second round of PCR; data not

shown) and used to analyze all environmental samples.
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3.1.4.2 Detection of B. multivorans in environmental samples

All 112 water samples yielded PCR-grade DNA extracts without the need of an extra
purification step. B. multivorans DNA was detected in 12 water samples (11 %), of which one
sample (W132) already yielded a visible amplicon in the first round of PCR (showing 97 %
similarity to the recA sequence of B. multivorans ATCC 17616). For the soil samples (n=27),
four yielded PCR-grade DNA without the need of an extra purification step, 21 samples
needed extra purification using agarose plugs, and for two soil samples (S6 and S14) no
PCR-grade DNA extract could be obtained. The latter soil samples were therefore excluded
from the dataset. For soil DNA extracts containing 50 ng/pl or more DNA, an OD320,260
ratio of 0.15 or higher was a good indicator for the necessity of an extra purification step
to obtain PCR-grade DNA. B. multivorans DNA was detected in 23 soil samples (92 %), of

which none yielded a visible amplicon in the first round of PCR.

3.1.4.3 Statistical data analysis

The first model tested if type (water, soil) and class (SRW, CRS, O) were significant predictors
for B. multivorans detection. Binomial logistic regression showed that the type of sample
(water versus soil) was indeed a significant predictor for B. multivorans detection (Table [3.1)).
Adding class to the model did not significantly improve the model (data not shown). The
odds ratio from this model predicted that there was a 96 times (e*5¢ = 95.58) bigger chance
to detect B. multivorans in soil than in water samples.

Table 3.1: Binomial logistic regression model 1 (water and soil samples)

Beta (SE) Odds ratio (95 % CI)
Intercept -2.12 *¥** (0.31) 0.12 (0.06; 0.21)
Type
Water (ref) — —
Soil 4.56 *** (0.80) 95.83 (24.48; 646.70)
X 65.50 *** (df = 1)

Binomial logistic regression with Bm as outcome and Type as predictor. Signif. codes: 0 "***' 0.001 '**' 0.01 "*’
0.05 "' . SE, standard error; Cl, confidence interval.

To test which characteristics of the water environment affected the presence of B. multivorans,
a second model was tested in which pH, temperature and class were assessed as predictors
for B. multivorans detection. Binomial logistic regression showed that pH and class were
significant predictors for B. multivorans detection in water samples (Table . Model 2a
includes the main effects of all the variables and shows that the probability of detecting

B. multivorans was higher in water samples with high pH. The results also show that the
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probability of detecting B. multivorans was higher in streams (CRS) compared to swimming
and recreational waters (SRW). Model 2b includes an additional interaction effect between
temperature and pH to test whether the effect of pH on detection depends on the temperature.
The model fit of model 2b improved and the interaction effect between temperature and pH
indicated that the positive effect of pH was stronger when the temperature of the water was

higher.

Table 3.2: Binomial logistic regression model 2 (water samples)

Model 2a Model 2b
Beta (SE) Beta (SE) Odds ratio (95 % CI)
Intercept -2.72 *¥** (0.59) -3.51 *** (0.82)  0.03 (0.00; 0.01)
pH 0.97 . (0.52) 1.70 * (0.69) 5.48 (1.52; 23.84)
Temperature -0.22 (0.16) -0.19 (0.16) 0.83 (0.59; 1.13)
Class
SRW (ref) — — —
0] -0.18 (0.92) 0.16 (0.96) 1.17 (0.14; 7.29)
CRS 1.47 . (0.80) 1.95 * (0.94) 7.06 (1.21; 52.19)
Interaction
pH*Temperature — 0.39 * (0.20) 1.47 (1.01; 2.25)
X 8.24 . (df =4)  12.36 * (df = 5)

Binomial logistic regression with Bm as outcome and pH, Temperature and Class as predictor, without (model 2a) and
with (model 2b) interaction effect between pH and Temperature. Signif. codes: 0 "***' 0.001 '**' 0.01 '*' 0.05 "' .
SE, standard error; Cl, confidence interval. SRW, swimming or recreational water; CRS, canal-river-stream; O, other.

3.1.4.4 Detection limit recA PCR assay

The recA PCR assay was applied to serial dilutions of genomic DNA from B. multivorans
R-20526 to determine its detection limit. The highest 50x dilution testing positive was the
fourth one, from which a twofold dilution series was made. The highest twofold dilution
testing positive in all three replicate runs of the assay was the second one, containing 1.35
genome equivalents/pl. Given that recA is a single-copy gene, and that for each dilution
2x 2 pl was added to the first round of PCR (set up in duplicate), the detection limit was

determined to be 5.41 recA copies.

3.1.5 Discussion

Because the goal of the present study was to gain insight in the environmental niche of B.
multivorans in a time and cost-effective way, we chose for a conventional PCR method with
gel-based detection of the resulting amplicons, instead of quantitative PCR. B. multivorans-

specific primers based on both 165 rRNA and recA sequences were available from previous
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studies (LiPuma et al., [1999; [Mahenthiralingam et al., 2000a)). Although the recA gene has a
higher taxonomic resolution (Mahenthiralingam et al., 2000a)), a 16S rRNA gene based assay
is potentially more sensitive because the B. multivorans genome contains five copies of the
16S rRNA gene (Stoddard et al| 2015). However, preliminary tests revealed that the 16S
rRNA-based assay yielded only false positive results, as shown by sequence analysis of the
resulting amplicons. A nested PCR design was used to increase the sensitivity of the recA
PCR assay (Drevinek et al., |2002), in which the first PCR was carried out in duplicate and
the resulting PCR product was pooled before using it as a template in the second PCR. The
in vitro detection limit of this PCR assay was therefore determined to be 5.41 recA copies or
genome equivalents.

The specificity of the recA primers (Mahenthiralingam et al), 2000a)) used was previously
evaluated (Vermis et al.,, 2002a)). The latter study demonstrated that non-specific primer
binding could be eliminated by raising the annealing temperature for the B. multivorans assay
from 58 °C to 64 °C, resulting in a specificity of 100 % (Vermis et al., 2002a)). Additionally, the
combination of two different primer pairs in our nested PCR design (specific for the Bcc and
B. multivorans) further minimized false positive results. Finally, all resulting amplicons were
sequenced to ensure that only true positive results were recorded. Whereas this final check
yielded satisfactory results for the soil samples (one false positive versus 23 true positives), it
revealed a strikingly high number of false positives for the water samples (20 false positives
versus 12 true positives). The false positives included samples for which the amplicon could
not be sequenced (one soil sample and 15 water samples) or samples for which the resulting
sequence did not yield any BLAST hits (five water samples). These findings demonstrate
that this recA-based PCR assay in its current form is not suited for routine analysis of water
samples, and that one should re-evaluate PCR-based methods in terms of specificity when
applying them to environmental samples (Bergmark et al., [2012]).

