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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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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.
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Nederlandse Samenvatting

Burkholderia cepacia complex (Bcc) bacteriën 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 patiënten en zijn een belangrijke doodsoorzaak. Eerdere epidemiologische studies toonden
aan dat Burkholderia multivorans de meest voorkomende Bcc CF pathogeen is in veel landen,
waaronder België. Omdat B. multivorans isolaten uit CF patiënten veelal tot unieke stammen
behoren, wordt de omgeving als een mogelijke infectiebron beschouwd. In eerdere studies
werden reeds verschillende Bcc bacteriën uit omgevingsstalen geïsoleerd 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 geïsoleerd werden
uit enerzijds de natuurlijke omgeving en anderzijds CF patiënten.

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 (België).
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 geëvalueerd en geoptimaliseerd,
waaronder uitplating op vaste media, vloeibare aanrijking, het gebruik van semi-selectieve
en nutriëntarme 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 bacteriën verkregen.
Daarenboven werden ook tal van Gram-negatieve niet-fermenterende bacteriën geïsoleerd
(waaronder Cupriavidus, Inquilinus, Pandoraea, Pseudomonas en Stenotrophomonas), alsook
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verschillende mycobacteriën. 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 bacteriën.

Omdat de longinfecties in CF patiënten veroorzaakt kunnen worden door een brede variëteit aan
bacteriën 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 bacteriën in
CF patiënten.

Sinds Januari 2011 is een Nationaal Referentie Centrum (NRC) belast met het toezicht op
luchtwegeninfecties in Belgische CF patiënten 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 bacteriën. De NRC Bcc resultaten
van 2011-2015 toonden aan dat B. multivorans nog steeds het meest voorkomende Bcc
species is in Belgische CF patiënten. Hoewel de meeste B. multivorans isolaten van Belgische
CF patiënten tot unieke stammen behoorden, werden ook drie B. multivorans stammen
teruggevonden die aanwezig waren in meerdere Belgische CF patiënten 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 bacteriën 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. 1.1)
(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 al., 2015; Stokell et al., 2015).
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picture we have of the lung communities present in CF
patients is, therefore, limited and qualitative.

There are, however, three broad conclusions to be drawn
from the published literature. First, coinfections involving
different species of bacteria, or bacteria, fungi and viruses,
are common and probably the norm. Second, coinfecting
species interact, both syngergistically and antagonistically.
Finally, pathogen populations within the lung evolve in
response to selection pressures exerted by the within-host
environment and by other members of the community.
These points will now be discussed.

Coinfections and communities

Several studies explicitly report coinfections of pairs or
triplets of bacterial species, while in other cases we can infer
from the data given for individual species that a significant
proportion of patients were infected by more than one
species. Anzaudo et al. (2005) reported that 31 % of patients
harboured two or more bacterial species simultaneously,
while Hoiby (1974) and Wahab et al. (2004) reported
coinfections in ‘most patients’. Burns et al. (1998) calculated
that they recovered an average of 2.9 species of pathogenic
bacteria per sample (range: 0–10), and more recent DNA
profiling studies suggest that CF bacterial communities may
be even more diverse than suggested by culture-based
methods (Rogers et al., 2004). Further, Petersen et al. (1981)
found that 13 % of acute respiratory exacerbations among
their study population were associated with simultaneous
bacterial and non-bacterial infections. The results of a
review of reported coinfections are summarized in Fig. 2.

We have, then, evidence for high inter-species diversity
in the CF lung. Signficant intra-species diversity is also
observed. Burns et al. (1998) recovered, on average, 2.38
phenotypically distinct P. aeruginosa isolates per sample per
patient (range: 1–6). Further, selection pressures on
pathogens are likely to be both temporally and spatially

heterogeneous during long-term infections, leading to genetic
diversification of founder clones. Smith et al. (2006) geno-
typed P. aeruginosa isolates taken from a single CF patient
over a period of 90 months and showed the existence of
multiple, related lineages which coexisted for long periods.

Different microbial communities can be found within the
same patient. Several authors have noted a poor correlation
between species and/or strains present in upper and lower
airway communities (Armstrong et al., 1996; Lyczak et al.,
2002; Saiman, 2004) and in different lobes of the lung
(Gutierrez et al., 2001; Smith et al., 1998). This is un-
surprising given the compartmentalized nature of the
respiratory system and high viscosity of CF mucus, and
means that pooling samples from different lobes (as in
Nixon et al., 2001) is unlikely to give a reliable picture of the
microbial ecology within a patient.

The outcome of a mixed (multi-strain, multi-genotype or
multi-species) infection depends on exactly how coinfecting
populations interact. Clinical and laboratory studies have
started to elucidate the many ways in which CF pathogens
might interact in vivo.
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Fig. 1. Prevalence of bacterial respiratory infections by age
group in CF subjects. [Reproduced, with modifications, with
permission from the Cystic Fibsosis Foundation National Patient
Registry (Cystic Fibrosis Foundation, 2004).] MRSA, meticillin-
resistant Staph. aureus.

Fig. 2. Venn diagram showing reported coinfections of the CF
airways. (NB: coinfection does not necessarily imply direct
interaction between species.) A, Aspergillus spp.; AV, adeno-
virus; AX, A. xylosoxidans; BP, bacteriophage; C, Candida

spp.; Ent, enterobacteria; IPV, influenza and/or parainfluenza
virus; K, Klebsiella spp.; M, mycoplasma; MA, Mycobacterium

abscessus; N, Neisseria spp.; OF, oropharyngeal flora; RSV,
respiratory syncytial virus; SM, S. maltophilia. Numbers refer to
references: 1, Petersen et al. (1981); 2, Lambiase et al. (2006);
3, Wahab et al. (2004); 4, Moore et al. (2005); 5, Burns et al.
(1998); 6, Hoiby (1974); 7, Lording et al. (2006); 8, Santana
et al. (2003); 9, Alvarez et al. (2004); 10, Anzaudo et al.
(2005); 11, Ojeniyi et al. (1991).
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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., 2002a; LiPuma, 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 al., 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; LiPuma, 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. 2.1 and 2.2), Burkholderia multivorans
and Burkholderia cenocepacia are generally the most prevalent Bcc 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. 1.2) and New Zealand (Brisse et al., 2004; De Boeck
et al., 2004; Govan et al., 2007; LiPuma, 2010; Norskov-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 & LiPuma, 2002) and the PHDC clone (Chen
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P. aeruginosa, significant differences in age-specific prevalence
rates are found, with rates as high as 8% being reported for
adults. Razvi and colleagues (249) reported that the incidence
of infection, based on CFF Patient Registry data, decreased
from 1.3% to 0.8% between 1995 and 2005. The overall prev-
alence of infection also decreased from 3.6% to 3.1% during
this period. An analysis of microbiological data from the Royal
Brompton Hospital indicates that while the prevalence of B.
cepacia complex infection increased significantly in adult CF
patients between 1985 and 1990, it decreased from 9% to 4%
between 1990 and 2005 (203).

(iii) Species distribution in CF. With the exception of Burk-
holderia ubonensis, all species in the B. cepacia complex have
been isolated from CF sputum cultures; however, some are

much more commonly encountered in CF than are others. The
approximate distribution of B. gladioli and B. cepacia complex
species among Burkholderia-infected CF patients in the United
States is provided in Fig. 1A (184; my unpublished observa-
tions). Burkholderia multivorans and Burkholderia cenocepacia
are most frequently recovered, together accounting for approx-
imately 70% of infected patients. In Canada and some Euro-
pean countries, the proportion of CF patients infected with B.
cenocepacia is higher (3, 288). Of note, B. gladioli is much more
frequently recovered in CF than are most species of the B.
cepacia complex, and B. cepacia is relatively infrequently en-
countered. Furthermore, some CF patients are infected with
bacteria that, based on genetic analyses, are most appropri-
ately included in the B. cepacia complex but cannot be assigned
to one of the currently named species. These strains most likely
represent additional novel species within the complex. Finally,
the incidences of B. multivorans and B. cenocepacia infection in
CF appear to have shifted during the last few years (115, 251).
Whereas B. cenocepacia previously accounted for the majority
of Burkholderia infection in CF (251), currently, approximately
three times as many CF patients in the United States become
infected with B. multivorans as with B. cenocepacia (Fig. 1B). In
the United Kingdom, the recovery of B. multivorans from CF
patients now also exceeds that of B. cenocepacia (115).

(iv) Epidemic strains. A variety of methods have been used
to genotype Burkholderia to assess the epidemiology of infec-
tion in CF (14, 59, 75, 179, 182, 189, 290). Genotyping studies
in the late 1980s identified strains that were common to mul-
tiple patients receiving care in the same CF centers (182),
suggesting interpatient spread. More compelling evidence of
patient-to-patient transmission of Burkholderia soon followed
(116, 181). Further studies identified strains common to CF
patients in wider geographic regions. Among such so-called
“epidemic” strains, the ET12 (for electrophoretic type 12)

TABLE 1. The Burkholderia cepacia complex

Species
Former

genomovar
designation

Yr identified and/
or named Reference(s)

B. cepacia I 1950, 1997 34, 322
B. multivorans II 1997 322
B. cenocepacia III 1997, 2003 321, 322
B. stabilis IV 1997, 2000 322, 323
B. vietnamiensis V 1995, 1997 107, 322
B. dolosa VI 2001, 2004 58, 335
B. ambifaria VII 2001 63
B. anthina VIII 2002 319
B. pyrrocinia IX 2002 319
B. ubonensis 2000, 2008 333, 355
B. latens 2008 333
B. diffusa 2008 333
B. arboris 2008 333
B. seminalis 2008 333
B. metallica 2008 333
B. contaminans 2009 332
B. lata 2009 332

FIG. 1. (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 B. cepacia complex species other than those specified in the chart. “Indeterminate” refers to patients infected with strains that
phylogenetically are members of the B. cepacia complex 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 B. cepacia complex-infected CF patients
who were first infected with either B. cenocepacia (red line) or B. multivorans (blue line) in the years indicated are shown.

302 LIPUMA CLIN. MICROBIOL. REV.

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. (LiPuma, 2010)

et al., 2001) 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 (Blackburn
et 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, gltB, 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., 1995; 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 al., 2002; LiPuma et al., 2002; Pirone et al., 2005; Zhang &
Xie, 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 2.2) 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.
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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 II 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 al., 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 al., 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 al., 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 al., 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 2.1.3.1) (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).
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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. 2.1). 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 2.2.3), 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. 2.1). 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. 2.1).
Their 16S rRNA-based phylogenetic position is variable and dependent on the remaining
sequences included in the phylogenetic analysis. Burkholderia rhizoxinica and Burkholderia
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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 al., 1992; Yoo et al., 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. 2.1) 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 Bcc 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 III) comprises four recA lineages
referred to as IIIA through IIID, with most clinical strains residing in clusters IIIA and
IIIB (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 1.2) could
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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
987 associated STs. Fig. 2.2 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 ([+I], 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 2299T 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 al., 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 2.1). Methods for inferring evolutionary relationships can generally be classified as
either distance-based or character-based (Fig. 2.3). 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 Bcc"). 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://pubmlst.org/bcc) (Jolley &
Maiden, 2010). Sequences (2757-2760 bp) were aligned based on their amino acid sequences using
Muscle (Edgar, 2004) in MEGA6 (Tamura et al., 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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Herein, I provide a brief overview of the major analyt-

ical approaches to phylogenetic tree construction, the sta-

tistical tests available to assess the reliability of a tree and

the main difficulties associated with creating reliable

phylogenetic trees.

Discussion

Tree-building methods: the major analytical approaches

Although several methods exist for inferring evolutionary

relatedness, most can be classified as either distance- or

character-based methods (outlined in Fig. 1) (Whelan et al.

2001). For an overview of the relative strengths and

weaknesses of each method, see Table 1.

Distance methods (also referred to as algorithmic

methods) employ an algorithm incorporating a model of

evolution (e.g. amino acid substitution) to compute a dis-

tance matrix from which a phylogenetic tree is calculated

by means of progressive clustering (McCormack and

Clewley 2002). Specifically, distances in the matrix relate

to the number of differences between each pair of

sequences (either DNA or protein). The model of evolution

specifies how amino acid substitutions occurred in the

protein sequence since they last shared a common ancestor.

Finally, the tree is constructed from the numerical data in

the matrix, with the most closely related sequences occu-

pying a position on the tree, which is distant from the less

closely related sequences. Both the neighbour-joining (NJ)

and the unweighted pair group method using arithmetic

averages (UPGMA) approaches to tree building employ

distance-based methods (Brocchieri 2001). Although fast

and readily available in user-friendly software packages

such as MEGA4 (Tamura et al. 2007), distance-based

methods have a number of significant limitations. NJ, for

example, provides only a single tree as opposed to char-

acter-based methods, which compute a consensus tree from

several optimal or near optimal candidates (Soltis and

Soltis 2003a). Furthermore, NJ may compute different tress

depending on the order in which the constituent sequences

are added. Finally, given that differences are presented as

distance values, it is impossible to identify the specific

character changes that support a branch (Soltis and Soltis

2003a).

Character-based methods (also referred to as tree-

searching methods) search for the most probable tree for a

specific sequence set based on characters at each position

of the sequence alignment and a model of evolution. The

most common character-based approaches include maxi-

mum parsimony (MP), maximum likelihood (ML) and to a

lesser extent Bayesian methods (an approach which falls

outside the scope of the current review).

Maximum parsimony (MP) seeks to find the tree (or

trees) that is compatible with the minimum number of

substitutions among sequences, i.e. the fewest evolutionary

changes. An advantage of MP is that it provides diagnos-

able units (i.e. specific sets of characters) for each clade

and branch lengths in terms of the number of changes on

each branch of the tree. However, a significant limitation of

the MP approach is that it requires strict assumptions of

consistency across sites and among lineages. Thus, MP

performance is significantly affected when mutational rates

differ between conserved and hypervariable regions (Yang

1996) or if evolutionary rates are highly variable among

evolutionary lineages (DeBry 1992). Finally, parsimony

lacks an explicit model of evolution (Whelan et al. 2001).

Maximum likelihood (ML) methods are based on the

specific probabilistic models of evolution and search for

the tree with maximum likelihood under these models

(Brocchieri 2001). The model of evolution may be

empirical, derived from general assumptions about the

evolution of sequences, or parametric, based on the values

estimated from the data set (McCormack and Clewley

2002). The major advantage of likelihood approaches is

that they are based on the powerful statistical theory, which

facilitates the application of robust statistical hypothesis

testing and significant refinements to the resulting

Fig. 1 Schematic overview of

the major analytical approaches

to phylogenetic tree building

236 Arch Microbiol (2011) 193:235–239

123 Figure 2.3: Schematic overview of the major analytical approaches to phylogenetic tree building.
(Sleator, 2011)

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 al., 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. 2.4) (Depoorter et al., 2016). The same main clades as in
the 16S rRNA phylogeny (Fig. 2.1) were revealed, except that 16S rRNA clade 2 clustered
among species belonging to 16S rRNA clade 3 (Section 2.1.2). In the rMLST analysis too, B.
rhizoxinica occupied a very distinct position.
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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 (AAI) (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 al., 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

for species
delineation

References

Character-based methods
Extended MLSA
and rMLST

Similarity of conserved protein-
coding genes

NA (Daubin et al., 2001; Ciccarelli
et al., 2006; Vanlaere et al., 2009;
Jolley et al., 2012)

Distance-based methods
ANIg Nucleotide acid similarity of con-

served protein-coding genes
94%, 96.5% (Konstantinidis & Tiedje, 2005a;

Varghese et al., 2015)
AAI Amino acid similarity of con-

served protein-coding genes
95-96% (Konstantinidis & Tiedje, 2005b)

ANIb Similarity of conserved genomic
DNA

95-96% (Goris et al., 2007; Richter &
Rossello-Mora, 2009)

ANIm Similarity of conserved genomic
DNA

95-96% (Richter & Rossello-Mora, 2009)

GBDP Proportion and similarity of con-
served genomic DNA or protein-
coding genes

70% dDDH (Meier-Kolthoff et al., 2013)

pcDNA Proportion of conserved genomic
DNA

69% (Goris et al., 2007)

MUMi Proportion of conserved genomic
DNA

0.33 (Deloger et al., 2009)

AF Proportion of conserved protein-
coding genes

0.6 (Varghese et al., 2015)

TETRA Genomic nucleotide signature of
genomic DNA

99% (Richter & Rossello-Mora, 2009)

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/Ionization 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 al., 2004; Perin et al., 2006; Caballero-Mellado et al., 2007; Sheu et al., 2013).
Burkholderia phytofirmans, B. unamae and B. xenovorans show 1-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 2.4) 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. 2.1) 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, 2002a; 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 (Izumi et al., 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 al., 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 al., 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 al.,
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., 2012a),
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 & Smalla,
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 G+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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is awaiting formal annotation. Other draft genome
sequences include B. vietnamiensis strain G4 (ATCC
53617), which is an important bioremediation strain4,
and B. cepacia (genomovar I) strain 383 (R-18194 or
ATCC 17660), a soil strain described in the pioneering
study by Stanier et al .52 Venter and co-workers at the
Institute for Biological Energy Alternatives53 have iden-
tified a near-complete genome that they designated
Burkholderia SAR-1 and which is a METAGENOMIC SEQUENCE

that was derived from a study of the Sargasso Sea.
Analysis of the recA gene sequence of strain SAR-1
indicates that it is closely related to strain 383 and that it
is a member of B. cepacia genomovar I group K (REF. 54;
E.M., unpublished observations).

The main features of the B. cenocepacia strain J2315
genome are illustrated in FIG. 2. The total genome size is
8,056 Mb, with an average GC content of 66.9% —
which is similar to that of Pseudomonas species6. Three
large chromosomal replicons and, unexpectedly, a small
92-kb plasmid were identified. Each of the large replicons

Genomics
Lessie and colleagues (reviewed in REF. 4) were the first to
observe that Bcc bacteria have large genomes made up
of multiple large replicons — a relatively rare genomic
arrangement in bacteria that was only discovered during
the 1980s. In the past few years, a wealth of information
on the genomics of the Bcc bacteria has been obtained.
All species that have been examined so far have more
than one chromosome and large genomes ranging from
6 to 9 Mb — which are some of the largest to be
observed among Gram-negative species3 (see the Online
links box for further information). Burkholderia xenovo-
rans strain LB400, an environmental bacterium that can
degrade the pollutant compounds polychlorobiphenyls,
was the first Burkholderia genome to be completed in
draft (see the Online links box). The complete genome
sequences of Burkholderia pseudomallei and
Burkholderia mallei have been recently published50,51,
whereas the finished genome of B. cenocepacia strain
J2315 (originally documented as strain CF5610; REFS 5,24)

METAGENOMIC SEQUENCE

The entire genomic sequence of
an organism, which is assembled
from nucleotide sequence
analysis of random DNA
fragments that are isolated from
the environment.

Gl Gl

Gl

Gl

Gl

Gl

Gl
IS

IS

IS

IS

IS

TTSS

cblA

cepIR
Interplay?

IS

Gl

Gl

Chr. 3
(~0.87 Mb)

Plasmid

Recombination
and gene activation

Effector

Damage and inflammation Invasion

Polar flagellum

Antibiotic
resistance
and efflux

Cable pili

AHLs

Chr. 2
(~3.2 Mb)

Chr. 1
(~3.8 Mb )

PTW

IS

Virulence
factor expression

cciIR

Vir

(?)

Invasion

Exotoxins
Lipases

Siderophores
Proteases

Unknown

CK13 TLR5

LPS

Host cells

Figure 2 | Genomic structure and major virulence factors of Burkholderia cenocepacia ET-12. The schematic illustration
shows the genome structure and important virulence factors of B. cenocepacia. Features of the genome include: the three
chromosomal replicons (Chr. 1, Chr. 2 and Chr. 3) and the plasmid; the presence of genomic islands (GI) on each of the three large
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homoserine lactones (AHLs); the type III secretion system (TTSS) and its possible role in invasion and survival in vivo; flagellin that
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including lipopolysaccharide (LPS), exotoxins, lipases, siderophores and proteases; inherent antibiotic resistance of the cell
envelope; and the recently described type IV secretion systems (Vir and PTW). 

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 cepIR and cciIR
which secrete and sense acyl-homoserine lactones (AHLs), the type III 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 (Holmes
et al., 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 al., 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. 2.1) 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. 2.1) into the novel genus Caballeronia (Dobritsa & Samadpour, 2016).
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Aims and Outline

As outlined in Part I, 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 3.2 and
3.3). Finally, section 3.4 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 Bcc
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 3.1 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 3.3 present the application of
multiple cultivation strategies to B. multivorans PCR positive water and soil samples. Finally,
section 3.4 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 al., 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
µm 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 µl 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 µl RNase (2 mg/ml) for pellets dissolved in 50 or 100 µl 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 OD260/280 ratio was higher than 1.7, the OD234/260 ratio was smaller than 1 and the
OD320/260 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 ARI 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 µM of both primers and 200 ng/µl BSA (Roche). For each sample,
2 µl DNA was added to 23 µl 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 OD320/260 ratio was higher than 0.15 and/or no universal 16S 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 16S
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/µl). For each sample, 2 µl PCR product of
the first PCR was added to 23 µl PCR master mix. The positive (B. multivorans R-20526)
and negative (blank) control of the first PCR (5 µl) 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-GII 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 µM of both primers, 1x Q-solution (Qiagen) and 200
ng/µl BSA (Roche). For each sample, 2 µl DNA was added to 23 µl 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/µl) and a higher primer concentration (1 µM).
For each sample, 5 µl of pooled PCR product from the first PCR was added to 20 µl PCR
master mix. The positive (B. multivorans R-20526) and negative (blank) control of the
first PCR (5 µl) 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 PRJNA234537). 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 10-9 pg
(1 Da = 1.660539 x 10-24 g). Given the genome size of 6.5 Mb, one genome of R-20526
contains 6.65 x 10-6 ng of DNA, or 1 ng of DNA contains 1.50 x 105 genome equivalents.
The undiluted genomic DNA stock of strain R-20526 contained 225 ng/µl DNA, as measured
with the Promega QuantiFluor ONE dsDNA system, or 3.38 x 107 genomic DNA equivalents
per µl. 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; LiPuma,
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/µl 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 (e4.56 = 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)
χ
2 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; CI, 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 3.2). 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) — — —
O -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)
χ
2 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; CI, 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/µl. Given that recA is a single-copy gene, and that for each dilution
2x 2 µl 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 16S 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 Moreira (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 al., 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 3.2). 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.

49



III. Experimental work

Supplementary Table 3.1: Sample data
Bcc, B. cepacia complex PCR positive; Bm, B. multivorans PCR positive. NA, not available. aWV, 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 Regiona Classb Temperature pH Bcc Bm Remarks
W40 13/08/2013 water OV CRS 19.0 7.69 no yes
W41 13/08/2013 water OV SRW 20.0 8.41 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 O 16.5 7.32 no no
W45 14/08/2013 water WV O 19.0 9.59 no no
W46 14/08/2013 water WV O 16.0 5.49 no no
W47 14/08/2013 water WV O 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 7.82 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 7.77 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 22.0 8.92 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
W61 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 4.53 no no
W63 20/08/2013 water A SRW 23.0 4.97 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
W67 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 22.0 7.35 no no
W71 22/08/2013 water OV O 19.0 6.56 no no
W72 22/08/2013 water OV O 18.0 6.65 no no
S4 22/08/2013 soil OV O NA 4.11 no yes
W73 22/08/2013 water OV SRW 21.0 8.87 no no
W74 22/08/2013 water WV SRW 21.0 8.89 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 Regiona Classb Temperature pH Bcc Bm Remarks
W80 22/08/2013 water WV SRW 22.0 8.63 no no
W81 27/08/2013 water OV O 19.0 7.67 no no
S6 27/08/2013 soil OV O NA 3.92 NA NA PCR inhibitors
W82 27/08/2013 water OV O 21.5 7.59 no no
S7 27/08/2013 soil OV O NA 8.63 no yes
W83 27/08/2013 water OV O 20.0 7.37 no no
W84 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 8.30 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 O NA 3.53 no yes
W88 27/08/2013 water OV SRW 22.0 8.47 no no
W89 27/08/2013 water OV O 22.0 8.11 no no
W90 27/08/2013 water OV O 22.0 7.28 no no
S10 27/08/2013 soil OV O 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
W93 27/08/2013 water OV CRS 22.0 7.83 no yes
W94 29/08/2013 water OV CRS 20.0 7.53 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 7.32 no no
W98 29/08/2013 water WV SRW 21.0 7.96 no no
W99 29/08/2013 water WV SRW 21.0 8.25 no no
W100 29/08/2013 water WV SRW 21.0 7.53 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 O 21.0 7.48 no no
S11 2/09/2013 soil A O 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 8.54 no yes
W110 2/09/2013 water VB SRW 21.0 7.94 no no
W111 2/09/2013 water VB O 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 21.5 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 7.73 no no
W116 2/09/2013 water A O 21.5 7.44 no no
W117 2/09/2013 water A CRS 21.0 7.74 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 8.25 no no

Continued on next page
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Continued from previous page
ID Date Type Regiona Classb Temperature pH Bcc Bm Remarks
W120 5/09/2013 water VB O 17.5 7.25 no no
S14 5/09/2013 soil VB O NA 8.44 NA NA PCR inhibitors
W121 5/09/2013 water VB CRS 18.0 7.73 no no
W122 5/09/2013 water VB O 21.5 7.16 no no
W123 5/09/2013 water VB O 18.0 7.54 no no
W124 5/09/2013 water VB O 21.0 8.22 no no
W125 5/09/2013 water VB O 24.0 7.83 no no
W126 5/09/2013 water VB SRW 23.0 8.31 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 7.24 no no
W131 11/09/2013 water L SRW 17.5 7.16 no no
W132 11/09/2013 water L CRS 17.0 7.40 yes yes
W133 11/09/2013 water L SRW 18.0 7.81 no no
W134 11/09/2013 water L SRW 17.0 7.98 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 O 19.0 6.37 no no
W138 11/09/2013 water L O 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 20.5 7.94 no no
W141 11/09/2013 water L O 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 16.0 7.40 no no
W145 11/09/2013 water L O 18.5 7.73 no no
W146 11/09/2013 water L O 19.0 6.00 no no
W147 11/09/2013 water L O 18.0 7.71 no no
W148 11/09/2013 water L SRW 19.5 8.33 no no
W149 11/09/2013 water L SRW 18.5 7.88 no no
W150 11/09/2013 water L SRW 19.0 7.60 no no
S17 17/09/2013 soil OV O NA 7.97 no yes
S18 17/09/2013 soil OV O NA 7.94 no yes
W151 19/09/2013 water OV O 27.0 8.36 no no
S19 19/09/2013 soil OV O NA 9.61 no yes
S20 19/09/2013 soil OV O NA 5.18 no yes
S21 19/09/2013 soil OV O NA 8.90 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 O NA 7.53 no yes
S27 12/10/2013 soil WV O NA 4.72 no yes
S28 12/10/2013 soil WV O NA 7.28 no yes
S29 12/10/2013 soil WV O NA 7.40 no yes
S30 12/10/2013 soil WV O NA 7.77 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 16S 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; LiPuma,
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 al., 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 al., 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 sourcea pH Temperatureb

A W2 03/05/2013 Freshwater greenhouse 7.83 23 ◦C
A W33 03/05/2013 Pond greenhouse 7.73 19 ◦C
B S32 10/01/2014 Soil 6.23 -
B S35 10/01/2014 Soil 5.62 -
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 7.33 15 ◦C
D S35 07/10/2014 Soil 5.57 -

aAll samples were taken in the botanical garden of Ghent University, Ghent, Belgium. bFor 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% MgSO4 · 7H2O (Merck), 0.1%
NH4H2PO4 (Sigma), 0.1% K2HPO4 (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% MgSO4 ·7H2O (Merck), 0.4% KH2PO4 (Merck),
0.4% K2HPO4 (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 al., 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 µm
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 µl) of tenfold serial dilutions (1E0 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 µl 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 µl) of tenfold
serial dilutions (1E0 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 µl) of tenfold
serial dilutions in physiological saline were plated on 1/10 PCAT and BCSA agar media after
2 h (D0) 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 (D0, D1,
D3 and D7) or 8 days (D14), colonies were randomly picked and subcultivated on buffered
nutrient agar (Oxoid, pH 6.8).

56



3. The environmental niche of B. multivorans: fitness school for a CF pathogen?

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 µm) were placed into
each well and 2 ml CF sputum was added into the ThinCert compartment. Aliquots (50 µl)
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 3.5).
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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
Mycobacterium 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*
Mycobacterium 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 3.4). *, 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 al., 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 al., 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., 2009). 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).
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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 µl 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 µl 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 µl PCR
reaction consisted of 1x PCR buffer (Qiagen), 0.75 U of Taq polymerase (Qiagen), 200 µM
of each dNTP (Applied Biosytems), 1x Q-solution (Qiagen), 1 µM of each primer and 2 µl 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 µl PCR reaction consisted of 1x
PCR buffer (Qiagen), 0.625 U of Taq polymerase (Qiagen), 200 µM of each dNTP (Applied
Biosytems), 1x Q-solution (Qiagen), 0.5 µM of each primer and 2.5 µl 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).

63



III. Experimental work

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-52598 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

Continued on next page
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Continued from previous page
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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 Mycobacterium 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 Mycobacterium 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 maltophilia rpoD LN995626
C W2 R-54351 W2-48 Stenotrophomonas maltophilia rpoD LN995627
C W2 R-53749 W2-49 Stenotrophomonas rhizophila rpoD LN995625
D W152 R-54734 W152-25 Delftia lacustris 16S rRNA LN995716
D W152 R-54733 W152-22 Elizabethkingia miricola 16S rRNA LN995715
D W2 R-54726 W2-71 Mycobacterium chelonae 16S rRNA LN995714

Continued on next page
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Continued from previous page
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D W2 R-54726 W2-71 Mycobacterium chelonae rpoB LN995676
D S35 R-54757 S35-47 Pseudomonas kilonensis 16S rRNA LN995719
D W152 R-54746 W152-23 Pseudomonas protegens 16S rRNA LN995718
D S35 R-54758 S35-46 Pseudomonas protegens 16S rRNA LN995720
D W2 R-54724 W2-70 Pseudomonas soli 16S rRNA LN995713
D W152 R-54745 W152-21 Sphingobacterium faecium 16S rRNA LN995717
D W2 R-54722 W2-73 Stenotrophomonas maltophilia rpoD LN995628
D W152 R-54741 W152-32 Stenotrophomonas maltophilia rpoD LN995629
D S35 R-54756 S35-40 Stenotrophomonas rhizophila rpoD LN995630
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3.3 The quest for environmental Burkholderia multivorans
isolates - unpublished isolation experiments

3.3.1 Introduction

This section presents the results of unpublished isolation experiments and serves as a com-
plement to Section 3.2. Experiment 4 presents the optimization of BCEM with respect to
C-source composition and pH. Because the traditional approaches, i.e direct plating and liquid
enrichment of water samples and direct plating of soil samples (Section 3.2), did not yield B.
multivorans isolates from PCR positive samples, we applied multiple cultivation strategies in
a stepwise manner. Experiment 7 and 8 examine the effect of lowering the pH, extending
the incubation time and shaking the enrichment broth. Additionally, we applied several
strategies to enable the cultivation of fastidious bacteria (Vartoukian et al., 2010; Epstein,
2013), including acclimatizing recovery in broth medium (experiment 8), resuscitation at room
temperature (experiments 11 and 12), use of diluted nutrient media (experiments 11 and
12) and co-cultivation with amoebae (experiment 13) and helper strain panels (experiment
16). Finally, we used germinating seedlings to "fish" B. multivorans out of environmental
samples. A discussion of the results in this section is presented in Section 6.2 of the general
discussion.