To eliminate false negative results caused by PCR inhibitors such as humic acids in the
environmental DNA extracts, all samples were screened for the presence of PCR inhibitors
using a universal 16S rRNA PCR. In case this universal PCR was inhibited, the DNA extracts
were purified using low-melting point agarose plugs. Re-testing the DNA extracts after
this purification step demonstrated that this purification procedure was very efficient in
removing the humic acids from the DNA extracts, as shown previously by [Moreiral (1998)).
Furthermore, optical density should not only be measured at 260 nm because this can lead to
an overestimation of the DNA concentration if humic acids are present, but also at 320 nm
to quantify these contaminations and to evaluate the quality of environmental DNA extracts
properly (Miller, 2001; |Arbeli & Fuentes, [2007)).

Because the few environmental B. multivorans isolates that have been reported mainly
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originated from water samples (Vermis et all, [2003a; |Fang et al., [2011)), we hypothesized that
water rather than soil was the most likely environmental niche of B. multivorans. Our study
therefore focused primarily on water samples. However, only 12 out of 112 water samples
(11 %) examined were B. multivorans PCR positive, in contrast to 23 out of 25 soil samples
(92%) examined. Despite the small number of soil samples, binomial logistic regression
showed a highly significant effect (p < .001) of the type of sample (Model 1, Table 1) and
predicted that there was a 96 times bigger chance to detect B. multivorans in soil than in
water samples. This result also seemed to suggest that, if present, B. multivorans can be
isolated more easily from water than from soil samples. Accordingly, Miller et al| (2002)
showed that although a high percentage of soil samples was PCR positive for Bcc, none of
these samples yielded Bcc isolates, demonstrating that cultivation-dependent recovery of
Bcc bacteria likely underestimates their prevalence in environmental samples. However, the
detection of B. multivorans DNA does not necessarily imply that viable target organisms
were present at the moment samples were taken (Josephson et al., 1993).

Binomial logistic regression showed that the probability of detecting B. multivorans in water
samples was higher in streams (CRS) compared to swimming and recreational waters (SRW),
and in water samples with a higher pH (Model 2, Table . Since pH is known to be
an important predictor of bacterial diversity in soil (Fierer & Jackson, 2006} |[Rousk et al.,
2010), and Burkholderia bacteria have been shown to be acid tolerant (Stopnisek et al)
2014)), we expected to detect more B. multivorans in acidic versus alkaline waters. The
opposite findings of the present study again may suggest that water is not the natural reservoir
of B. multivorans. However, the number of PCR positive water samples was rather small
and therefore one should be careful when extrapolating the results of our binomial logistic
regression model 2.

Our finding that B. multivorans is widely distributed in soil samples contrasts with the
results of previous isolation campaigns, but nevertheless agrees with the notion that the soil
environment typically harbors large-genome sized organisms (Konstantinidis & Tiedje, 2004}
Raes et al., [2007)). As B. multivorans harbors a ~6.5 Mb genome, it is equipped with the
metabolic versatility needed to thrive in a complex, variable environment such as soil. Future
research could focus on the genome biology of this organism, and try to infer the lifestyle of

this organism based on genome data (Barberan et al., [2014; |Livermore et al., 2014).

3.1.6 Conclusions

In summary, we applied a recA-based PCR assay that demonstrated that B. multivorans

DNA is widely distributed in soil samples but only occasionally in water samples in Flanders,
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Belgium. As for all Bcc bacteria it is unclear if and how this mere observation should be
implemented in infection control guidelines. Our study also demonstrated that the presently
available B. multivorans recA primers lack specificity when applied to the analysis of water

samples.
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Supplementary Figure 3.1: Sampling map. Map showing all sampling locations as produced by the
ggmap and ggplot2 packages in R (own figure). Bm, B. multivorans.
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Supplementary Table 3.1: Sample data
Bcc, B. cepacia complex PCR positive; Bm, B. multivorans PCR positive. NA, not available. 2WV, West-Vlaanderen;
OV, Oost-Vlaanderen; L, Limburg; VB, Vlaams-Brabant; A, Antwerpen. bSRW, swimming or recreational water; CRS,

canal-river-stream; O, other.

ID Date Type Region® Class® Temperature pH Bcc Bm Remarks
W40 13/08/2013  water OV CRS 190 769 no yes
w41 13/08/2013  water OV SRW 20.0 841 no yes
W42 13/08/2013 water OV SRW 21.0 7.86 no no
W43 13/08/2013  water OV SRW 20.0 8.33 no no
W44 14/08/2013  water WV ) 16.5 7.32 no no
W45 14/08/2013  water WV 0) 19.0 9.59 no no
W46 14/08/2013  water WV 0] 16.0 549 no no
w47 14/08/2013  water WV 0] 17.0 6.70 no no
W48 14/08/2013  water WV O 20.0 8.80 no yes
W49 14/08/2013  water WV CRS 20.0 782 no yes
W50 14/08/2013  water WV SRW 22.0 8.87 no no
w51 14/08/2013  water WV SRW 22.0 8.28 no no
W52 14/08/2013  water WV CRS 22.0 7.80 no no
W53 14/08/2013  water OV CRS 21.0 777 no no
W54 20/08/2013 water A SRW 19.0 10.30 no no
W55 20/08/2013 water A SRW 21.0 8.16 no no
W56 20/08/2013 water A SRW 20.0 8.10 no yes
W57 20/08/2013 water A SRW 22.0 8.92 no no
W58  20/08/2013 water A SRW 220 892 no no
W59 20/08/2013 water A O 21.0 7.61 no no
W60 20/08/2013 water A SRW 23.0 8.63 no no
Weél1 20/08/2013 water A SRW 23.0 8.77 no no
S3 20/08/2013  soil A SRW NA 6.74 no yes
W62 20/08/2013 water A SRW 22.0 453 no no
W63 20/08/2013  water A SRW 23.0 497 no no
W64 20/08/2013 water A SRW 23.5 3.79 no no
W65 20/08/2013 water A SRW 23.0 9.13 no yes
W66 20/08/2013 water A SRW 23.0 8.41 no yes
Weé7 20/08/2013 water A o 22.0 8.38 no no
W68 20/08/2013 water A CRS 22.0 8.04 no no
W69 20/08/2013  water A SRW 22.0 7.12 no no
W70  20/08/2013 water A SRW 220 735 no  no
W71 22/08/2013 water OV 0] 19.0 6.56 no no
W72 22/08/2013 water OV 0] 18.0 6.65 no no
S4 22/08/2013  soil ov 0} NA 411 no yes
W73 22/08/2013 water OV SRW 21.0 8.87 no no
W74 22/08/2013 water WV SRW 210 889 no no
S5 22/08/2013  soil wv SRW NA 8.45 no yes
W75 22/08/2013 water WV SRW 20.5 8.23 no no
W76 22/08/2013 water WV SRW 20.0 9.01 no no
W77 22/08/2013 water WV SRW 21.0 8.72 no no
W78 22/08/2013 water WV CRS 20.0 7.69 no no
W79 22/08/2013 water WV CRS 20.0 8.26 no no

Continued on next page
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Continued from previous page

ID Date Type Region® Class® Temperature pH Bcc Bm Remarks
W80 22/08/2013 water WV SRW 22.0 8.63 no no
ws1 27/08/2013 water OV 0] 19.0 7.67 no no
S6 27/08/2013  soil oV (6] NA 392 NA NA  PCR inhibitors
W82 27/08/2013 water OV 0] 21.5 759 no no
S7 27/08/2013  soil ov o NA 8.63 no yes
W83 27/08/2013 water OV O 20.0 737 no no
Wg4 27/08/2013 water OV O 21.0 8.70 no yes
W85 27/08/2013 water OV SRW 22,5 8.80 no no
S8 27/08/2013  soil ov SRW NA 830 no yes
W86 27/08/2013 water OV CRS 22.0 7.85 no no
w87 27/08/2013 water OV o} 23.0 8.11 no no
S9 27/08/2013  soil ov ) NA 353 no yes
W88 27/08/2013 water OV SRW 22.0 8.47 no no
W89 27/08/2013 water OV 0] 22.0 8.11 no no
W90 27/08/2013 water OV 0] 22.0 7.28 no no
S10 27/08/2013  soil oV 0] NA 8.01 no yes
W91 27/08/2013 water OV o} 24.0 8.60 no no
W92 27/08/2013 water OV CRS 23.0 8.14 no no
Wo3 27/08/2013 water OV CRS 22.0 783 no yes
W94 29/08/2013 water OV CRS 20.0 753 no no
W95 29/08/2013 water OV SRW 20.0 7.87 no no
W96 29/08/2013 water OV SRW 20.0 7.66 no no
W97 29/08/2013 water OV CRS 21.0 732 no no
W98 29/08/2013 water WV SRW 21.0 796 no no
Wo9 29/08/2013 water WV SRW 21.0 8.25 no no
W100 29/08/2013 water WV SRW 21.0 753 no no
W101 29/08/2013 water OV SRW 21.0 7.75 no no
W102 29/08/2013 water OV SRW 22.0 8.20 no no
W103 2/09/2013 water A SRW 20.5 8.80 no yes
W104 2/09/2013 water A SRW 21.0 8.79 no no
W105 2/09/2013 water A SRW 19.0 8.70 no no
W106 2/09/2013 water A CRS 19.0 8.06 no no
w107 2/09/2013 water A 0] 21.0 7.48 no no
S11 2/09/2013  soil A 0] NA 3.69 no yes
W108 2/09/2013 water A o} 20.0 7.87 no no
W109 2/09/2013 water A SRW 21.0 8.63 no no
S12 2/09/2013  soil A SRW NA 854 no yes
W110 2/09/2013 water VB SRW 21.0 7.94 no no
Wi11 2/09/2013 water VB 0] 19.0 8.89 no no
W112 2/09/2013 water A SRW 22.0 8.28 no no
W113 2/09/2013 water A SRW 215 8.05 no no
w114 2/09/2013 water A SRW 22.0 8.38 no no
W115 2/09/2013 water A O 21.5 773 no no
W116 2/09/2013 water A 0] 21.5 744  no no
W117  2/09/2013 water A CRS 210 774 no no
W118 2/09/2013 water A SRW 22.0 8.43 no no
S13 2/09/2013  soil A SRW NA 6.26 no yes
w119 2/09/2013 water OV SRW 20.0 825 no no

Continued on next page
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Continued from previous page

ID Date Type Region® Class® Temperature pH Bcc Bm Remarks
W120 5/09/2013 water VB 0} 17.5 725 no no
S14 5/09/2013  soil VB 0] NA 8.44 NA NA PCR inhibitors
wi21 5/09/2013 water VB CRS 18.0 7.73 no no
W122 5/09/2013 water VB 0} 215 7.16 no no
w123 5/09/2013 water VB 0] 18.0 754 no no
W124 5/09/2013 water VB 0] 21.0 8.22 no no
W125 5/09/2013 water VB o} 24.0 783 no no
W126 5/09/2013 water VB SRW 23.0 831 no no
w127 5/09/2013 water VB SRW 24.0 8.03 no no
W128 5/09/2013 water VB CRS 23.0 7.65 no no
W129 5/09/2013 water VB CRS 23.0 7.94 no no
W130 11/09/2013 water L SRW 17.0 724 no no
W131 11/09/2013 water L SRW 17.5 7.16 no no
W132 11/09/2013 water L CRS 17.0 740 yes yes
W133  11/09/2013 water L SRW 180 781 no  no
W134  11/09/2013 water L SRW 170 798 no  no
W135 11/09/2013 water L SRW 17.0 6.02 no no
W136 11/09/2013 water L SRW 18.5 6.49 no no
W137 11/09/2013 water L 0} 19.0 6.37 no no
W138 11/09/2013 water L 0] 16.0 6.40 no no
W139 11/09/2013  water L CRS 13.5 6.31 no yes
W140 11/09/2013 water L CRS 205 794 no no
W141 11/09/2013  water L 0] 18.0 6.50 no no
S15 11/09/2013  soil L o NA 7.05 no yes
W142 11/09/2013 water L o} 17.0 6.49 no no
W143 11/09/2013 water L CRS 15.0 7.04 no no
S16 11/09/2013  soil L CRS NA 4.06 no yes
W144  11/09/2013 water L CRS 160 740 no  no
W145 11/09/2013 water L 0] 18.5 7.73 no no
W146 11/09/2013 water L 0] 19.0 6.00 no no
W147 11/09/2013 water L O 18.0 771 no no
W148 11/09/2013 water L SRW 19.5 8.33 no no
W149 11/09/2013 water L SRW 185 788 no  no
W150 11/09/2013 water L SRW 19.0 7.60 no no
S17 17/09/2013  soil ov 0} NA 797 no yes
S18 17/09/2013  soil ov o NA 794 no yes
W151 19/09/2013 water OV 0} 27.0 8.36 no no
S19 19/09/2013  soil ov 0] NA 9.61 no yes
S20 19/09/2013  soil ov 0] NA 5.18 no yes
S21 19/09/2013  soil ov 0] NA 890 no yes
S22 21/09/2013  soil ov O NA 6.59 no no
S23 21/09/2013  soil ov o NA 6.09 no yes
S25 22/09/2013  soil WV O NA 6.68 no no
S26 12/10/2013  soil wv 0] NA 7.53 no yes
S27 12/10/2013  soil wv 0] NA 472 no yes
528 12/10/2013  soil WV 0] NA 7.28 no yes
S29 12/10/2013  soil WV O NA 740 no yes
S30 12/10/2013  soll WV o} NA 777 no yes
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3.2 Extensive cultivation of soil and water samples yields
various pathogens in patients with cystic fibrosis but not

Burkholderia multivorans

Redrafted from: Charlotte Peeters, Eliza Depoorter, Jessy Praet and Peter Vandamme
(2016). Extensive cultivation of soil and water samples yields various pathogens in patients

with cystic fibrosis but not Burkholderia multivorans. Journal of Cystic Fibrosis, in press.

Author contributions: CP and PV conceived the study and wrote the manuscript. CP,
ED and JP performed the experiments. CP analyzed the data. ED and JP proofread the

manuscript.