3.3.2 Samples

Fresh samples were taken for all experiments (Table 3.10) as described previously (Section
3.2.3.1).

3.3.3 Experiment 4: comparison of different BCEM formulations with PCAT
for liquid enrichment and plating of water samples

3.3.3.1 Setup and methods

The present experiment compared different formulations of BCEM (with respect to C-
sources, pH and buffer, see Table 3.11) with PCAT and examined the effect of different
agar concentrations (1.2% versus 1.8%). Media C and D were based on the EB1 and EB2
formulations of Vermis et al. (2003a) and contained only two C-sources.
Two fresh water samples W2 and W33 (Table 3.10) that were PCR positive for B. multivorans
were filtered as described previously (Section 3.2.3.3, experiment A). One filter was incubated
in 25 ml of each broth (Table 3.11) while shaking. After 5 days of incubation at 28 ◦C,
2 ml broth samples were taken for pH measurement, total DNA extraction and plating of
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Table 3.10: Sample overview
Experiment Sample Sampling date Sampling sourcea pH Temperatureb

4 W2 20/03/2013 Freshwater greenhouse 7.83 23 ◦C
4 W33 20/03/2013 Pond greenhouse 7.73 19 ◦C
7 W2 28/02/2014 Freshwater greenhouse 8.12 22 ◦C
7 W152 28/02/2014 Pond water 7.95 6 ◦C
8 W2 16/04/2014 Freshwater greenhouse 8.19 22 ◦C
9, 11, 12 W2 07/05/2014 Freshwater greenhouse 8.14 22 ◦C
9, 11, 12 S35 07/05/2014 Soil 6.17 -
13 W2 26/08/2014 Freshwater greenhouse 8.42 24 ◦C
13 W152 26/08/2014 Pond water 7.75 18 ◦C
16 W2 07/10/2014 Freshwater greenhouse 8.50 25 ◦C
16 W152 07/10/2014 Pond water 7.33 15 ◦C
16 S35 07/10/2014 Soil 5.57 -

aAll samples were taken in the botanical garden of Ghent University, Ghent, Belgium. bFor soil samples no
temperature was recorded.

aliquots (50 µl) of tenfold serial dilutions in physiological saline (1E-0, 1E-3 and 1E-5) on
the respective agar media (Table 3.11) with 1.2% or 1.8% agar. After 3 days of incubation
at 28 ◦C, total cell mass was harvested from each agar plate for DNA extraction following
the Pitcher protocol (Pitcher et al., 1989). The presence of B. multivorans and the relative
abundance of Burkholderia bacteria in each sample were assessed using a B. multivorans-
specific recA-based PCR assay (Section 3.1.3.4) and a Burkholderia qPCR, respectively. In
case the B. multivorans-specific PCR assay yielded visible amplicons, these were sequenced
to exclude false positive results (Section 3.1.3.4).

Table 3.11: Isolation media experiment 4
Medium C- and N-sources pH Reference

A L-arabinose, D-cellobiose and L-threonine 5.5 - MES buffer BCEM (Section 3.2.3.2)
B L-arabinose, D-cellobiose and L-threonine Not adjusted (±6.5) -
C L-arabinose and D-cellobiose Not adjusted (±6.5) EB1 (Vermis et al., 2003a)
D L-arabinose and L-threonine Not adjusted (±6.5) EB2 (Vermis et al., 2003a)

(Vanlaere et al., 2005)
E Azelaic acid and tryptamine Not adjusted (5.8) PCAT (Section 3.2.3.2)

Medium A, B, C and D contained the same selective agents as BCEM (Section 3.2.3.2).

Quantitative real-time PCR (qPCR) was performed on a LightCycler 480 II (Roche) using
FrameStar 480 plates (BioKe 4TI-0951). Each reaction (20 µl) was composed of 1x SensiMix
SYBR No-ROX (Bioline), 0.15 µM (universal 16S rRNA assay) or 0.7 µM (Burkholderia 16S
rRNA assay) of each primer, 2 µl of template DNA and MQ water. Per sample, reactions
were run in triplicate and fluorescence was detected at the end of each cycle. Specificity
of the PCR products was evaluated by melting curve analysis. Universal primers Eub338
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and Eub518 (Fierer et al., 2005) targeted a 200 bp fragment of the 16S rRNA gene and
were used to measure total bacterial abundance. PCR cycling conditions for this primer set
were 10 min at 95 ◦C, followed by 45 cycles of 10 s at 95 ◦C, 30 s at 60 ◦C and 1 s at 72 ◦C.
Burkholderia-specific primers BKH812F and BKH1249R (Bergmark et al., 2012) targeted
a 438 bp fragment of the 16S rRNA gene and were used to measure total Burkholderia
abundance. PCR cycling conditions for this primer set were based on the protocol of Stopnisek
et al. (2014) and were 10 min at 95 ◦C, followed by 45 cycles of 30 s at 95 ◦C, 30 s at 64 ◦C
and 45 s at 72 ◦C. External standard curves (R2>0.99) were prepared from tenfold serial
dilutions of B. multivorans R-20526 with known concentrations. Data were presented as the
ratio of Burkholderia bacteria relative to the total number of bacteria.

3.3.3.2 Results

Growth was observed for both water samples on all agar media until dilution 1E-5. Overall,
similar numbers of colonies were observed for agar media with 1.2% or 1.8% agar, except
for medium A for which more growth was observed on plates with 1.2% agar. Colonies were
generally larger on agar media with 1.2% agar. The pH of the enrichment broth after 5 days of
incubation at 28 ◦C and the presence of B. multivorans in total cell mass from the enrichment
broths and agar plates is presented in Table 3.12. The MES buffer in medium A (50 mM)
was effective in keeping the pH of the enrichment broth at 5.5 for both samples. Only for
media A and E both the broth and agar medium were PCR positive for B. multivorans. Water
sample W33 yielded a Bcc-specific amplicon on medium B (detected only in the broth) and D
(detected both in the broth and on the agar plates). The relative abundance of Burkholderia
bacteria in the total cell mass from broth and agar media is presented in Fig. 3.1. Only for
water sample W2 in medium A an increase in relative abundance of Burkholderia bacteria
was recorded.

3.3.3.3 Conclusions

Overall, similar numbers of colonies were observed for agar media with 1.2% and 1.8% agar
after liquid enrichment and plating of water samples. B. multivorans was detected in the
total cell mass from both the enrichment broth and agar plates only when BCEM with three
C-sources at pH 5.5 or PCAT medium was used. Although inconsistent qPCR results were
recorded for the two water samples, BCEM with three C-sources at pH 5.5 was generally
better than PCAT in increasing the relative abundance of Burkholderia bacteria. In conclusion,
the optimized formulation of BCEM included three C-sources (i.e. L-arabinose, D-cellobiose
and L-threonine) and MES buffer at pH 5.5.
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Table 3.12: Presence of B. multivorans in BCEM and PCAT enrichment broths and on BCEM and
PCAT agar media (experiment 4)

Medium W2 W33

broth 1.2% agar 1.8% agar broth 1.2% agar 1.8% agar

A pH 5.45 pH 5.45
Bcc: + Bcc: + Bcc: − Bcc: + Bcc: + Bcc: +
Bm: + Bm: + Bm: − Bm: + Bm: + Bm: +

B pH 5.70 pH 6.42
Bcc: + Bcc: − Bcc: − Bcc: +a Bcc: + Bcc: +
Bm: + Bm: − Bm: − Bm: − Bm: + Bm: +

C pH 5.66 pH 5.65
Bcc: + Bcc: − Bcc: − Bcc: + Bcc: − Bcc: w
Bm: + Bm: − Bm: − Bm: + Bm: − Bm: −

D pH 5.95 pH 6.15
Bcc: + Bcc: + Bcc: + Bcc: +b Bcc: +c Bcc: +c

Bm: + Bm: + Bm: + Bm: − Bm: − Bm: −
E pH 5.86 pH 5.88

Bcc: + Bcc: + Bcc: + Bcc: + Bcc: + Bcc: +
Bm: + Bm: + Bm: + Bm: + Bm: w Bm: +

W2 and W33, water samples. Bcc, Bcc-specific amplicon in the first round of the PCR assay; Bm, B.
multivorans-specific amplicon in the second round of the PCR assay; +, PCR positive; −, PCR negative; w, weak
amplicon. a96% similarity with B. arboris recA sequences. b99% similarity with B. arboris and B. lata recA
sequences. c97% similarity with Bcc recA sequences.

3.3.4 Experiment 7: effect of pH and incubation time on liquid enrichment
of water samples

3.3.4.1 Setup and methods

The present experiment examined the effect of the pH and incubation time of the enrichment
broth.
Two fresh water samples W2 and W152 (Table 3.10) that were PCR positive for B. multivorans
were filtered as described previously (Section 3.2.3.3, experiment A). One liter of filtrate from
water samples W2 and W152 was inoculated with a loopful (10 µl) of cells of B. multivorans
R-20825 (grown for 48 h at 28 ◦C on buffered nutrient agar) and subsequently filtered as
a positive control (PC). Filtrate from water samples W2 and W152 was used as negative
control (NC). Per condition, four filters were cut into smaller pieces and incubated in 100
ml of liquid BCEM (as described in section 3.2.3.2) at pH 4.5 or pH 5.5 (with 50 mM MES
buffer). After 3, 5, 7 and 10 days of incubation at 28 ◦C, 10 ml broth samples were taken
for pH measurement and total DNA extraction following the Pitcher protocol (Pitcher et al.,
1989). The presence of B. multivorans and the relative abundance of Burkholderia bacteria
in each sample were assessed using a B. multivorans-specific recA-based PCR assay (Section
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Figure 3.1: Relative abundance of Burkholderia bacteria in enrichment broth and on agar media of
(a) BCEM and (b) PCAT (experiment 4). W2 and W33, water samples. A, medium A; E, medium E.
12, 1.2% agar; 18; 1.8% agar.

3.1.3.4) and a Burkholderia qPCR, respectively. In case the B. multivorans-specific PCR
assay yielded visible amplicons, these were sequenced to exclude false positive results (Section
3.1.3.4).

3.3.4.2 Results

The presence of B. multivorans and relative abundance of Burkholderia bacteria in total
cell mass from the BCEM broth with pH 4.5 or 5.5 at different time points is presented in
Table 3.13 and Fig. 3.2, respectively. All PC samples were PCR positive for B. multivorans,
while all NC samples that were taken after 10 days of incubation were PCR negative for B.
multivorans. After 10 days of incubation at 28 ◦C, sample W2 in BCEM broth with pH 4.5
showed an increase in relative abundance of Burkholderia bacteria. Contrastingly, sample
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W152 incubated in BCEM broth with pH 4.5 showed a decrease in relative abundance of
Burkholderia bacteria at day 3. In BCEM broth with pH 5.5, both samples showed an
enrichment after 3 days, again followed by a decline of the relative number of Burkholderia
bacteria (Fig. 3.2). A similar trend was observed for the presence of B. multivorans, in which
all broths were initially PCR positive, turned negative at day 5, and turned positive again at
days 7 and 10 (only W2) (Table 3.13).

Table 3.13: Presence of B. multivorans in BCEM broth at pH 4.5 or 5.5 at different time points
(experiment 7)

Sample pH BCEM Day 3 Day 5 Day 7 Day 10

W2 4.5 − − w +
5.5 w − w w

W152 4.5 w − w −
5.5 + − − −

W2 and W152, water samples. +, PCR positive for B. multivorans; −, PCR negative for B. multivorans; w, weak
amplicon for B. multivorans.

3.3.4.3 Conclusions

Although an increase was observed in the relative abundance of Burkholderia bacteria in
BCEM broth with pH 5.5 after 3 days of incubation, their abundance again dropped at
the later time points. A similar trend was observed for the presence of B. multivorans.
Lowering the pH of the enrichment broth to 4.5 and increasing the incubation time yielded
varying results for different samples but generally did not enhance the liquid enrichment of
Burkholderia bacteria from water samples.

3.3.5 Experiment 8: effect of shaking and acclimatizing recovery on liquid
enrichment of water samples

3.3.5.1 Setup and methods

The present experiment examined the effect of the pH and shaking of the enrichment broth
and tested acclimatizing recovery. The latter strategy allows a gradual increase in nutrients
and selective agents and the inclusion of nutrients and signals from the original environment
(Vartoukian et al., 2010; Epstein, 2013).
One fresh water sample W2 (Table 3.10) that was PCR positive for B. multivorans was
filtered as described previously (Section 3.2.3.3, experiment A). Per condition, two filters
were cut into smaller pieces and incubated in 50 ml of liquid BCEM (as described in section
3.2.3.2) at pH 4.5 or pH 5.5 (with 50 mM MES buffer). Per pH condition, one bottle was
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Figure 3.2: Relative abundance of Burkholderia bacteria in BCEM broth at pH 4.5 and 5.5 at different
time points (experiment 7). W2 and W152, water samples; PC, positive control.
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incubated while shaking, while the other bottle was incubated while not shaking. After 1, 2,
3 and 4 weeks of incubation at 28 ◦C, 10 ml broth samples were taken for pH measurement
and total DNA extraction following the Pitcher protocol (Pitcher et al., 1989).
For the acclimatizing recovery experiment, two filters were incubated in 50 ml of broth which
comprised a mixture of filtrate from the original water sample and BCEM at pH 4.5 or 5.5.
The ratio of BCEM:filtrate was increased weekly by 20% of the total volume (Table 3.14).
The broths were therefore divided into two aliquots of 25 ml that were centrifuged for 10 min
at 8000 rpm. The supernatant was removed and used to measure the pH of the enrichment
broth. One pellet was stored at −20 ◦C for total DNA extraction, while the other pellet was
used to inoculate the next batch of 50 ml BCEM/filtrate broth. After 1, 2, 3, 4, 5 and 6
weeks of incubation at 28 ◦C, 10 ml broth samples were taken for pH measurement and total
DNA extraction following the Pitcher protocol (Pitcher et al., 1989). The presence of B.
multivorans and the relative abundance of Burkholderia bacteria in each sample were assessed
using a B. multivorans-specific recA-based PCR assay (Section 3.1.3.4) and a Burkholderia
qPCR, respectively. In case the B. multivorans-specific PCR assay yielded visible amplicons,
these were sequenced to exclude false positive results (Section 3.1.3.4).

Table 3.14: Increasing ratio of BCEM:filtrate in liquid enrichment broth
Ratio BCEM:filtrate BCEM (ml) Filtrate (ml)

Week 1 0:5 0 50
Week 2 1:4 10 20
Week 3 2:3 20 30
Week 4 3:2 30 20
Week 5 4:1 40 10
Week 6 5:0 50 0

3.3.5.2 Results

The presence of B. multivorans and relative abundance of Burkholderia bacteria in total cell
mass from the different BCEM broths at different time points is presented in Table 3.15 and
Fig. 3.3, respectively. Both for the shaking and acclimatizing recovery experiment a similar
trend was found in which the broths were PCR positive for B. multivorans after 1 week of
incubation. The broths of week 2 and 3 are PCR negative, while after 4 weeks of incubation
all samples were again PCR positive for B. multivorans. Because the overall trend for the
presence of B. multivorans was the same in the shaking experiment for pH 4.5 and 5.5, the
qPCR was performed only for the acclimatizing recovery experiment on the broths with pH
4.5. The qPCR results showed that shaking of the enrichment broth led to a faster increase in
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relative abundance of Burkholderia bacteria. The acclimatizing recovery experiment yielded
different results dependent on the pH of the enrichment broth (Fig. 3.3).

Table 3.15: Presence of B. multivorans in BCEM broth to assess the effect of shaking and acclimatizing
recovery (experiment 8)
Condition pH BCEM Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

Shaking 4.5 + − − + nd nd
5.5 + − − + nd nd

Non-shaking 4.5 + − − + nd nd
5.5 − − − + nd nd

Acclimatizing recovery 4.5 + − − + + +
5.5 + − − + + +

+, PCR positive for B. multivorans; −, PCR negative for B. multivorans; nd, not determined.

3.3.5.3 Conclusions

Shaking the enrichment broth resulted in a faster increase of the relative abundance of
Burkholderia bacteria. The acclimatizing recovery experiment showed the highest relative
abundance of Burkholderia bacteria after one week (100% filtrate) and 6 weeks (100%
BCEM broth) of incubation. For both the shaking and acclimatizing recovery experiment,
the broths were generally PCR positive for B. multivorans after 1 week of incubation, turned
PCR negative in week 2 and 3, and PCR positive again after 4 weeks of incubation.

3.3.6 Experiment 9: "fishing" with seedlings

3.3.6.1 Setup and methods

The present experiment examined whether the adhesion of Burkholderia bacteria to plant
roots could be used as a "fishing" strategy to isolate B. multivorans from water and soil
samples.
One fresh water sample W2 and one fresh soil sample S35 (Table 3.10) that were PCR
positive for B. multivorans were obtained as described previously (Section 3.2.3.1). For water
sample W2, two times 150 ml of the water sample was transferred to an autoclaved glass
petri plate. For soil sample S35, two times 15 g of the soil sample was transferred to an
autoclaved glass petri plate and suspended in 135 ml of autoclaved 0.85% NaCl solution.
A half loop of cells of B. multivorans R-20526 and R-20825 each (grown for 24 h at 37 ◦C
on buffered nutrient agar) was resuspended in 9 ml of 0.85% NaCl solution and two ml of
this solution was added to one of the two plates with the water and soil sample to serve as a
positive control (W2-PC and S35-PC). An autoclaved glass petri plate with 150 ml of 0.85%
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Figure 3.3: Relative abundance of Burkholderia bacteria in BCEM broth to assess the effect of (a)
shaking and (b) acclimatizing recovery (experiment 8).

NaCl solution served as negative control (NC). Seeds of pea (Wonder of Kelvedon), maize
(Tasty sweet F1 hybrid), lupine, barley and rice were surface sterilized (by soaking them for 2
min in a 1% NaOCl solution, 2 min in 70% ethanol, 2 min in sterile MQ and 4 times 1 min
in sterile MQ) and transferred to the glass petri plates containing either water or soil sample.
After 9 days of incubation at room temperature on a windowsill, one type of seed from each
condition was used for further analysis. The roots of the seedlings were aseptically removed
and transferred into 500 µl 0.85% NaCl solution. Using a surface sterilized micropestle, the
roots were crushed for 30 sec and another 500 µl 0.85% NaCl solution was added. Aliquots
(50 µl) of tenfold serial dilutions (1E-0 until 1E-2) in physiological saline were plated on
PCAT and BCSA agar media (Section 3.2.3.2). After 6 (W2) or 7 (S35) days of incubation
at 28 ◦C for , 10-15 isolates per sample, seed and agar medium were randomly picked and
subcultivated on buffered nutrient agar (Oxoid, pH 6.8). Isolates were identified using recA
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gene sequence analysis as described previously (Section 3.2.7.1).

3.3.6.2 Results

In W2 and W2-PC, seeds of pea and rice germinated, as well as one maize seed in W2-PC. In
S35 and S35-PC, only pea seeds germinated. The other seeds in W2 and S35 were overgrown
by fungi. In the NC sample none of the seeds germinated and all seeds were overgrown
by fungi. For the pea seed in W2, no isolates were obtained from BCSA and 0/10 isolates
from PCAT were identified as Burkholderia. For the rice seed in W2, 0/10 isolates from
BCSA and 0/8 isolates from PCAT were identified as Burkholderia. For the pea seed in S35,
0/2 isolates from BCSA and 4/23 isolates from PCAT were identified as Burkholderia. Two
isolates were identified as B. caledonica, one as B. phytofirmans and one as Burkholderia
sp. The identification and number of isolates for the spiked samples W2-PC and S35-PC is
presented in Table 3.16.

Table 3.16: Identification and number of isolates from seedlings germinated in spiked samples W2-PC
and S35-PC (experiment 9)

W2-PC S35-PC

Pea Rice Maize Pea

PCAT BCSA PCAT BCSA PCAT BCSA PCAT BCSA

B. multivorans PC 5 3 5 4 1
B. phytofirmans 1
Total isolates 9 4 8 2 20 9 10 5

PC, B. multivorans positive control strains R-20526 and R-20825.

3.3.6.3 Conclusions

B. multivorans was retrieved from the spiked PC samples with pea, rice and maize from W2,
and with pea for S35. More isolates of the PC strains were retrieved from PCAT than from
BCSA. "Fishing" with seedlings did however not yield B. multivorans from the unspiked water
and soil samples.

3.3.7 Experiment 11 and 12: effect of resuscitation at room temperature
and comparison of PCAT to 1/10 PCAT medium

3.3.7.1 Setup and methods

The present experiment examined the effect of a reduced nutrient concentration of the PCAT
isolation medium and the resuscitation of environmental bacteria at room temperature.
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One fresh soil sample S35 (Table 3.10) that was PCR positive for B. multivorans was
homogenized as described previously (Section 3.2.3.3, experiment B). Aliquots (50 µl) of
tenfold serial dilutions of the soil suspension in physiological saline (1E-0 until 1E-5) were
plated on PCAT and 1/10 PCAT (Table 3.2.3.2). The remainder of the soil sample was left
at room temperature for two more weeks (with loosened screw cap to allow oxygen flow)
and the plating procedure was repeated after 1 and 2 weeks. Colonies were picked from both
media from the last plating after 16 days of incubation at 28 ◦C. One fresh water sample
W2 (Table 3.10) that was PCR positive for B. multivorans was left for 16 days at room
temperature (with loosened screw cap to allow oxygen flow) prior to direct plating (50 µl) on
PCAT and 1/10 PCAT. After 5 days of incubation at 28 ◦C growth on the agar plates was
evaluated.

3.3.7.2 Results

For sample S35, growth was observed until dilutions of 1E-4 or 1E-3 onto 1/10 PCAT medium,
whereas PCAT medium only yielded growth up until 1E-2 (Table 3.17). A larger diversity of
colony morphologies was observed on 1/10 PCAT medium after incubating the soil sample
for 1 or 2 weeks at 28 ◦C. Of the 35 isolates from 1/10 PCAT medium, 23 were identified as
Burkholderia, but none of them was B. multivorans. Of the 23 isolates from PCAT medium,
19 were identified as Burkholderia, but none of them was B. multivorans.
Sample W2, which was left for 16 days at room temperature prior to plating, yielded no
colonies on PCAT but 25-35 colonies on 1/10 PCAT. None of the 32 colonies that were
picked from 1/10 PCAT medium was identified as Burkholderia.

Table 3.17: Growth of sample S35 on PCAT and 1/10 PCAT after 0, 1 and 2 weeks of incubation at
room temperature (experiment 11)

Week 0 Week 1 Week 2

Dilution PCAT 1/10 PCAT PCAT 1/10 PCAT PCAT 1/10 PCAT

1E-0 + + + + + +
1E-1 + + + + + +
1E-2 + + + + + +
1E-3 NG + NG + NG +
1E-4 NG + NG + NG NG
1E-5 NG NG NG NG NG NG

NG, no growth observed.
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3.3.7.3 Conclusions

The nutrient diluted (1/10) formulation of PCAT yielded more growth for both water and soil
samples, and generally yielded a larger number of distinct colony morphologies. Incubating
the water and soil samples for up to two weeks at room temperature prior to plating did not
yield B. multivorans isolates.

3.3.8 Experiment 13: "fishing" with amoebae

3.3.8.1 Setup and methods

The present experiment examined the effect of co-cultivation with amoebae to resuscitate B.
multivorans in environmental samples (Steinert et al., 1997; Marolda et al., 1999; La Scola
et al., 2001; Lamothe et al., 2004; Pagnier et al., 2008). For fresh water samples W2 and
W152 (Table 3.10), 150 ml aliquots were filtered as described previously (Section 3.2.3.3,
experiment A) and two filters were shaken for 2 h at 28 ◦C in 25 ml PAS medium (Chavatte
et al., 2014). One ml of the concentrated water sample in PAS medium was added to a
single well of a 12-well plate with a monolayer of Acanthamoeba castellanii in duplicate.
PAS medium was used as negative control (NC). After 1 (D1), 3 (D3) and 7 (D7) days
of incubation at 25 ◦C aliquots (100 µl for D1 and 300 µl for D3 and D7) of tenfold serial
dilutions were plated on 1/10 PCAT and BCSA agar media (Section 3.2.3.2). After 6 days of
incubation at 28 ◦C colonies were randomly picked and subcultivated on buffered nutrient agar
(Oxoid, pH 6.8). Dereplication and identification of the isolates was performed as described
previously (Section 3.2.3.4).

3.3.8.2 Results

MALDI-TOF MS dereplication of 176 isolates resulted in a total of 26 clusters, of which
none were identified as Burkholderia, 16 clusters (146 isolates) were identified as other GNNF
bacteria and 3 clusters (4 isolates) as Mycobacterium species (Table 3.18). The remaining 7
clusters (26 isolates) were identified as Gram-positive or Gram-negative fermenting bacteria
(data not shown).

3.3.8.3 Conclusions

Co-cultivation of water samples with amoebae (A. castellanii) prior to plating did not yield B.
multivorans isolates.
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Table 3.18: Identification and number of isolates for co-cultivation with amoebae (experiment 13)
W2 W152

1/10 PCAT BCSA 1/10 PCAT BCSA

Acinetobacter calcoaceticus 1
Chryseobacterium rhizoplanae 26 3
Flavobacterium oceanosedimentum 3
Flavobacterium sp. 1
Neorhizobium alkalisoli 1
Pseudomonas sp. 49(2) 25
Rhizobium radiobacter 8(2)
Rhizobium taibaishanense 1
Sphingobacterium cladoniae 11 12
Sphingomonas sanxanigenens 4
Variovorax soli 1
Total GNNF 42 3 64 37
Mycobacterium abscessus 2
Mycobacterium chelonae 1
Mycobacterium sp. 1
Total isolates 46 7 84 39

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. W2 and W152, water samples W2 and W152 (Table 3.10).

3.3.9 Experiment 16: co-cultivation with helper strains

3.3.9.1 Setup and methods

The present experiment examined the effect of co-cultivation with helper strains that can
provide nutrients and/or signals which may resuscitate B. multivorans in environmental
samples (Vartoukian et al., 2010; Epstein, 2013). For fresh water samples W2 and W152
(Table 3.10), 300 ml was filtered as described previously (Section 3.2.3.3, experiment A) and
each filter was shaken in 25 ml of its own filtrate for 2 h at 28 ◦C. For fresh soil sample S35
(Table 3.10), 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 4 ml of the 2x diluted soil suspension in physiological
saline 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
µm) were placed into each well and 1 ml of helper strain cell suspension was added to the
ThinCert compartment. Each cell suspension contained 3-5 strains of B. multivorans (Bm),
Pseudomonas sp. (P) or Staphylococcus sp. (S) (Table 3.19). Aliquots (50 µl) of tenfold
serial dilutions in physiological saline were plated on 1/10 PCAT and BCSA agar media
(Section 3.2.3.2) after 1, (D1), 3 (D3) and 7 (D7) days of incubation at 28 ◦C. After 6
(D1 and D3) or 7 days (D7) of incubation at 28 ◦C, colonies were randomly picked and
subcultivated on buffered nutrient agar (Oxoid, pH 6.8). Dereplication and identification of
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the isolates was performed as described previously (Section 3.2.3.4).

Table 3.19: Helper strain panels
Strain panel Strain Source (ST)

Bm

R-20526 ENV (ST-836)
R-20825 ENV (ST-650)
R-53445 CF (ST-25)
R-53446 CF (ST-741)
R-53627 CF (ST-16)

P
R-31520 CF
R-52232 CF
R-52542 CF
R-53162 CF

S
R-19214 CF
R-19219 CF
R-49429 t1 CF

Bm, B. multivorans; P, Pseudomonas sp.; S, Staphylococcus sp.; CF, cystic fibrosis; ENV, environmental; ST,
multilocus sequence type.

3.3.9.2 Results

For sample W2, MALDI-TOF MS dereplication of 279 isolates resulted in a total of 46 clusters,
of which 35 clusters (259 isolates) were identified as GNNF bacteria and two clusters (3
isolates) as M. chelonae (Table 3.20). The remaining 9 clusters (17 isolates) were identified
as Gram-positive or Gram-negative fermenting bacteria (data not shown).
For sample W152, MALDI-TOF MS dereplication of 236 isolates resulted in a total of 47
clusters, of which 34 clusters (116 isolates) were identified as GNNF bacteria (Table 3.21).
The remaining 13 clusters (120 isolates) were identified as Gram-positive or Gram-negative
fermenting bacteria (data not shown).
For sample S35, MALDI-TOF MS dereplication of 314 isolates resulted in a total of 30
clusters, of which 24 clusters (291 isolates) were identified as GNNF bacteria (Table 3.22).
The remaining 6 clusters (23 isolates) were identified as Gram-positive or Gram-negative
fermenting bacteria (data not shown).
For the NC, growth was observed at all time points on both the 1/10 PCAT and BCSA agar
media, with all colonies showing the same colony morphology. Several colonies were picked
at each time point and from each agar medium (17 isolates in total) and all of them were
identified as B. multivorans. MALDI-TOF MS analysis suggested that all B. multivorans
isolates that were obtained in this experiment (from the wells with NC, W2, W152 and S35
sample) belonged to the Bm strain panel (Table 3.19) and were thus contaminants. These
findings were confirmed by RAPD typing and gyrB sequence analysis (data not shown).
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Table 3.20: Identification and number of isolates for sample W2 (experiment 16)
Bm P S

1/10 PCAT BCSA 1/10 PCAT BCSA 1/10 PCAT BCSA

Aminobacter sp. 1 42 9 6
Bosea lupini 1
Bosea vestrisii 2
Chromobacterium aquaticum 4 1 5 21
Chryseobacterium sp. 2 1 3
Novosphingobium resinovorum 1 1
Pandoraea pnomenusa 1 3
Pseudomonas extremaustralis 1
Pseudomonas nitroreducens 28 6 6
Pseudomonas soli 1 1 1
Pseudomonas taiwanensis 2 4
Rhizobium radiobacter 2 1
Sphingobium rhizovicinum 29 22 20
Stenotrophomonas maltophilia 3
Bm contaminants 15
Total GNNF 60 63 39 18 33 33
Mycobacterium chelonae 1 2
Total isolates 62 63 43 20 33 35

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. Bm, B. multivorans; P, Pseudomonas sp.; S, Staphylococcus sp. (Table 3.19).