3.2.1 Abstract

Background: While the epidemiology of Bcc bacteria in CF patients suggests that B.
multivorans is acquired from environmental sources, this species has rarely been isolated from
water and soil samples.

Methods: Multiple isolation strategies were applied to water and soil samples that were
previously shown to be B. multivorans PCR positive. These included direct plating and
liquid enrichment procedures and the use of selective media, acclimatizing recovery and
co-cultivation with CF sputum. MALDI-TOF MS and sequence analysis of 165 rRNA and
housekeeping genes were used to identify all isolates.

Results: None of the approaches yielded B. multivorans isolates. Other Burkholderia species,
several GNNF bacteria (including Cupriavidus, Inquilinus, Pandoraea, Pseudomonas and
Stenotrophomonas) and rapidly growing mycobacteria (including Mycobacterium chelonae)
were all isolated from water and soil samples.

Conclusions: The use of Bcc isolation media yielded a surprisingly wide array of rare but
often clinically relevant CF pathogens, confirming that water and soil are reservoirs of these

infectious agents.

3.2.2 Introduction

Bcc bacteria are rare but important pathogens in CF patients which may have a high impact
on morbidity, mortality and post-lung transplant survival (De Boeck et al., [2004; LiPumal,
2010). The Bcc comprises 20 validly named species and at least ten additional species await
formal description (Vandamme & Peeters, 2014 De Smet et al, 2015a)). Bcc bacteria have
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a versatile lifestyle and all Bcc species except Burkholderia metallica (only clinical) have
been isolated from both CF patients and environmental samples (Coenye & Vandamme,
2003; Baldwin et al, [2007) (http://pubmlst.org/bcc/). During the last decade infection
control measures reduced patient-to-patient transmission which is mostly associated with B.
cenocepacia. Subsequently, B. multivorans emerged as the most prevalent Bcc pathogen in
many countries (Brisse et al., 2004; De Boeck et al., 2004; \Govan et al., 2007; LiPuma, 2010;
Norskov-Lauritsen et al., [2010; Pope et al., [2010; [Medina-Pascual et al., [2012).

The low number of epidemic outbreaks caused by B. multivorans (Whiteford et al., [1995;
Segonds et al., |1999; Biddick et al} 2003) and the fact that B. multivorans isolates from
CF patients commonly represent unique strains suggest that there is limited person-to-
person transmission and that strains are acquired from non-human sources such as the
natural environment (Baldwin et al., 2008). In a previous study, we developed a cultivation-
independent PCR assay for the detection of B. multivorans in environmental samples (Peeters
et al., submitted), demonstrating that B. multivorans is indeed widespread in water and soil
samples.

Although many studies have described the isolation of B. cenocepacia from rhizosphere samples
(Balandreau et al, 2001; [LiPuma et all [2002; |Pirone et al) [2005; |Ramette et al., 2005}
Zhang & Xie, 2007)), only few reported on the isolation of B. multivorans from environmental
samples such as maize rhizosphere soil (Ramette et al} 2005), greenhouse soil (Vanlaere
et all 2005)) and river (Vermis et al., [2003a)) and lake water (Fang et al., [2011). Since B.
multivorans is the most commonly isolated Bcc species from CF samples in Belgium (De
Boeck et al., [2004) we aimed to compare clinical and environmental B. multivorans isolates
from Belgium in an epidemiological study. Therefore, we applied different isolation strategies
including selective and non-selective liquid enrichment (Vanlaere et al|, 2005, Ahn et al.,
2014)), acclimatizing recovery (Hahn et al,, [2004; Vartoukian et al, 2010) and co-cultivation
with CF sputum (Vartoukian et al,, [2010; Epstein, [2013) on B. multivorans PCR positive

(Peeters et al., submitted) water and soil samples.

3.2.3 Materials and methods

3.2.3.1 Samples

An autoclaved 1 L Duran bottle was opened and filled 10 cm below the water surface to
collect water samples. Soil samples were taken 2 cm below the soil surface using a sterile
spoon and collected in sterile falcon tubes. Temperature and pH of the water samples were
measured on site. The pH of the soil samples was measured after dissolving 10 g of soil

in 50 ml distilled water and magnetic stirring for 10 min. Fresh samples were taken for all
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experiments (Table [3.4)).

Table 3.4: Sample overview
Experiment Sample Sampling date Sampling source® pH Temperature®
A W2 03/05/2013 Freshwater greenhouse 7.83 23°C
A W33 03/05/2013 Pond greenhouse 773 19°C
B S32 10/01/2014 Soil 6.23 -
B S35 10/01/2014 Soil 562 -
C W2 19/08/2014 Freshwater greenhouse 8.36  24°C
D W2 07/10/2014 Freshwater greenhouse 8.50 25°C
D W152 07/10/2014 Pond water 733 15°C
D S35 07/10/2014 Soil 557 -

2All samples were taken in the botanical garden of Ghent University, Ghent, Belgium. PFor soil samples no
temperature was recorded.

3.2.3.2 Isolation media

Four different isolation media were used. BCEM (B. cepacia complex enrichment medium)
(Vanlaere et al., 2005]) contained 0.1 % L-arabinose (Sigma), 0.1% L-threonine (Sigma),
0.1% D-cellobiose (Sigma), 0.5% NaCl (Merck), 0.02% MgSO, - 7H,0 (Merck), 0.1%
NH,H,PO, (Sigma), 0.1% K,HPO, (UCB) and 0.002 % yeast extract (Oxoid). MES (4-
morpholine-ethanesulfonic acid) buffer (Sigma) adjusted to pH 5.5 was added to a final
concentration of 50 mM after autoclaving. Selective agents were added after autoclaving
and included 600,000 U/L polymyxin B sulfate (Sigma), 10 mg/L gentamicin (Sigma) and 2
mg/L vancomycin (Sigma). For cycloheximide (Sigma), the final concentration was 10 mg/L
and 200 mg/L for enrichment broth and agar medium, respectively. For agar media, 12 g/L
(experiment A) or 15 g/L (experiment B) agar was added before autoclaving.

PCAT (Pseudomonas cepacia azelaic acid tryptamine) medium (Burbage & Sasser, [1982)
contained 0.2 % azelaic acid (Fluka), 0.02 % MgSO, -7 H,0 (Merck), 0.4 % KH,PO, (Merck),
0.4% K,HPO, (UCB) and 0.002% yeast extract (Oxoid). The pH was adjusted to 5.7.
Tryptamine (Sigma) was prepared as a 100x stock solution and added to a final concentration
of 200 mg/L after autoclaving. For cycloheximide (Sigma), the final concentration was 10
mg/L and 200 mg/L for enrichment broth and agar medium, respectively. For agar media,
12 g/L (experiment A) or 15 g/L (experiment B) agar was added before autoclaving.

The 1/10 PCAT medium contained all ingredients in a tenfold lower concentration compared
to PCAT, except cycloheximide and agar.