3.3.9.3 Conclusions

Co-cultivation of water and soil samples with helper strains prior to plating did not yield B.
multivorans isolates.
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Table 3.21: Identification and number of isolates for sample W152 (experiment 16)
Bm P S

1/10 PCAT BCSA 1/10 PCAT BCSA 1/10 PCAT BCSA

Brevundimonas sp. 1
Chryseobacterium aquaticum 2 1 1
Chryseobacterium scophthalmum 1 1
Chryseobacterium sp. 1
Chryseobacterium taeanense 1
Cloacibacterium rupense 1
Herbaspirillum frisingense 3
Herbaspirillum huttiense 3 13
Herbaspirillum sp. 1
Novosphingobium barchaimii 1
Novosphingobium resinovorum 7 5
Pseudomonas protegens 4
Pseudomonas sp. 1
Rhizobium nepotum 1
Rhizobium sp. 1
Rhizobium tibeticum 1
Sphingobacterium faecium 2(2)
Sphingobacterium kitahiroshimense 2
Sphingobacterium sp. 1 2 3
Sphingobium sp. 2
Stenotrophomonas maltophilia 1
Stenotrophomonas rhizophila 1
Variovorax guangxiensis 1
Bm contaminants 20
Total GNNF 9 26 11 10 7 23
Total isolates 47 26 43 10 57 23

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. Bm, B. multivorans; P, Pseudomonas sp.; S, Staphylococcus sp. (Table 3.19).

Table 3.22: Identification and number of isolates for sample S35 (experiment 16)
Bm P S

1/10 PCAT BCSA 1/10 PCAT BCSA 1/10 PCAT BCSA

Burkholderia choica 2
Burkholderia jiangsuensis 2 26(5)
Burkholderia phytofirmans 10 8 24(5)
Burkholderia sp. 1 3(2)
Pseudomonas prosekii 1
Bm contaminants 43 34 45 32 6 8
Total GNNF 53 34 56 32 62 8
Total isolates 74 34 56 32 64 8

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. Bm, B. multivorans; P, Pseudomonas sp.; S, Staphylococcus sp. (Table 3.19).
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3.4 Multilocus sequence types predict phylogeny and gene
content but not isolation source for Burkholderia
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Peter Vandamme. Multilocus sequence types predict phylogeny and gene content but not
isolation source for Burkholderia multivorans. In preparation.

Author contributions: CP, VC and PV conceived the study and wrote the manuscript. CP
performed the DNA preparations. VC directed the genomic sequencing methods. VC and
PH identified the orthologous genes. CP and VC performed the genomic data analysis and
statistical analysis. CP and BV performed the whole-genome sequence-based phylogenetic
analysis.

3.4.1 Abstract

The natural environment may serve as a reservoir of opportunistic pathogens. A well-
established method for studying the epidemiology of such opportunists is multilocus sequence
typing, which in many cases has defined strains predisposed to causing infection. Burkholderia
multivorans is an important pathogen in people with CF and its epidemiology suggests
that strains are acquired from non-human sources such as the natural environment. This
raises the central question of whether the isolation source (CF or environment) or the ST of
B. multivorans better predicts their genomic content and functionality. We identified four
pairs of B. multivorans isolates, representing distinct STs and consisting of one CF and one
environmental isolate. All genomes were sequenced using the PacBio SMRT sequencing
technology, which resulted in eight high-quality B. multivorans genome assemblies. The
present study demonstrated that the genomic structure of B. multivorans is highly conserved
and that the B. multivorans genomic lineages are defined by their ST. Orthologous protein
families were not uniformly distributed among chromosomes, with core orthologs being
enriched on the primary chromosome and ST-specific orthologs being enriched on the second
and third chromosome. The ST-specific orthologs were enriched in genes involved in defense
mechanisms and secondary metabolism, corroborating the strain-specificity of these virulence
characteristics. Finally, the same B. multivorans genomic lineages were isolated from CF
and environmental samples and on different continents many years apart, demonstrating the
evolutionary persistence and ubiquity of these strains in different niches and on different
continents.
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3.4.2 Introduction

Bcc bacteria are rare but potentially virulent pathogens in CF patients (LiPuma, 2010).
Epidemiological surveys revealed that B. multivorans is the most prevalent Bcc CF 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
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). Environmental
conditions or non-human hosts in which virulence factors might be adaptive can select for
traits that confer virulence and natural environments could therefore serve as reservoirs of
opportunistic pathogens (Coenye & Vandamme, 2003; Berg et al., 2005).
MLST is a well-established method for studying the epidemiology and population structure of
Bcc organisms (Baldwin et al., 2005; Spilker et al., 2009). The Bcc MLST scheme takes into
account the allelic variation of seven housekeeping genes and each strain is defined by its
unique allelic profile and ST (Jolley & Maiden, 2010). Baldwin et al. (2007) demonstrated
that roughly one fifth of the clinical isolates in the Bcc PubMLST database had the same ST
as environmental isolates, suggesting these isolates represent the same strain. A follow-up
study demonstrated that several B. multivorans STs were globally distributed and that the
natural environment (e.g. water and soil) may be an important reservoir for infection with
this species (Baldwin et al., 2008).
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., 2012a),
are characterized by a high G+C content (62-68 mol%) and consist of multiple replicons
(Mahenthiralingam et al., 2005; Ussery et al., 2009). To gain insight into the overall genome
biology of B. multivorans, we sequenced the genomes of eight isolates representing four
distinct STs. For each ST, a CF and an environmental isolate were sequenced using the PacBio
Single-Molecule Real-Time (SMRT) sequencing technology. The present study provides the
first comprehensive comparative genome analysis of B. multivorans and assesses to which
extent isolates with the same ST but from different origin (CF versus environmental) differ in
genetic potential.

3.4.3 Materials and methods

3.4.3.1 Studied isolates

We searched the Bcc PubMLST database (http://pubmlst.org/bcc/) (Jolley & Maiden, 2010)
for B. multivorans STs that included both CF and environmental (ENV) isolates, and selected
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eight isolates, representing four STs, for whole-genome sequencing (Table 3.23). Strains were
grown aerobically on Tryptone Soya Agar (Oxoid) and incubated at 28 ◦C. Cultures were
preserved in MicroBankTM vials at −80 ◦C.

Table 3.23: B. multivorans isolates included in the present study
Isolate Strain number ST Isolation source Depositor

ST180-ENV LMG 29305, J2943 180 Rhizosphere soil (United King-
dom, 2000)

J. Govan

ST180-CF LMG 29313, 8335 180 CF sputum (Czech republic,
2011)

P. Drevinek

ST189-ENV LMG 29309 189 Soil succulent (Belgium, 2003) Own isolate
ST189-CF LMG 29312, BCC0208 189 CF patient (Canada, 1999) E. Mahenthiralingam
ST287-ENV LMG 29306, J2947 287 Rhizosphere soil (United King-

dom, 2000)
J. Govan

ST287-CF LMG 29311, BCC0059 287 CF patient (Canada, 1995) E. Mahenthiralingam
ST650-ENV LMG 29308 650 Pond water (Belgium, 2003) Own isolate
ST650-CF LMG 29310, Q113 650 CF patient (Germany, 2010) B. Kahl

LMG, BCCM/LMG Bacteria Collection, Laboratory of Microbiology, Ghent University, Ghent, Belgium. CF, cystic
fibrosis; ENV, environmental; ST, multilocus sequence type.

3.4.3.2 Genome sequencing, assembly and annotation

High-quality DNA was prepared using Qiagen Genomic tips (20/G) and genomes were
sequenced using the P5-C3 chemistry on the PacBio SMRT II platform of the Department
of Genetics and Genomic Sciences of the Icahn School of Medicine at Mount Sinai (New
York, USA). One SMRT cell per isolate was sequenced, except for isolates ST189-CF and
ST287-ENV for which a second SMRT cell was run to increase the quality of the raw data.
PacBio reads were assembled in the sequencing center using the SMRT analysis software
(including HGAP3 and Quiver) and contigs were ordered against the complete reference
genome of B. multivorans strain ATCC 17616 (PRJNA17407) using Mauve (Rissman et al.,
2009). We further polished the assemblies in five steps. The first step consisted of removing
spurious contigs that were small in size, had a low coverage and resulted in a highest BLAST
hit with the primary chromosome of its own genome (Liao et al., 2015). Reads were mapped
using pbalign and QC reports were created based on the resulting BAM files using Qualimap
(Garcia-Alcalde et al., 2012). Contigs smaller than 20 kb and with less than 20x coverage or
a high variation (SD) in coverage were discarded. In step two, read mappings were used to
further polish the contigs using Pilon (Walker et al., 2014b) with default parameters. In step
three, contigs with overlapping ends were merged using Gap5 (Bonfield & Whitwham, 2010)
to exclude artificially duplicated regions, often including many frameshifts and fragmented
open reading frames. In step four, the duplicated ends of circular contigs were trimmed using
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Gepard (Krumsiek et al., 2007) and Gap5 as these duplications were a consequence of the
circular nature of the replicons in combination with the long-read sequencing technology
(Scott & Ely, 2015). Importantly, this artificial duplication of contig ends not only resulted
in a highly variable rRNA copy number, but also falsely excluded genes from the ortholog
dataset because they were artificially duplicated. Since the merging of overlapping ends by
Gap5 might be imperfect, we ran Quiver in a final polishing step. The PacBio sequencing
reads of one SMRT cell resulted in a coverage ranging from 76x to 119x.
Annotation was performed using Prokka v1.11 (Seemann, 2014) with a genus-specific
database based on reference genomes from the Burkholderia Genome database (http:
//beta.burkholderia.com/) (Winsor et al., 2008). The annotated genome assemblies were
submitted to the European Nucleotide Archive and are publicly available through the Gen-
Bank/EMBL/DDBJ accession numbers FKJT01000000, FKJS01000000, FKJU01000000,
FKJP01000000, FKJV01000000, FKJW01000000, FKJX01000000 and FKJY01000000. The
genome sequence of B. multivorans strain ATCC 17616 (PRJNA17407) was included as a
reference in all further analyses. A multiple genome alignment was performed using Mauve
(Darling et al., 2010) to assess the basic genome structure.

3.4.3.3 Analysis of protein-coding genes and ortholog identification

We mapped for each protein-coding gene (CDS) on which chromosome it was located and
to which cluster of orthologous groups (COG) it belonged (Galperin et al., 2015). COGs
were assigned by a reversed position-specific BLAST (RPSBLAST v2.2.29+) with an e-value
cut-off of 1E-3 against the NCBI conserved domain database (CDD v3.14). Orthologous
genes were identified as described previously (Lerat et al., 2003; Cooper et al., 2010). In
short, homologs were identified as reciprocal best BLAST hits with a normalized bit score,
providing an empirically determined taxon-specific threshold. The putative panorthologs (i.e.
single-copy orthologous genes conserved in all genomes) were computed while varying the bit
score threshold from 0.1 to 0.9 in 0.1 increments and the largest set of panorthologs was
selected. For each orthologous protein family, the consensus chromosome location and COG
were determined. Conflicts in COG mapping were resolved by the majority rule.

3.4.3.4 Phylogenomic analysis

The whole-genome phylogeny was calculated based on the sequences of the panorthologs as
described previously (Pinto-Carbo et al., 2016). In short, amino acid sequences were aligned
using MUSCLE (Edgar, 2004) and translated back to the respective nucleotide sequences
using T-Coffee (Notredame et al., 2000). Nucleotide alignments were trimmed using trimAl
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(Capella-Gutierrez et al., 2009) by removing positions with gaps in more than 50% of the
sequences, and were subsequently concatenated to construct a maximum likelihood tree using
RaXML v7.4.2 (Stamatakis, 2014) with the GTRGAMMA substitution model and 1000 rapid
bootstrap analyses.
In a second approach, the presence/absence matrix of all orthologs was used in a discrete
character-state parsimony analysis using pars from the PHYLIP package (Felsenstein, 2005)
to assess the relatedness of the genomes in terms of gene content.

3.4.3.5 Comparison of B. multivorans and B. cenocepacia COG profiles

Complete genome sequences of B. cenocepacia strains J2315, H111, K56-2Valvano, AU1054,
HI2424 and MC0-3 were downloaded from the Burkholderia Genome database (http://
beta.burkholderia.com/) (Winsor et al., 2008). COG mapping of B. cenocepacia CDS was
performed as described above for B. multivorans. The number of CDS per COG category for
each species (B. multivorans versus B. cenocepacia) was counted and the distributions were
compared using Pearson chi-square analysis.

3.4.3.6 Data visualization and statistical analyses

Data visualization and statistical analyses were performed using RStudio with R v3.2.3.
Pearson’s chi-square analyses were used to test the association between different sets of
categorical variables. When a significant relationship was found between two variables, we
further examined the standardized Pearson residuals. Standardized Pearson residuals having
high absolute values indicate a lack of fit of the null hypothesis of independence in each
cell (Agresti, 2002) and thus indicate observed cell frequencies in the contingency table
that are significantly higher or lower than one would expect based on coincidence. In case
multiple COG categories were registered for the same COG, each COG category was counted
separately for Pearson chi-square analysis on COG categories. For the 198 CDS that were
involved in the translocation within the ST650-CF isolate from the primary to the secondary
chromosome, the consensus chromosome mapping was set to the primary chromosome for
Pearson chi-square analysis on chromosome distribution.

3.4.4 Results

3.4.4.1 The genomic structure of B. multivorans is highly conserved

The final assemblies produced closed genomes for five of the eight B. multivorans isolates
sequenced in the present study. The genomes were 6.2-6.9 Mb in size with a G+C content of
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~67 mol% and the number of predicted CDS ranged from 5,415 to 6,155 CDS per genome
(Table 3.24). No clustered regularly interspaced short palindromic repeats (CRISPRs) were
identified.
The multiple genome alignment revealed a highly conserved genomic structure with three
chromosomes (from here on referred to as C1, C2 and C3). C1, C2 and C3 were on average
3.4 Mb, 2.4 Mb and 0.6 Mb in size. Both ST180 isolates harbored one contig that did not
map onto the reference genome of ATCC 17616. These contigs were 22,339 and 28,809 bp in
size, had a G+C content of 58 mol% and were therefore considered plasmids. Both plasmids
contained genes for an initiator repB protein, an AsnC transcriptional regulator, a cobyrinic
acid a,c-diamide synthase (parA homologue), multiple integrases and several hypothetical
proteins. The multiple genome alignment also revealed a fairly large translocation (207 genes,
198 CDS) within the ST650-CF isolate from C1 to C2 that was delimited by rRNA operons
at both ends. All isolates except ST650-CF contained 3, 1 and 1 rRNA copies on C1, C2
and C3, respectively. As a result of the translocation, isolate ST650-CF contained 2, 2 and 1
rRNA copies on C1, C2 and C3, respectively.

Table 3.24: B. multivorans genome characteristics
Isolate Contigs Size (bp) %GC C1 C2 C3 Plasmid Total

CDS
Ortho-
logous
CDS

Non-
ortho-
logous
CDS

ST180-ENV 4 6,464,081 67.1 1 2 3 4 5,794 5,271 523
ST180-CF 4 6,296,736 67.3 1 2 3 4 5,551 5,266 285
ST189-ENV 3 6,223,431 67.3 1 2 3 - 5,467 5,144 323
ST189-CF 13 6,157,395 67.3 1-5 6-9 10-13 - 5,415 5,132 283
ST287-ENV 4 6,559,547 67.2 1-2 3 4 - 5,800 5,494 306
ST287-CF 6 6,857,684 67.0 1-4 5 6 - 6,155 5,505 650
ST650-ENV 3 6,322,929 67.2 1 2 3 - 5,594 5,275 319
ST650-CF 3 6,308,820 67.2 1 2 3 - 5,599 5,250 349
ATCC 17616 4 7,008,622 66.7 1 2 3 4 6,258 4,893 1,365

C1, C2 and C3: contigs mapping to chromosome 1, 2 and 3 of B. multivorans strain ATCC 17616, respectively; bp,
base pairs.