BCSA (B. cepacia selective agar) medium (Henry et all [1997)) contained 1 % sucrose (Merck),
1% lactose (Merck), 1% trypticase peptone (Oxoid), 0.5% NaCl (Merck) and 0.15 % yeast

extract (Oxoid). Phenol red and crystal violet were prepared as 100x stock solutions and were
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added to a final concentration of 0.008 % and 0.0002 %, respectively. The pH was adjusted
to 7.0. Selective agents were added after autoclaving and included 600,000 U/L polymyxin B
sulfate (Sigma), 10 mg/L gentamicin (Sigma), 2.5 mg/L vancomycin (Sigma) and 200 mg/L
cycloheximide (Sigma). For agar media, 14 g/L agar was added before autoclaving.

3.2.3.3 Isolation experiments

Experiment A. For water samples W2 and W33, three aliquots of 150 ml were filtered
using a Nalgene vacuum filter funnel and cellulose nitrate membrane filters with 0.45 pm
pore size and 47 mm diameter (Thermo Scientific) to collect bacterial cells. One filter was
incubated for 5 days at 28 °C in 25 ml BCEM and PCAT broth each while shaking. Aliquots
(50 pl) of tenfold serial dilutions (1EO0 to 1E-9) in physiological saline of both enrichment
broths were plated on the respective agar media. The third filter was washed with 1 ml
physiological saline of which 100 pl was plated directly on BCEM and PCAT agar media.
After incubation at 28 °C for 5 and 14 days (direct plating) or 6 days (plating of enrichment
broth), colonies were randomly picked and subcultivated on buffered nutrient agar (Oxoid,
pH 6.8).

Experiment B. For soil samples S32 and S35, 25 g of soil was homogenized in 225 ml
physiological saline using a Stomacher blender for 30 s at 230 rpm. Aliquots (50 pl) of tenfold
serial dilutions (1EO to 1E-9) in physiological saline were plated on BCEM and PCAT agar
media. After incubation at 28 °C for 4, 6 and 41 days (S32) or 4 and 6 days (S35), colonies
were randomly picked and subcultivated on buffered nutrient agar (Oxoid, pH 6.8).

Experiment C. For water sample W2, three aliquots of 150 ml were filtered as described
for experiment A and each filter was incubated in 25 ml enrichment broth: one in 0.1%
peptone for non-selective recovery (NR), one in BCEM broth for selective recovery (SR) and
one in a broth containing 50 % BCEM broth and 50 % W2 filtrate for acclimatizing recovery
(AR). After 3 days, the AR broth was replaced by pelleting the cell material (10 min at 8000
rpm or 8228 g), removing the supernatants and adding 25 ml of fresh BCEM broth which
was further incubated at 28 °C for another 4 days while shaking. Aliquots (50 pl) of tenfold
serial dilutions in physiological saline were plated on 1/10 PCAT and BCSA agar media after
2 h (DO) for NR, 1 day (D1) for NR and SR, 3 days (D3) for NR and SR, 7 days (D7) for SR
and AR and 14 days (D14) for SR and AR. After incubation at 28 °C for 6 days (DO, D1,
D3 and D7) or 8 days (D14), colonies were randomly picked and subcultivated on buffered
nutrient agar (Oxoid, pH 6.8).
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Experiment D. For water samples W2 and W152, 300 ml was filtered as described for
experiment A and each filter was shaken in 25 ml of its own sterile filtrate for 2 h at 28 °C.
For soil sample S35, 2.5 g of soil was shaken in 22.5 ml physiological saline for 2 h at 28 °C.
Four ml of the concentrated water samples and 2 ml of soil the suspension were added to
a single well of a Greiner 6-well plate. Four ml of physiological saline was used as negative
control (NC). ThinCert membranes (Greiner 657 640, pore size 0.4 pm) were placed into
each well and 2 ml CF sputum was added into the ThinCert compartment. Aliquots (50 pl)
of tenfold serial dilutions in physiological saline were plated on 1/10 PCAT and BCSA agar
media after 3 (D3), 7 (D7) and 14 (D14) days at 28 °C. After incubation at 28 °C for 6 days
(D3 and D14) or 7 days (D7), colonies were randomly picked and subcultivated on buffered
nutrient agar (Oxoid, pH 6.8).

3.2.3.4 Identification of isolates

A total of 964 isolates were subcultivated at least twice and checked for purity. MALDI-TOF
MS spectra were generated using a 4800 Plus MALDI TOF/TOF Analyzer (AB Sciex) as
previously described (Wieme et al., [2014b)). Spectra were clustered through curve-based data
analysis using the Pearson product-moment correlation coefficient and UPGMA clustering
algorithm in BioNumerics 7.5 (Applied Maths). At least one representative isolate was selected
per cluster and tentatively identified through 16S rRNA gene sequence analysis. Accurate
species level identification of Burkholderia, Stenotrophomonas and Mycobacterium isolates
was further obtained through recA, rpoD and rpoB gene sequence analysis, respectively
(see supplementary material). Isolates for which only 16S rRNA gene sequences were
generated were identified using the EzTaxon database (Kim et al, [2012)). An isolate was
considered identified at the genus and species level if its 16S rRNA sequence showed at
least 97 % and 98.7 % similarity, respectively, to the sequence of the respective taxonomic
type strain (Stackebrandt & Ebers, 2006) (Supplementary Table [3.2). The recA, rpoD and
rpoB sequences were compared with those of type and reference strains of validly named

Burkholderia, Stenotrophomonas and Mycobacterium species, respectively.

3.2.4 Results

3.2.4.1 Experiment A: direct plating and liquid enrichment of water samples

Two water samples (W2 and W33) were plated both directly and after liquid enrichment on
BCEM and PCAT medium. MALDI-TOF MS dereplication of 332 isolates resulted in a total
of 46 clusters, of which 20 clusters (243 isolates) were identified as various GNNF bacteria and

one cluster (comprising spectra of a single isolate) as Mycobacterium peregrinum (Table .
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The remaining 25 clusters (88 isolates) were identified as Gram-positive or Gram-negative

fermenting bacteria (data not shown).

Table 3.5: Identification and number of isolates for experiment A
w2 w33
DP EP DP EP
BCEM PCAT BCEM PCAT BCEM PCAT BCEM PCAT

Aminobacter aminovorans 1

Bosea vestrisii 1*

Burkholderia fungorum 6

Burkholderia sp. 1 1

Chromobacterium aquaticum 34 5
Chryseobacterium sp. 15

Cupriavidus metallidurans 4

Flavobacterium arsenitoxidans 5

Flavobacterium sp. 2

Pandoraea sputorum 40

Pseudomonas mosselii 3

Pseudomonas nitroreducens 53 19
Rhizobium lusitanum 2

Sphingobacterium multivorum 11

Sphingobacterium siyangense 32
Stenotrophomonas maltophilia 4 4
Total GNNF 3 2 61 58 55 4 5 55
Mpycobacterium peregrinum 1*

Total isolates 10 4 72 66 63 19 33 65

Each cell represents the number of isolates per MALDI-TOF MS cluster. DP, direct plating; EP, liquid enrichment
prior to plating. W2 and W33, water samples W2 and W33 (Table [3.4)). *, picked after 14 days of incubation.