3.4.4.2 ST predicts genomic lineage

Orthologous genes were identified to determine the conserved genome content of B.
multivorans. The ortholog analysis identified 6,254 homologous protein families comprising
47,230 CDS in total (Table 3.24). The largest set of panorthologs, i.e. orthologs conserved in
all nine B. multivorans genomes and present as single copies, was found at a reciprocal best
bit score threshold of 0.7 (see Methods section) and comprised 4,503 ortholog families.
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The frequency of orthologous versus non-orthologous CDS varied significantly per isolate
(χ2(8)=1829.6, p<0.001) and ST (χ2(3)=67.3, p<0.001), but not isolation source (p>0.05).
The genomes of isolates ST287-CF and ATCC 17616 were significantly enriched with non-
orthologous CDS, while those of ST180-CF, ST287-ENV, ST650-ENV and both ST189
isolates were significantly deprived in non-orthologous CDS (Table 3.24) (Supplementary
Table 3.3). Analysis of the relationship between orthologous versus non-orthologous CDS
and ST showed that the ST287 genomes were significantly enriched with non-orthologous
CDS, while the ST189 and ST650 genomes were significantly deprived in non-orthologous
CDS (Supplementary Table 3.4).
The ortholog dataset enabled two subsequent analyses of strain phylogeny. In the first
approach, a whole-genome phylogeny was obtained based on nucleotide sequence divergence
of the panorthologs (Fig. 3.4). In the second approach, the presence/absence matrix of the
ortholog families was used to assess the relatedness of the genomes in terms of gene content
using parsimony (Supplementary Fig. 3.2). These analyses both demonstrated that the ST,
and not the isolation source, of the B. multivorans isolates predicted their phylogeny and
gene content. This finding demonstrated that isolates with the same ST represent the same
genomic lineage, irrespective of their isolation source.

ST650-CF

ST287-CF

ST189-CF

ATCC 17616

ST180-CF

ST189-ENV

ST287-ENV

ST180-ENV

ST650-ENV

100

100

100

100

100

Tree scale: 0.001

Figure 3.4: Phylogenomic analysis showing the relatedness of the genomes in terms of sequence
divergence of the panorthologs. The maximum likelihood tree was inferred using the GTRGAMMA
substitution model and is based on a concatenated nucleotide alignment of 4,503 CDS (4,457,847
positions). The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap analyses (1,000 replicates) are shown next to the branches. Scale bar represents number of
substitutions per site. The tree was rooted on the branch with the largest branch length.

3.4.4.3 Orthologous genes are enriched on C2 and are involved in carbohydrate
metabolism and transport

Because the fraction of genes that are involved in housekeeping functions varies among the
chromosomes (Mahenthiralingam et al., 2005), we mapped the chromosome location of
each CDS. Consistent with the average chromosome size, the total number of CDS was
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highest on C1 (27,813 CDS), followed by C2 (18,565 CDS) and C3 (5,047 CDS). The plasmid
of the ST180 isolates harbored 208 CDS, of which 206 were non-orthologous CDS. The
translocation within the ST650-CF isolate from C1 to C2 comprised 198 CDS, of which 13
were non-orthologous CDS. The frequency of orthologous versus non-orthologous CDS varied
significantly among the different chromosomes (χ2(2)=213.4, p<0.001) (Fig. 3.5a). C1 was
significantly enriched with non-orthologous CDS, while C2 was significantly enriched with
orthologous CDS (Fig. 3.5b).
To identify biological functions that were over- or underrepresented, we assigned each CDS
to a COG. Roughly 80% of the CDS (41,520 CDS in total) could be assigned to a COG and
its associated COG functional category. The frequency of orthologous versus non-orthologous
CDS varied significantly among the different COG categories (χ2(22)=5101.2, p<0.001)
(Fig. 3.5c). The non-orthologous CDS were significantly enriched in the COG categories
cell wall/membrane/envelope biogenesis (M), intracellular trafficking, secretion and vesicular
transport (U), amino acid transport and metabolism (E) and mobilome (X), while the
orthologous CDS were significantly enriched in the COG categories carbohydrate transport
and metabolism (G) and general function prediction only (R) (Table 3.25).

3.4.4.4 Each ST harbors unique orthologs

For each ortholog family we examined whether it was present in all eight isolates (i.e. showed
core specificity), specific for isolates of one or more STs, specific for isolates of a specific
source or randomly present. None of the ortholog families was present in all four isolates of a
specific source (CF vs. ENV), but a small number of ortholog families were present in only
one, two or three isolates from the same source, thus leaving five relevant specificity groups:
core (n=4,684), ST (n=1,362), CF-only (n=38), ENV-only (n=51) and random (n=119).
The Venn diagram (Fig. 3.6) visualizes the number of ortholog families in the core and ST
specificity groups (n=6,046) and shows that each ST harbors 103-539 orthologs that were
not present in any other ST.

3.4.4.5 ST-specific orthologs are enriched on C2 and C3 and are involved in defense
mechanisms and secondary metabolism

Based on the chromosome and COG mapping for the individual CDS, we mapped the
consensus chromosome location and COG category for each ortholog family. Consistent with
the average chromosome size, the number of orthologs was highest on C1 (3,242), followed
by C2 (2,264) and C3 (710). For 37 ortholog families there was a conflict in chromosome
mapping, and 1 ortholog was located on the plasmid of the ST180 isolates. COGs and

92



3. The environmental niche of B. multivorans: fitness school for a CF pathogen?

0

5000

10000

15000

20000

25000

C1 C2 C3
Chromosome

C
ou

nt
 C

D
S

Non−orthologous CDS

Orthologous CDS

(a)

S
ta

nd
ar

di
ze

d
R

es
id

ua
ls

:
<

−
4

−
4:

−
2

−
2:

0
0:

2
2:

4
>

4

C1 C2 C3

Non−orthologous CDS

Orthologous CDS

(b)

0

1000

2000

3000

4000

J K L B D V T M N W U O C G E F H I P Q X R S
COG category

C
ou

nt
 C

D
S

Non−orthologous CDS

Orthologous CDS

(c)

Figure 3.5: The frequency of orthologous versus non-orthologous CDS varies among chromosomes
and COG categories. Bar plots show the number of orthologous and non-orthologous CDS per
chromosome (χ2(2)=213.4, p<0.001) (a) and COG category (χ2(22)=5101.2, p<0.001) (c). Mosaic
plots show the standardized residuals of the Pearson chi-square analysis for the number of orthologous
and non-orthologous CDS per chromosome (b). Solid and dashed boundaries represent positive and
negative residuals, respectively. Rectangles are colored only if the standardized residual is significant
at p<0.05 (outside ±1.96). COG categories: J, translation, ribosomal structure and biogenesis; K,
transcription; L, replication, recombination and repair; B, chromatin structure and dynamics; D, cell
cycle control, cell division, chromosome partitioning; V, defense mechanisms; T, signal transduction
mechanisms; M, cell wall/membrane/envelope biogenesis; N, cell motility; W, extracellular structures;
U, intracellular trafficking, secretion, and vesicular transport; O, posttranslational modification, protein
turnover, chaperones; X, mobilome: prophages, transposons; C, energy production and conversion;
G, carbohydrate transport and metabolism; E, amino acid transport and metabolism; F, nucleotide
transport and metabolism; H, coenzyme transport and metabolism; I, lipid transport and metabolism;
P, inorganic ion transport and metabolism; Q, secondary metabolites biosynthesis, transport and
catabolism; R, general function prediction only; S, function unknown.
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Table 3.25: The frequency of orthologous versus non-orthologous CDS varies among the COG
categories

Orthologous CDS Non-orthologous CDS

Information storage and processing
J Translation, ribosomal structure and biogenesis 1814 (0.789) − 65 (-3.359)
K Transcription 4122 (0.766) − 176 (-3.258)
L Replication, recombination and repair 977 (-0.032) 55 (0.137)
B Chromatin structure and dynamics 24 (0.263) 0 (-1.121)
Cellular processes and signaling
D Cell cycle control, cell division, chromosome partitioning 319 (0.848) − 2 (-3.610)
V Defense mechanisms 765 (1.199) − 8 (-5.101)
T Signal transduction mechanisms 2108 (0.988) − 69 (-4.207)
M Cell wall/membrane/envelope biogenesis 2441 (-1.161) + 196 (4.941)
N Cell motility 898 (1.510) − 3 (-6.429)
W Extracellular structures 225 (0.806) − 0 (-3.431)
U Intracellular trafficking, secretion, and vesicular transport 838 (-1.241) + 85 (5.283)
O Posttranslational modification, protein turnover, chaperones 1367 (0.711) − 48 (-3.025)
Metabolism
C Energy production and conversion 2641 (0.329) 128 (-1.401)
G Carbohydrate transport and metabolism + 2710 (2.016) − 41 (-8.579)
E Amino acid transport and metabolism − 3880 (-3.142) + 426 (13.373)
F Nucleotide transport and metabolism 845 (0.916) − 19 (-3.897)
H Coenzyme transport and metabolism 2058 (1.521) − 42 (-6.475)
I Lipid transport and metabolism 2127 (0.091) 113 (-0.387)
P Inorganic ion transport and metabolism 2148 (0.567) − 91 (-2.415)
Q Secondary metabolites biosynthesis, transport and catabolism 1442 (0.543) − 58 (-2.311)
Poorly characterized
R General function prediction only + 3954 (2.026) − 86 (-8.623)
S Function unknown 1851 (0.358) 86 (-1.524)
Mobile elements
X Mobilome: prophages, transposons − 207 (-15.300) + 398 (65.117)

Pearson chi-square analysis testing the independence of gene conservation (orthologous vs. non-orthologous CDS)
and COG category (χ2(22)=5101.2, p<0.001). Each cell in the contingency represents the observed frequency and
standardized residual (in between brackets) and is preceded by + or − if the standardized residual is >1.96 or <-1.96,
respectively, and significant at p<0.05.

their associated COG functional category could be assigned to 4,896 of the 6,254 ortholog
families.
The specificity of the ortholog families varied significantly among the chromosomes
(χ2(8)=469.8, p<0.001) (Fig. 3.7a) and COG categories (χ2(88)=649.8, p<0.001) (Fig.
3.7c). C2 and C3 were significantly enriched with ST-specific orthologs, while C1 was
significantly enriched with orthologs belonging to the specificity groups core, random, CF-only
and ENV-only (Fig. 3.7b). The ST-specific orthologs were significantly enriched in the
COG categories defense mechanisms (V), secondary metabolites biosynthesis, transport and
catabolism (Q), mobilome (X) and general function prediction only (R) (Table 3.26).
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Figure 3.6: Venn diagram showing the number of core and ST-specific ortholog families

3.4.4.6 ST287 harbors extra orthologous and non-orthologous genes

Both ST287 genomes were considerably larger and contained a higher number of CDS (Table
3.24), suggesting that this genomic lineage contains extra genes. ST287 was not only enriched
with non-orthologous CDS (Supplementary Table 3.4) but also harbored 539 orthologs that
were not present in the other three STs (Fig. 3.6), showing that the extra genes in ST287
are both orthologous and non-orthologous CDS. Conversely, the other three STs (ST180,
ST189 and ST650) shared 176 orthologs that were absent in ST287 (Fig. 3.6). We found
no significant association between the specificity profile and distribution of COG categories
(p>0.05), suggesting that the 539 ST287-specific orthologs and 176 orthologs that were
specific for the other three STs (ST180, ST189 and ST650) are involved in similar biological
processes.

3.4.4.7 C1 is enriched with orthologs showing CF and ENV specificity

C1 was enriched with orthologs that were present in only one, two or three isolates from the
same source (CF-only or ENV-only) (Fig. 3.7a and 3.7b). CF-only orthologs were significantly
enriched in the COG categories cell cycle control, cell division and chromosome partitioning
(D), extracellular structures (W), intracellular trafficking, secretion and vesicular transport
(U) and mobilome (X), while ENV-only orthologs were significantly enriched in replication,
recombination and repair (L), intracellular trafficking, secretion and vesicular transport (U)
and posttranslational modification, protein turnover and chaperones (O) (Fig. 3.7c and Table

95



III. Experimental work

0

1000

2000

3000

C1 C2 C3
Chromosome

C
ou

nt
ENV−only

CF−only

random

ST

core

(a)

S
ta

nd
ar

di
ze

d
R

es
id

ua
ls

:
<

−
4

−
4:

−
2

−
2:

0
0:

2
2:

4
>

4

C1 C2 C3

ENV−only

CF−only

random

ST

core

(b)

0

200

400

600

J K L B D V T M N W U O C G E F H I P Q X R S
COG category

C
ou

nt
 C

D
S

ENV−only

CF−only

random

ST

core

(c)

Figure 3.7: Ortholog specificity varies among chromosomes and COG categories. Bar plots show the
number of orthologs per specificity group for different chromosomes (χ2(8)=469.8, p<0.001) (a) and
COG categories (χ2(88)=649.8, p<0.001) (c). Mosaic plots show the standardized residuals of the
Pearson chi-square analysis on the number of orthologs per specificity group per chromosome (b). Solid
and dashed boundaries represent positive and negative residuals, respectively. Rectangles are colored
only if the standardized residual is significant at p<0.05 (outside ±1.96). COG categories: J, translation,
ribosomal structure and biogenesis; K, transcription; L, replication, recombination and repair; B,
chromatin structure and dynamics; D, cell cycle control, cell division, chromosome partitioning; V,
defense mechanisms; T, signal transduction mechanisms; M, cell wall/membrane/envelope biogenesis;
N, cell motility; W, extracellular structures; U, intracellular trafficking, secretion, and vesicular
transport; O, posttranslational modification, protein turnover, chaperones; X, mobilome: prophages,
transposons; C, energy production and conversion; G, carbohydrate transport and metabolism; E,
amino acid transport and metabolism; F, nucleotide transport and metabolism; H, coenzyme transport
and metabolism; I, lipid transport and metabolism; P, inorganic ion transport and metabolism; Q,
secondary metabolites biosynthesis, transport and catabolism; R, general function prediction only; S,
function unknown.
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3.26).
Additionally, C1 was also enriched with orthologs showing random specificity (Fig. 3.7a
and 3.7b) and these orthologs with random specificity were significantly enriched in the
COG categories replication, recombination and repair (L), cell cycle control, cell division and
chromosome partitioning (D), cell wall/membrane/envelope biogenesis (M) and mobilome
(X) (Fig. 3.7c and Table 3.26).

3.4.4.8 Comparison of B. multivorans and B. cenocepacia average COG
profiles

During the past two decades, B. multivorans and B. cenocepacia have been the most
prevalent Bcc pathogens in CF. Historically, B. cenocepacia strains have been responsible
for large epidemics within the CF community and are often extremely virulent (Drevinek &
Mahenthiralingam, 2010). In contrast, only a limited number of B. multivorans outbreak
strains were described and B. multivorans is generally considered a less virulent Bcc pathogen
as compared to B. cenocepacia (Mahenthiralingam et al., 2005). To examine the species-
specific genome content of B. multivorans, we compared its average COG profile to that of
B. cenocepacia. B. cenocepacia genomes contained generally more genes (6,477-7,116 CDS
per genome) (Supplementary Table 3.5) than B. multivorans genomes (5,415-6,155 CDS
per genome) (Table 3.24) and more CDS per COG category (Supplementary Fig. 3.3). We
compared the average COG profile of the two species by calculating the average number of
CDS per genome in each COG category and by comparing these distributions. The distribution
of CDS among COG categories varied significantly between the two species (χ2(22)=102.9,
p<0.001) (Supplementary Fig. 3.3). B. cenocepacia genomes harbor significantly more
CDS in the COG categories transcription (K), defense mechanisms (V) and general function
prediction only (R) and significantly less in translation, ribosomal structure and biogenesis
(J) and replication, recombination and repair (L). Conversely, B. multivorans genomes harbor
significantly more CDS in the COG categories replication, recombination and repair (L) and
less in transcription (K) (Table 3.27).
Finally, we searched for COGs that were exclusively present in either B. multivorans or
B. cenocepacia genomes. In total, 124 COGs were exclusively present in one or more B.
multivorans genomes, but only 21 COGs were uniquely present in all nine of the B. multivorans
genomes (Table 3.28). Conversely, 204 COGs were exclusively present in one or more B.
cenocepacia genomes, but only 72 COGs were uniquely present in all six of the B. cenocepacia
genomes (Supplementary Table 3.6).
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Table 3.27: The distribution of B. multivorans versus B. cenocepacia CDS varies among COG
categories

B. cenocepacia B. multivorans

Information storage and processing
J Translation, ribosomal structure and biogenesis − 1528 (-2.166) 2118 (1.931)
K Transcription + 4314 (3.883) − 4866 (-3.462)
L Replication, recombination and repair − 809 (-2.797) + 1206 (2.494)
B Chromatin structure and dynamics 21 (-0.057) 27 (0.051)
Cellular processes and signaling
D Cell cycle control, cell division, chromosome partitioning 261 (-1.082) 369 (0.964)
V Defense mechanisms + 800 (2.046) 880 (-1.825)
T Signal transduction mechanisms 2032 (0.726) 2482 (-0.647)
M Cell wall/membrane/envelope biogenesis 2438 (0.658) 2993 (-0.587)
N Cell motility 715 (-1.808) 1012 (1.612)
W Extracellular structures 226 (0.949) 253 (-0.846)
U Intracellular trafficking, secretion, and vesicular transport 750 (-1.798) 1058 (1.603)
O Posttranslational modification, protein turnover, chaperones 1251 (-0.421) 1607 (0.376)
Metabolism
C Energy production and conversion 2357 (-1.677) 3151 (1.496)
G Carbohydrate transport and metabolism 2519 (0.619) 3098 (-0.552)
E Amino acid transport and metabolism 3694 (-1.403) 4840 (1.251)
F Nucleotide transport and metabolism 747 (-0.603) 977 (0.538)
H Coenzyme transport and metabolism 1854 (-0.344) 2364 (0.297)
I Lipid transport and metabolism 2090 (1.130) 2513 (-1.008)
P Inorganic ion transport and metabolism 1883 (-1.820) 2550 (1.623)
Q Secondary metabolites biosynthesis, transport and catabolism 1367 (0.495) 1678 (-0.441)
Poorly characterized
R General function prediction only + 3843 (1.965) 4562 (-1.752)
S Function unknown 1685 (-0.887) 2202 (0.791)
Mobile elements
X Mobilome: prophages, transposons 630 (0.830) 746 (-0.740)

Pearson chi-square analysis testing the independence of species and COG category (χ2(22)=102.9, p<0.001). Each
cell in the contingency represents the observed frequency and standardized residual (in between brackets) and is
preceded by + or − if the standardized residual is >1.96 or <-1.96, respectively, and significant at p<0.05.

3.4.5 Discussion

While infection control measures reduced patient-to-patient transmission and thereby the
prevalence of B. cenocepacia, B. multivorans is characterized by a limited person-to-person
transmission and subsequently 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 isolates from CF patients commonly represent
unique strains suggest that strains are acquired from non-human sources such as the natural
environment (Baldwin et al., 2008). To examine the extent to which the ST of B. multivorans
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Table 3.28: B. multivorans-specific COGs
COG COG name COG category

COG0062 NAD(P)H-hydrate repair enzyme Nnr, NAD(P)H-hydrate epimerase domain F
COG0645 Predicted kinase R
COG1585 Membrane protein implicated in regulation of membrane protease activity O
COG2312 Erythromycin esterase homolog Q
COG4121 tRNA U34 5-methylaminomethyl-2-thiouridine-forming methyltransferase

MnmC
J

COG5567 Predicted small periplasmic lipoprotein YifL (function unknown) S
COG5615 Uncharacterized membrane protein S
COG2519 tRNA A58 N-methylase Trm61 J
COG2905 Signal-transduction protein containing cAMP-binding, CBS, and nucleotidyl-

transferase domains
T

COG3059 Uncharacterized membrane protein YkgB S
COG3095 Chromosome condensin MukBEF, MukE localization factor D
COG3220 Uncharacterized conserved protein, UPF0276 family S
COG4823 Abortive infection bacteriophage resistance protein V
COG5453 Uncharacterized protein S
COG1107 Archaea-specific RecJ-like exonuclease, contains DnaJ-type Zn finger domain L
COG1140 Nitrate reductase beta subunit CP
COG2180 Nitrate reductase assembly protein NarJ, required for insertion of molybdenum

cofactor
CPO

COG2181 Nitrate reductase gamma subunit CP
COG2202 PAS domain T
COG2427 Uncharacterized conserved protein YjgD, DUF1641 family S
COG5013 Nitrate reductase alpha subunit CP

COG categories: J, translation, ribosomal structure and biogenesis; K, transcription; L, replication, recombination and
repair; B, chromatin structure and dynamics; D, cell cycle control, cell division, chromosome partitioning; V, defense
mechanisms; T, signal transduction mechanisms; M, cell wall/membrane/envelope biogenesis; N, cell motility; W,
extracellular structures; U, intracellular trafficking, secretion, and vesicular transport; O, posttranslational
modification, protein turnover, chaperones; X, mobilome: prophages, transposons; C, energy production and
conversion; G, carbohydrate transport and metabolism; E, amino acid transport and metabolism; F, nucleotide
transport and metabolism; H, coenzyme transport and metabolism; I, lipid transport and metabolism; P, inorganic ion
transport and metabolism; Q, secondary metabolites biosynthesis, transport and catabolism; R, general function
prediction only; S, function unknown.

isolates from CF versus environmental samples explains their genomic content and functionality,
we selected four pairs of B. multivorans isolates for whole-genome sequencing, representing
distinct STs and consisting of one CF and one environmental isolate each.
MLST is a well-established method for studying the population structure of Bcc organisms
(Baldwin et al., 2005; Spilker et al., 2009) and Baldwin et al. (2008) previously reported the
occurrence of B. multivorans STs that were globally distributed. Recently, whole-genome
sequencing of B. pseudomallei revealed that the unexpected occurrence of two B. pseudomallei
STs on two continents was due to homoplasy (De Smet et al., 2015b). However, the present
study demonstrated that the ST predicted both phylogeny and gene content of B. multivorans
isolates (Fig. 3.4 and Supplementary Fig. 3.2) and hence corroborated the use of MLST for
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epidemiological surveillance of Bcc bacteria.
The clinical isolates of ST189 and ST287 were obtained from samples of Canadian CF
patients, but the environmental isolates of these STs were soil isolates from Belgium and
the United Kingdom, respectively (Table 3.23). Yet, our analyses showed that, despite this
transatlantic barrier, each B. multivorans genomic lineage was defined by its ST, harboring
a highly conserved set of genes (Supplementary Fig. 3.2). Moreover, isolates belonging
to the same ST were isolated up to eleven years apart (Table 3.23). Finally, searching the
Bcc PubMLST database (http://pubmlst.org/bcc/) (Jolley & Maiden, 2010) for additional
isolates of the studied STs (Table 3.23) revealed yet another ST189 isolate that was isolated
in 2000 from an Australian CF patient. Altogether, these findings underscore the ubiquity of
B. multivorans strains in different niches and on different continents.
To gain insight into the genome biology of B. multivorans, we analyzed all protein-coding
genes in terms of homology, specificity, chromosome location and predicted function (i.e. COG
category). Firstly, we identified orthologous genes because the conservation of genes may
hold clues about which genes are essential for the species-specific lifestyle of B. multivorans.
Secondly, we mapped the chromosome location of each CDS because the different chromo-
somes are associated with different gene copy numbers, mutation rates and expression levels
and because the chromosomal location of a gene has an influence on its evolutionary course
(Cooper et al., 2010; Morrow & Cooper, 2012). Finally, we assigned each CDS to a COG to
assess which biological functions were over- or underrepresented (Galperin et al., 2015). A
large fraction of the orthologs (72%) was present in all nine B. multivorans genomes, showing
that the B. multivorans isolates possessed a large set of genes regardless of their isolation
source. Accordingly, Wolfgang et al. (2003) compared clinical and environmental isolates of
Pseudomonas aeruginosa, which is also a significant CF pathogen, and demonstrated that
most strains, regardless of source, possess the basic pathogenic mechanisms necessary to
cause a wide variety of human infections.
The highly conserved multireplicon genomic structure found in the present study was in
agreement with the general genome architecture of Bcc organisms (Agnoli et al., 2012). Since
primary chromosomes contain generally more core genes (Mahenthiralingam et al., 2005) it
was not surprising to find that C1 was enriched with core orthologs, while C2 and C3 were
enriched with ST-specific orthologs (Fig. 3.7b). These ST-specific orthologs were enriched in
genes involved in defense mechanisms and secondary metabolism (Table 3.26), two functional
categories that are generally characterized by a large degree of strain-specificity. As shown by
Cooper et al. (2010), multiple replicons allow for long-term segregation of genes by expression
rates and dispensability. This way, secondary chromosomes might serve as evolutionary test
beds and the ST-specific orthologs located on C2 and C3 are expected to evolve faster.
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C1 was not only enriched with core orthologs but also with orthologs showing random, CF-only
and ENV-only specificity (Fig. 3.7b) and non-orthologous CDS (Fig. 3.5b). The enrichment
of C1 with random specificity orthologs may be explained by the fact that primarily C1
suffered from unclosed assemblies (Table 3.24) and annotations could be missing at contig
ends. Nevertheless, these findings suggest that C1 harbors a rather large number of CDS that
are non-orthologous, or CDS that are found only in a smaller subset (CF-only, ENV-only) of
the B. multivorans genomes in the present study.
Whole-genome phylogenetic analysis (Fig. 3.4) showed that the ST287 genomic lineage was
most closely related to ATCC 17616. The larger ST287 genomes (Table 3.24) harbored 539
orthologs that were involved in similar biological processes as the 176 orthologs that were
specific for the other three STs (ST180, ST189 and ST650) (Fig. 3.6). These ST287-specific
orthologous genes suggest an example of functional redundancy in which different homologous
genes encode protein families involved in the same biological process.
Because the absence or presence of specific genes may hold clues about how B. multivorans
differs in lifestyle and epidemiology from B. cenocepacia, we compared the average COG
profiles of these two Bcc species. In comparison with B. cenocepacia, the genome of
B. multivorans was enriched in COGs involved in translation (J) and replication (L) and
deprived in COGs involved in transcription (K), which may indicate a lower adaptability of
B. multivorans to varying environments. This different distribution in COGs involved in
information storage and processing may also reflect the overall difference in genome size
between these two Bcc species (Table 3.24 and Supplementary Table 3.5). Indeed, several
studies (Cases et al., 2003; Konstantinidis & Tiedje, 2004) previously demonstrated that
the categories translation (J) and replication (L) showed a strong negative correlation with
genome size, while transcription (K) showed a strong positive correlation with genome size.
Similarly, Carlier et al. (2012; 2016) showed that the genomes of the obligate leaf nodule
endosymbionts Candidatus Burkholderia crenata and Candidatus Burkholderia kirkii were
smaller, enriched in COG categories J and L and deprived in COG category K when compared
to free-living, facultative endophytic Burkholderia species. Consequently, we may expect that
larger genomes require greater regulatory capacity to control their versatile metabolic capacity,
as reflected by the higher number of transcriptional regulators, but that this adaptability also
comes with a cost in terms of growth rate.
Next to the differences in average COG profile related to information storage and processing,
our comparison also revealed that, as compared to B. cenocepacia, B. multivorans genomes
contained less COGs involved in defense mechanisms (V). This finding correlated with B.
multivorans generally being less virulent than B. cenocepacia (Aris et al., 2001; Jones et al.,
2004). Similarly, Bartell et al. (2014) recently showed that B. cenocepacia produces a wider
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array of virulence factors compared to B. multivorans. This difference in average COG profile
was also reflected by the fact that B. cenocepacia genomes harbored several COGs involved
in resistance to antimicrobial compounds (Supplementary Table 3.6). B. multivorans on the
other hand harbored exclusive COGs that suggested an expanded functionality with regards to
nitrogen metabolism (Table 3.28). Altogether, the present study did not reveal any difference
in the average COG profile between B. multivorans and B. cenocepacia that could explain
their difference in CF epidemiology.
In this high-throughput sequencing era it is relatively straightforward to obtain draft genome
sequences to study the molecular epidemiology of bacterial pathogens (McAdam et al.,
2014). While short-read sequencing platforms yield draft genome assemblies at a low cost,
Burkholderia genomes can only be fully resolved using long-read sequencing technologies
such as PacBio SMRT sequencing (Shin et al., 2013; Koren & Phillippy, 2015). The present
study provides high-quality genome assemblies for eight B. multivorans isolates and the final
assemblies produced closed genomes for five of the eight isolates (Table 3.24). Although the
SMRT analysis software already produced high-quality assemblies there was still a need to
further polish the resulting assemblies manually (see Methods section). The circular nature
of the replicons in combination with the long-read sequencing technology resulted in artificial
duplications, as exemplified by the fact that the B. multivorans genomes initially harbored
five to seven rRNA operons, while they all harbored five copies after the manual curation.
The rRNA copy number is generally quite stable within a species (Stoddard et al., 2015) and
is thus an easy quality checkpoint when evaluating the status of PacBio assemblies.
In conclusion, the present study demonstrates that the genomic structure of B. multivorans
is highly conserved and that the ST predicts the genomic lineage. The high-quality genome
assemblies provided in the present study may serve as reference genomes for future studies using
transcriptomics and proteomics to try to further elucidate the epidemiology and pathogenicity
of this CF pathogen.
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3.4.7 Supplementary material

The B. multivorans genomes sequenced in this study are publicly available through the
GenBank/EMBL/DDBJ accession numbers FKJT01000000, FKJS01000000, FKJU01000000,
FKJP01000000, FKJV01000000, FKJW01000000, FKJX01000000 and FKJY01000000.

Supplementary Table 3.3: The frequency of orthologous versus non-orthologous CDS varies among
isolates

Isolate Orthologous CDS Non-orthologous CDS

ST180-ENV 5271 (-0.397) 523 (1.301)
ST180-CF + 5266 (2.643) − 285 (-8.658)
ST189-ENV + 5144 (2.025) − 323 (-6.632)
ST189-CF + 5132 (2.540) − 283 (-8.319)
ST287-ENV + 5494 (2.589) − 306 (-8.480)
ST287-CF 5505 (-1.668) + 650 (5.462)
ST650-ENV + 5275 (2.209) − 319 (-7.235)
ST650-CF 5250 (1.795) − 349 (-5.879)
ATCC 17616 − 4893 (-10.988) + 1365 (35.988)

Pearson chi-square analysis testing the independence of gene conservation (orthologous vs. non-orthologous CDS)
and isolate (χ2(8)=1829.6, p<0.001). Each cell in the contingency represents the observed frequency and
standardized residual (in between brackets) and is preceded by + or − if the standardized residual is >1.96 or <-1.96,
respectively, and significant at p<0.05.