3.2.4.2 Experiment B: direct plating of soil samples

Two soil samples (S32 and S35) were plated directly on BCEM and PCAT medium. MALDI-
TOF MS dereplication of 294 isolates collected after 4 or 6 days of incubation resulted in a
total of 103 clusters, of which 41 clusters (185 isolates) were identified as GNNF bacteria and
one cluster (2 isolates) as Mycobacterium septicum (Table [3.6). The remaining 61 clusters
(107 isolates) were identified as Gram-positive or Gram-negative fermenting bacteria (data
not shown). For sample S32, 63 additional isolates were picked after 41 days of incubation,

of which two were identified as M. septicum and one as Mycobacterium smegmatis.

3.2.4.3 Experiment C: liquid recovery of water samples

For water sample W2 SR, NR and AR liquid recovery strategies were applied and the resulting
broth was plated on BCSA and 1/10 PCAT medium. MALDI-TOF MS dereplication of 263

isolates resulted in a total of 31 clusters, of which 21 clusters (243 isolates) were identified
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Table 3.6: Identification and number of isolates for experiment B

S32 S35

BCEM PCAT BCEM PCAT
Burkholderia caledonica 21(3)
Burkholderia choica 47(6) 1
Burkholderia cordobensis 2
Burkholderia glathei 9 1
Burkholderia graminis 15
Burkholderia humi 3
Burkholderia jiangsuensis 14(3) 11
Burkholderia phytofirmans 8 2
Burkholderia sp. 13(9) 1 26(5)
Chryseobacterium lactis 1
Pseudomonas jessenii 5 2
Pseudomonas migulae 2
Rhizobium metallidurans 1
Total GNNF 1 91 9 84
Mycobacterium smegmatis 1*
Mpycobacterium septicum 2% 2
Total isolates 16 153 20 105

Each cell represents the number of isolates per MALDI-TOF MS cluster. The number of clusters is given in between
brackets if more than one. S32 and S35, soil samples S32 and S35 (Table. *, picked after 41 days of incubation
and not examined by MALDI-TOF MS.

as GNNF bacteria and one cluster (2 isolates) as Mycobacterium chelonae (Table [3.7)).
The remaining 9 clusters (18 isolates) were identified as Gram-positive or Gram-negative

fermenting bacteria (data not shown).

3.2.4.4 Experiment D: liquid enrichment in the presence of CF sputum

Two water samples (W2 and W152) and one soil sample (S35) were incubated for up to two
weeks with CF sputum in a transmembrane system prior to plating on BCSA and 1/10 PCAT.
For S35, no growth was observed on BCSA. MALDI-TOF MS dereplication of 75 isolates
resulted in a total of 19 clusters, of which 10 clusters (58 isolates) were identified as GNNF
bacteria and one cluster (3 isolates) as M. chelonae (Table[3.8). The remaining 8 clusters
(14 isolates) were identified as Gram-positive or Gram-negative fermenting bacteria (data not
shown).

3.2.5 Discussion

While the epidemiology of Bcc bacteria in CF patients suggests that B. multivorans is acquired
from non-human sources such as the natural environment (Baldwin et al., [2008) it has rarely

been isolated from environmental samples. The comparison of clinical and environmental
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Table 3.7: Identification and number of isolates for experiment C
NR SR AR
1/10 PCAT BCSA 1/10 PCAT BCSA 1/10 PCAT BCSA

Acinetobacter calcoaceticus 17

Chryseobacterium rhizoplanae 2 4 36 6 2 1
Comamonas sp. 2

Delftia lacustris 2 15
Inquilinus limosus 2

Pseudomonas sp. 1

Rhizobium radiobacter 4

Sphingobacterium detergens 68 2 51 2
Sphingobacterium multivorum 2

Stenotrophomonas maltophilia 21(2)

Stenotrophomonas rhizophila 3

Total GNNF 49 4 109 8 55 18
Mycobacterium chelonae 2

Total isolates 57 6 111 8 62 19

Each cell represents the number of isolates per MALDI-TOF MS cluster. The number of clusters is given in between
brackets if more than one. NR, non-selective recovery; SR, selective recovery; AR, acclimatizing recovery.

isolates may provide new insights in the epidemiology of this CF pathogen. We therefore
applied in a stepwise manner multiple isolation strategies to water and soil samples that were
previously shown to be PCR positive for B. multivorans (Peeters et al., submitted). Since the
diversity of the obtained isolates is strongly dependent on the selective medium (Tabacchioni
et al., [2000)), two selective media were used in parallel in each experiment.

Several isolation media have been developed for the recovery of Bcc bacteria from CF sputum
(Gilligan et all, 1985 Welch et al), [1987; [Henry et al., [1997). However, because of their high
nutrient and antibiotic concentrations and/or low specificity these media are generally not
suited for the isolation of Bcc bacteria from environmental samples and specific media for
such samples have been developed (Burbage & Sasser, |1982; Hagedorn et al., |1987). BCEM
medium was used in our first isolation experiments since its use yielded a few B. multivorans
isolates from water and soil samples in earlier studies (Vermis et al} 2003a} Vanlaere et al,,
2005)); the pH was set to pH 5.5 (Burbage & Sasser, 1982} Hagedorn et al) |1987) and
L-arabinose, D-cellobiose and L-threonine were simultaneously included as carbon sources
(Vermis et al., [2003a)).

Direct plating of two soil samples yielded no B. multivorans isolates, neither on BCEM
nor on PCAT medium which is in agreement with previous isolation studies in which soil
samples were plated on PCAT medium and many other Bcc species were isolated, but no
B. multivorans (Balandreau et all 2001} |Pirone et al., 2005; |Zhang & Xie, [2007)). Direct

plating of water samples yielded no B. multivorans isolates either. Vermis et al.| (2003a)
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Table 3.8: Identification and number of isolates for experiment D
W2 W152 S35
1/10 PCAT BCSA 1/10 PCAT BCSA 1/10 PCAT

Delftia lacustris 5
Elizabethkingia miricola 6
Pseudomonas kilonensis 1
Pseudomonas protegens 11 5
Pseudomonas soli 3

Sphingobacterium faecium 3
Stenotrophomonas maltophilia 6 6

Stenotrophomonas rhizophila 12
Total GNNF 9 0 17 14 18
Mycobacterium chelonae 3

Total isolates 9 4 19 14 29

Each cell represents the number of isolates per MALDI-TOF MS cluster. W2, W152 and S35, water sample W2,
water sample W152 and soil sample S35 (Table [3.4)).

reported that liquid enrichment prior to plating may enhance the isolation of Bcc from water
samples. Concordantly, |Ahn et al| (2014) showed that broth media were more effective
than solid media for the recovery of B. cenocepacia from distilled water. However, [Fang
et al|(2011) isolated several Bcc bacteria via direct plating of concentrated water samples
on PCAT, suggesting that liquid enrichment is not always necessary. In our study, neither
strategy yielded B. multivorans isolates. Nevertheless, a higher number of other, non-Bcc
Burkholderia isolates was obtained using liquid enrichment prior to plating compared to direct
plating (Table [3.5).

Since conventional growth media are often considered too nutrient-rich (Vartoukian et al)
2010) to allow for optimal recovery of environmental isolates, a tenfold diluted formulation of
PCAT was subsequently compared with conventional PCAT for direct plating of soil samples.
Preliminary experiments (data not shown) showed that a higher number of distinct colony
morphologies were present on the diluted formulation suggesting that 1/10 PCAT indeed
yielded a higher diversity. Therefore, 1/10 PCAT instead of PCAT was used in the remaining
experiments.

Because direct plating of soil and liquid enrichment of water prior to plating did not yield
B. multivorans isolates, we applied several alternative strategies to enable the cultivation
of fastidious bacteria (Vartoukian et al., 2010; |Epstein| [2013)). Besides liquid enrichment
of a concentrated water sample in selective broth, we also applied non-selective recovery
in 0.1% peptone solution. This way, debilitated cells are given the chance to resuscitate
prior to being exposed to the selective medium (Straka & Stokes, 1957 Ahn et al 2014).

Furthermore, acclimatizing recovery is based on the filtration-acclimatization method (Hahn
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et al., 2004)) and allows the inclusion of essential nutrients and/or signaling molecules from the
original environment, together with a gradual adaptation to increasing nutrient and antibiotic
concentrations (Hahn et al., 2004; Vartoukian et al., [2010)). Finally, we tried to mimic the CF
lung environment by incubating a water sample in the presence of CF sputum, separated only
by a semipermeable membrane (Epstein| 2013). Neither of these liquid enrichment strategies
yielded B. multivorans isolates.

We cannot explain why we failed to isolate B. multivorans from these PCR positive water and
soil samples. Sequence analysis of B. multivorans-specific amplicons of each of these samples
earlier demonstrated that they were true positives (Peeters et al., submitted). The presence
of B. multivorans DNA implies that viable target organisms were present at or before the
time of sampling (Josephson et al|, [1993). Even after exposure to CF sputum for up to two
weeks, no B. multivorans was isolated, while this species can be readily cultivated from CF
sputum samples. Additionally, |Lin et al|(2011)) showed that B. multivorans can survive in
a broader range of pH, temperatures and salt concentrations than B. pseudomallei, again
demonstrating that this species should be able to adapt well to environmental changes and
varying growth conditions.

Although no B. multivorans was isolated, soil samples in particular yielded several non-Bcc
Burkholderia species (Tables [3.5}{3.6]). These organisms were primarily isolated on PCAT
medium. Additionally, although only two soil and three water samples were examined, a large
number of other GNNF bacteria, including known CF pathogens such as Cupriavidus, Inquilinus,
Pandoraea, Pseudomonas and Stenotrophomonas spp., were isolated. The prevalence of
Stenotrophomonas maltophilia infection in CF patients ranges from 0 to 17.5% in European
countries (Zolin et al), [2014). Cupriavidus, Inquilinus and Pandoraea are rare causes of
severe respiratory exacerbations in CF patients (Jorgensen et al., 2003} Schmoldt et al)
2006; [Kalka-Moll et al., [2009)) but their general prevalence in CF is unknown (LiPuma,
2010)). Our findings confirm that water and soil are indeed natural reservoirs of these rare
but potentially virulent pathogens (LiPuma, 2010). The same five samples also yielded
mycobacterial isolates. Rapidly growing mycobacteria have emerged as significant pathogens
in CF and their prevalence is increasing (Bar-On et al., 2015; Preece et al., [2016)), ranging
from 0 to 4.4 % in European countries (Zolin et al., [2014). Similar to Bcc bacteria, they can
be recovered from various environmental sources, both natural and engineered (van Ingen
et al},12009). In the present study, M. chelonae was isolated from water sample W2 using
BCSA as selective isolation medium. A second water sample (W33) yielded M. peregrinum.
The latter strain was isolated after direct plating on BCEM and 14 days of incubation,
confirming that an extended incubation time of BCSA may enhance the recovery of some

mycobacteria (Esther et al), [2011). From soil sample S32, M. septicum was isolated on both
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PCAT and BCEM, while M. smegmatis was isolated on BCEM only.

When comparing the three isolation media used (BCEM, PCAT and BCSA), it was clear that
each medium selected for specific genera. Pandoraea and Chromobacterium isolates were
recovered exclusively from BCEM, while Pseudomonas was recovered exclusively from PCAT
medium. The latter is in accordance with the presence of gentamicin and polymyxin B sulfate
in BCEM and BCSA. Also the absence of S. maltophilia isolates from BCSA agrees with
earlier reports (Henry et al., 1999).

3.2.6 Acknowledgments

C. P. is indebted to the Special Research Council of Ghent University.

3.2.7 Supplementary material
3.2.7.1 Methods gene sequence analysis

DNA was prepared by alkaline lysis. One colony was suspended in 20 pl lysis buffer (0.25 %
SDS, 0.05 M NaOH) and heated at 95°C for 15 min. After cooling on ice, the lysate was
diluted with 180 pl of sterile MQ and centrifuged for 5 min at max speed. Sequencing of
the recA (Burkholderia species) and 16S rRNA gene were performed as described previously
(Peeters et al., [2013) with the recA primers from Spilker et al| (2009).

For Stenotrophomonas species, the rpoD gene was amplified and sequenced with forward
primer 5'-YAT GMG NGA RAT GGG NAC NGT-3" and reverse primer 5'-NGC YTC NAC
CAT YTC YTT YTT-3' (Svensson-Stadler, L.A., personal communication). Each 25 pl PCR
reaction consisted of 1x PCR buffer (Qiagen), 0.75 U of Taq polymerase (Qiagen), 200 pM
of each dNTP (Applied Biosytems), 1x Q-solution (Qiagen), 1 uM of each primer and 2 pl of
DNA. PCR was performed using a MJ Research PTC-100 thermal cycler. Initial denaturation
for 2 min at 95°C was followed by 35 cycles of 30 s at 95°C, 1 min at 55°C and 2 min at
72°C, and a final elongation for 10 min at 72°C.

For Mycobacterium species, the rpoB gene was amplified and sequenced using the primers
MycoF and MycoR from Adekambi et al.| (2003]). Each 25 pl PCR reaction consisted of 1x
PCR buffer (Qiagen), 0.625 U of Taq polymerase (Qiagen), 200 pM of each dNTP (Applied
Biosytems), 1x Q-solution (Qiagen), 0.5 pM of each primer and 2.5 pl of DNA. PCR was
performed using a Verity thermal cycler following the PCR protocol of |Adekambi et al.
(2003)).

Sequence assembly and analysis were performed using BioNumerics 7.5 (Applied Maths).
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3.2.7.2 Isolates from the present study

Supplementary Table 3.2: Isolates from the present study

Isolates from the present study with their identification and the accession numbers of the gene sequences used for

identification.

Experiment Sample Isolate MALDI cluster Identification Gene Accession
A W33 R-52011 W33-16 Aminobacter aminovorans 16S rRNA  LN995690
A W2 R-51039 W2-25 Bosea vestrisii 16S rRNA  LN995688
A W2 R-51028 W2-17 Burkholderia fungorum recA LN995631
A W2 R-51032 W2-17 Burkholderia fungorum recA LN995632
A W2 R-51037 W2-23 Burkholderia sp. recA LN995633
A W33 R-51042 W33-20 Burkholderia sp. recA LN995634
A W33 R-50671 W33-12 Chromobacterium aquaticum 16S rRNA  LN995680
A W33 R-50668 W33-13 Chryseobacterium sp. 16S rRNA  LN995678
A W2 R-51029 W2-15 Cupriavidus metallidurans 16S rRNA  LN995683
A W33 R-51041 W33-15 Flavobacterium arsenitoxidans 16S rRNA  LN995689
A W2 R-51025 W2-26 Flavobacterium sp. 16S rRNA  LN995681
A W33 R-52013  bad-5-M Mycobacterium peregrinum 16S rRNA  LN995692
A W33 R-52013  bad-5-M Mycobacterium peregrinum rpoB LN995670
A W2 R-51031 W2-18 Pandoraea sputorum 16S rRNA  LN995684
A W2 R-51036 W2-18 Pandoraea sputorum 16S rRNA  LN995687
A W33 R-52012 W33-14 Pseudomonas mosselii 16S rRNA  LN995691
A W33 R-50665 W33-23 Pseudomonas nitroreducens 16S rRNA  LN995677
A W2 R-54719 W2-21 Pseudomonas nitroreducens 16S rRNA  LN995712
A W2 R-51027 W2-11 Rhizobium lusitanum 16S rRNA  LN995682
A W2 R-51033 W2-30 Sphingobacterium multivorum  16S rRNA  LN995685
A W2 R-51034 W2-30 Sphingobacterium multivorum  16S rRNA  LN995686
A W33 R-50669 W33-26 Sphingobacterium siyangense 16S rRNA  LN995679
A W2 R-51038 W2-29 Stenotrophomonas maltophilia  rpoD LN995623
A W33 R-51045 W33-25 Stenotrophomonas maltophilia  rpoD LN995624
B S35 R-52624  S35-2 Burkholderia caledonica recA LN995657
B S35 R-52625 S35-4 Burkholderia caledonica recA LN995658
B S35 R-52635 S35-5 Burkholderia caledonica recA LN995667
B S32 R-52508  S32-10 Burkholderia choica recA LN995635
B S32 R-52600 S32-9 Burkholderia choica recA LN995637
B S32 R-52613  S32-12 Burkholderia choica recA LN995648
B S32 R-52614  S32-8 Burkholderia choica recA LN995649
B S32 R-52615 S32-11 Burkholderia choica recA LN995650
B S32 R-52619  bad-6-B1 Burkholderia choica recA LN995653
B S35 R-52638 bad-6-B3 Burkholderia choica recA LN995668
B S32 R-52616  S32-13 Burkholderia cordobensis recA LN995651
B S32 R-52610 S32-7 Burkholderia glathei recA LN995645
B S35 R-52628 S35-14 Burkholderia glathei recA LN995660
B S35 R-52632  S35-12 Burkholderia graminis recA LN995664
B S35 R-52630 S35-15 Burkholderia humi recA LN995662
B S32 R-52599  S32-6 Burkholderia jiangsuensis recA LN995636
B S32 R-52608  S32-46 Burkholderia jiangsuensis recA LN995643
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B S32 R-52611  S32-2 Burkholderia jiangsuensis recA LN995646
B S35 R-52623 S35-8 Burkholderia jiangsuensis recA LN995656
B S35 R-52629 S35-1a Burkholderia phytofirmans recA LN995661
B S32 R-52602  S32-53 Burkholderia sp. recA LN995638
B S32 R-52603  S32-24 Burkholderia sp. recA LN995639
B S32 R-52605 S32-51 Burkholderia sp. recA LN995640
B S32 R-52606  S32-25 Burkholderia sp. recA LN995641
B S32 R-52607 S32-15 Burkholderia sp. recA LN995642
B S32 R-52609 S32-1 Burkholderia sp. recA LN995644
B S32 R-52612  S32-3 Burkholderia sp. recA LN995647
B S32 R-52617  S32-52 Burkholderia sp. recA LN995652
B S32 R-52621  bad-6-B2 Burkholderia sp. recA LN995654
B S32 R-52622  S35-10 Burkholderia sp. recA LN995655
B S35 R-52627 S35-16 Burkholderia sp. recA LN995659
B S35 R-52631 S35-7 Burkholderia sp. recA LN995663
B S35 R-52633 S35-6 Burkholderia sp. recA LN995665
B S35 R-52634  S35-13 Burkholderia sp. recA LN995666
B S35 R-52639  S35-11 Burkholderia sp. recA LN995669
B S32 R-52618 S32-33 Chryseobacterium lactis 16S rRNA  LN995695
B S32 R-52604  S32-30 Mycobacterium septicum 16S rRNA  LN995694
B S32 R-52750 NA Mycobacterium septicum 16S rRNA  LN995699
B S32 R-52752 NA Mycobacterium septicum 16S rRNA  LN995701
B S32 R-52604  S32-30 Mpycobacterium septicum rpoB LN995671
B S32 R-52750 NA Mycobacterium septicum rpoB LN995672
B S32 R-52752 NA Mycobacterium septicum rpoB LN995674
B S32 R-52751 NA Mycobacterium smegmatis 16S rRNA  LN995700
B S32 R-52751 NA Mycobacterium smegmatis rpoB LN995673
B S32 R-52601  S32-41 Pseudomonas jessenii 16S rRNA  LN995693
B S35 R-52636  S35-32 Pseudomonas jessenii 16S rRNA  LN995697
B S35 R-52626  S35-21 Pseudomonas migulae 16S rRNA  LN995696
B S32 R-52643  S32-31 Rhizobium metallidurans 16S rRNA  LN995698
C W2 R-53748 W2-65 Acinetobacter calcoaceticus 16S rRNA  LN995703
C W2 R-54350 W2-46 Chryseobacterium rhizoplanae 16S rRNA  LN995706
C W2 R-54353  W2-53 Comamonas sp. 16S rRNA  LN995708
C W2 R-54356  W2-60 Delftia lacustris 16S rRNA  LN995711
C W2 R-53747  W2-47 Inquilinus limosus 16S rRNA  LN995702
C W2 R-54347 W2-52 Mpycobacterium chelonae 16S rRNA  LN995704
C W2 R-54347 W2-52 Mycobacterium chelonae rpoB LN995675
C W2 R-54348 W2-66 Pseudomonas sp. 16S rRNA  LN995705
C W2 R-54352  W2-54 Rhizobium radiobacter 16S rRNA  LN995707
C W2 R-54354  W2-57 Sphingobacterium detergens 16S rRNA  LN995709
C W2 R-54355  W2-59 Sphingobacterium multivorum  16S rRNA  LN995710
C W2 R-54349 W2-55 Stenotrophomonas 