Supplementary Table 3.4: The frequency of orthologous versus non-orthologous CDS varies among
STs

ST Orthologous CDS Non-orthologous CDS

ST180 10537 (-0.471) 808 (1.757)
ST189 10276 (1.217) − 606 (-4.541)
ST287 10999 (-1.473) + 956 (5.499)
ST650 10525 (0.797) − 668 (-2.974)

Pearson chi-square analysis testing the independence of gene conservation (orthologous vs. non-orthologous CDS)
and ST (χ2(3)=67.3, p<0.001). Each cell in the contingency represents the observed frequency and standardized
residual (in between brackets) and is preceded by + or − if the standardized residual is >1.96 or <-1.96, respectively,
and significant at p<0.05.
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ST189-ENV

ST650-CF

ST180-CF

ATCC 17616

ST287-ENV

ST180-ENV

ST650-ENV

ST287-CF

ST189-CF

Tree scale: 100

Supplementary Figure 3.2: Parsimony tree showing the relatedness of the genomes in terms of gene
content. Scale bar represents number of changes of state required in each character. The tree was
rooted on the branch with the largest branch length.

Supplementary Table 3.5: B. cenocepacia genomes included in the present study
Isolate Genomovar Project Isolation source Size (bp) CDS

J2315 IIIA PRJNA339 CF 8,055,782 7116
H111 IIIA PRJNA69823 CF 7,714,893 6932
K56-2Valvano IIIA PRJNA62783 CF 7,750,255 6793
AU1054 IIIB PRJNA13919 CF 7,279,116 6477
HI2424 IIIB PRJNA13918 ENV 7,702,840 6919
MC0-3 IIIB PRJNA17929 ENV 7,971,389 7008

CF, cystic fibrosis; ENV, environmental.
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Supplementary Figure 3.3: Average COG profiles of B. multivorans and B. cenocepacia. Bar plot
showing the average number of CDS per genome per COG category. COG categories: J, translation,
ribosomal structure and biogenesis; K, transcription; L, replication, recombination and repair; B,
chromatin structure and dynamics; D, cell cycle control, cell division, chromosome partitioning; V,
defense mechanisms; T, signal transduction mechanisms; M, cell wall/membrane/envelope biogenesis;
N, cell motility; W, extracellular structures; U, intracellular trafficking, secretion, and vesicular
transport; O, posttranslational modification, protein turnover, chaperones; X, mobilome: prophages,
transposons; C, energy production and conversion; G, carbohydrate transport and metabolism; E,
amino acid transport and metabolism; F, nucleotide transport and metabolism; H, coenzyme transport
and metabolism; I, lipid transport and metabolism; P, inorganic ion transport and metabolism; Q,
secondary metabolites biosynthesis, transport and catabolism; R, general function prediction only; S,
function unknown.
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Supplementary Table 3.6: B. cenocepacia-specific COGs
COG categories: J, translation, ribosomal structure and biogenesis; K, transcription; L, replication, recombination and
repair; B, chromatin structure and dynamics; D, cell cycle control, cell division, chromosome partitioning; V, defense
mechanisms; T, signal transduction mechanisms; M, cell wall/membrane/envelope biogenesis; N, cell motility; W,
extracellular structures; U, intracellular trafficking, secretion, and vesicular transport; O, posttranslational
modification, protein turnover, chaperones; X, mobilome: prophages, transposons; C, energy production and
conversion; G, carbohydrate transport and metabolism; E, amino acid transport and metabolism; F, nucleotide
transport and metabolism; H, coenzyme transport and metabolism; I, lipid transport and metabolism; P, inorganic ion
transport and metabolism; Q, secondary metabolites biosynthesis, transport and catabolism; R, general function
prediction only; S, function unknown.

COG COG name COG category
COG0063 NAD(P)H-hydrate repair enzyme Nnr, NAD(P)H-hydrate dehydratase domain F
COG0213 Thymidine phosphorylase F
COG0274 Deoxyribose-phosphate aldolase F
COG0295 Cytidine deaminase F
COG0520 Selenocysteine lyase/Cysteine desulfurase E
COG0530 Ca2+/Na+ antiporter P
COG0569 Trk K+ transport system, NAD-binding component P
COG0639 Diadenosine tetraphosphatase ApaH/serine/threonine protein phosphatase, PP2A

family
T

COG0738 Fucose permease G
COG1027 Aspartate ammonia-lyase E
COG1056 Nicotinamide mononucleotide adenylyltransferase H
COG1090 NAD dependent epimerase/dehydratase family enzyme R
COG1169 Isochorismate synthase EntC HQ
COG1368 Phosphoglycerol transferase MdoB or a related enzyme of AlkP superfamily M
COG1501 Alpha-glucosidase, glycosyl hydrolase family GH31 G
COG1510 DNA-binding transcriptional regulator GbsR, MarR family K
COG1513 Cyanate lyase P
COG1586 S-adenosylmethionine decarboxylase or arginine decarboxylase E
COG1621 Sucrose-6-phosphate hydrolase SacC, GH32 family G
COG1647 Esterase/lipase Q
COG1708 Predicted nucleotidyltransferase R
COG1944 Ribosomal protein S12 methylthiotransferase accessory factor YcaO J
COG1957 Inosine-uridine nucleoside N-ribohydrolase F
COG1972 Nucleoside permease NupC F
COG2116 Formate/nitrite transporter FocA, FNT family P
COG2140 Oxalate decarboxylase/archaeal phosphoglucose isomerase, cupin superfamily G
COG2206 HD-GYP domain, c-di-GMP phosphodiesterase class II (or its inactivated variant) T
COG2234 Zn-dependent amino- or carboxypeptidase, M28 family O
COG2258 Uncharacterized conserved protein YiiM, contains MOSC domain S
COG2509 Uncharacterized FAD-dependent dehydrogenase R
COG2602 Beta-lactamase class D V
COG2936 Predicted acyl esterase R
COG2974 DNA recombination-dependent growth factor C L
COG3011 Predicted thiol-disulfide oxidoreductase YuxK, DCC family R
COG3147 Cell division protein DedD (periplasmic protein involved in septation) D

Continued on next page
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Continued from previous page
COG COG name COG category
COG3177 Fic family protein K
COG3208 Surfactin synthase thioesterase subunit Q
COG3227 Zn-dependent metalloprotease O
COG3238 Uncharacterized membrane protein YdcZ, DUF606 family S
COG3300 MHYT domain, NO-binding membrane sensor T
COG3393 Predicted acetyltransferase, GNAT family R
COG3422 Uncharacterized conserved protein YegP, UPF0339 family S
COG3437 Response regulator c-di-GMP phosphodiesterase, RpfG family, contains REC and

HD-GYP domains
T

COG3467 Nitroimidazol reductase NimA or a related FMN-containing flavoprotein, pyridox-
amine 5-phosphate oxidase superfamily

V

COG3510 Cephalosporin hydroxylase V
COG3525 N-acetyl-beta-hexosaminidase G
COG3530 Uncharacterized conserved protein, DUF3820 family S
COG3537 Putative alpha-1,2-mannosidase G
COG3602 Uncharacterized protein S
COG3637 Opacity protein and related surface antigens M
COG3670 Carotenoid cleavage dioxygenase or a related enzyme Q
COG3766 Uncharacterized membrane protein YjfL, UPF0719 family S
COG3963 Phospholipid N-methyltransferase I
COG3979 Chitodextrinase G
COG4117 Thiosulfate reductase cytochrome b subunit P
COG4260 Membrane protease subunit, stomatin/prohibitin family, contains C-terminal Zn-

ribbon domain
O

COG4262 Predicted spermidine synthase with an N-terminal membrane domain R
COG4285 Uncharacterized conserved protein , conains N-terminal glutamine amidotransferase

(GATase1)-like domain
R

COG4448 L-asparaginase II E
COG4452 Inner membrane protein involved in colicin E2 resistance V
COG4551 Predicted protein tyrosine phosphatase R
COG4589 Predicted CDP-diglyceride synthetase/phosphatidate cytidylyltransferase R
COG4682 Uncharacterized membrane protein YiaA S
COG4693 Oxidoreductase (NAD-binding), involved in siderophore biosynthesis P
COG4773 Outer membrane receptor for ferric coprogen and ferric-rhodotorulic acid P
COG4922 Predicted SnoaL-like aldol condensation-catalyzing enzyme R
COG5002 Signal transduction histidine kinase T
COG5460 Uncharacterized conserved protein, DUF2164 family S
COG5472 Predicted small integral membrane protein S
COG5500 Uncharacterized membrane protein S
COG5528 Uncharacterized membrane protein S
COG5612 Uncharacterized membrane protein S
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4 | New insights into the taxonomy
of Burkholderia cepacia complex
bacteria

During our ongoing survey of the diversity of Bcc bacteria, several isolates of clinical and
environmental origin were found to represent unique lineages within the Bcc. These groups of
strains could be distinguished both genotypically and phenotypically from the present formally
named Bcc species and could therefore be formally classified. Section 4.1 presents a polyphasic
taxonomic study that led to the formal classification of Burkholderia pseudomultivorans sp.
nov. and a re-evaluation of the 3% concatenated allele sequence divergence threshold
(Vanlaere et al., 2009) for species delineation within the Bcc. Section 4.2 presents a
polyphasic taxonomic study of several Bcc isolates that were isolated during environmental
surveys and the formal classification of Burkholderia stagnalis sp. nov. and Burkholderia
territorii sp. nov.

109





4. New insights into the taxonomy of Bcc bacteria

4.1 Burkholderia pseudomultivorans sp. nov., a novel
Burkholderia cepacia complex species from human
respiratory samples and the rhizosphere

Redrafted from: Charlotte Peeters, James E.A. Zlosnik, Theodore Spilker, Trevor J. Hird,
John J. LiPuma and Peter Vandamme (2013). Burkholderia pseudomultivorans sp. nov.,
a novel Burkholderia cepacia complex species from human respiratory samples and the
rhizosphere. Systematic and Applied Microbiology, 36, 483–489.

Author contributions: CP and PV conceived the study and wrote the manuscript. CP
performed all experiments except the biochemical characterization and analyzed the data. JZ
and TH performed the biochemical characterization. TS and JL isolated the strains. JZ, TS,
TH and JL proofread the manuscript.

4.1.1 Abstract

Eleven B. cepacia-like isolates of human clinical and environmental origin were examined by
a polyphasic approach including recA and 16S rRNA sequence analysis, MLSA, DNA base
content determination, fatty acid methyl ester analysis, and biochemical characterization.
The results of this study demonstrate that these isolates represent a novel species within
the Bcc for which we propose the name Burkholderia pseudomultivorans. The type strain
is strain LMG 26883T (=CCUG 62895T). B. pseudomultivorans can be differentiated from
other Bcc species by recA gene sequence analysis, MLSA, and several biochemical tests
including growth at 42 ◦C, acidification of sucrose and adonitol, lysine decarboxylase and
β-galactosidase activity, and esculin hydrolysis.

4.1.2 Introduction

The Bcc is a versatile group of closely related bacteria that are ubiquitous in nature (Coenye
& Vandamme, 2003). Bcc species have versatile lifestyles and exhibit conflicting biological
features: some Bcc strains show biotechnological potential for biocontrol, bioremediation and
plant growth promotion (Parke & Gurian-Sherman, 2001), whereas other strains are pathogens
for plants and immunocompromised individuals such as persons with CF (Mahenthiralingam
et al., 2008). The Bcc currently comprises 17 species (Vanlaere et al., 2009) which exhibit
a high degree of 16S rRNA (98-100%) and recA (94-95%) gene sequence similarity, and
moderate levels of DDH (30-50%) (Coenye et al., 2001d). In contrast to the 16S rRNA
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gene, which has only limited taxonomic resolution in the Bcc, the recA gene mostly provides
the discriminatory power needed for identification of Bcc species (Mahenthiralingam et al.,
2000a). The use of multilocus sequence-based approaches as powerful taxonomic tools for
both identification and typing (Baldwin et al., 2005; Spilker et al., 2009) was shown valid
for the differentiation of Bcc species as well (Vanlaere 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 the 3% concatenated
allele sequence divergence level can be used as a threshold value for species delineation within
this complex, thus replacing DDH experiments.
In an ongoing survey of the biodiversity of B. cepacia-like organisms, 11 isolates from human
clinical and environmental origin represented a unique recA lineage within the Bcc. The aim
of the present study was to examine the taxonomic position of these B. cepacia-like isolates
using a polyphasic approach.

4.1.3 Materials and methods

4.1.3.1 Bacterial strains and growth conditions

The eleven isolates are listed in Table 4.1. Reference strains of other Bcc species were
described previously (Mahenthiralingam et al., 2000b; Coenye et al., 2003; Vanlaere et al.,
2008a, 2009). Strains were grown aerobically on Tryptone Soya Agar (Oxoid) and incubated
at 28 ◦C or 37 ◦C. Cultures were preserved in MicroBankTM vials at −80 ◦C.

4.1.3.2 DNA preparation

For PCR experiments, DNA was prepared by alkaline lysis as described previously (Storms
et al., 2004). For determination of DNA base composition, DNA was prepared as described
by Pitcher et al. (1989).

4.1.3.3 recA gene sequence analysis

The nearly complete sequence of the recA gene was amplified by PCR as described previously
(Mahenthiralingam et al., 2000a) with forward primer 5’ GAT AGC AAG AAG GGC TCC
3’ and reverse primer 5’ CTC TTC TTC GTC CAT CGC CTC 3’ (Baldwin et al., 2005).
Sequence analysis was performed with an Applied Biosystems 3130xl Genetic Analyzer and
protocols of the manufacturer using the BigDye Terminator Cycle Sequencing Ready kit. The
sequencing primers were 5’ GAT AGC AAG AAG GGC TCC 3’, 5’ CTC TTC TTC GTC CAT
CGC CTC 3’, 5’ TGA CCG CCG AGA AGA GCA A 3’ and 5’ GAC CGA GTC GAT GAC
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Table 4.1: Studied isolates, showing their source, ST and allelic profile
Strain Other strain designations Source (country, year of isolation) Depositor

LMG 26883T AU3207T, CCUG 62895T CF sputum (USA, 2001) Own isolate
R-48991 AU4855 CF sputum (USA, 2002) Own isolate
R-48993 AU6557 CF sputum (USA, 2003) Own isolate
R-48994 AU12399 CF sputum (USA, 2006) Own isolate
R-48995 AU19682 CF sputum (USA, 2010) Own isolate
R-48996 AU20760 Non-CF sputum (USA, 2010) Own isolate
LMG 16669 J2541, BPC113 Rhizosphere (UK) J.R.W. Govan
LMG 26914 270t1 CF (Brazil, 1997) S. Canani
R-9705 41C029 CF (Netherlands) S. Brisse
LMG 26915 273 CF (Germany) I. Steinmetz
R-24200 AU6112 CF sputum (USA, 2003) Own isolate

Strain ST Allelic profile

atpD gltB gyrB recA lepA phaC trpB

LMG 26883T 536 150 204 205 250 171 163 304
R-48991 - - - - - - - -
R-48993 479 123 273 397 176 112 125 270
R-48994 - - - - - - - -
R-48995 732 310 356 536 210 377 182 363
R-48996 - - - - - - - -
LMG 16669 755 158 271 305 176 190 125 149
LMG 26914 393 158 238 324 210 237 182 224
R-9705 536 150 204 205 250 171 163 304
LMG 26915 731 158 356 535 210 377 182 364
R-24200 517 158 271 219 176 112 142 149

LMG, BCCM/LMG Bacteria Collection, Laboratory of Microbiology, Ghent University, Ghent, Belgium; CF, isolated
from cystic fibrosis patient; ENV, environmental isolate.

GAT 3’ (Baldwin et al., 2005). Sequence assembly was performed using BioNumerics v5.10
(Applied Maths). Sequences (929-1050 bp) were aligned based on amino acid sequences
using Muscle (Edgar, 2004) in MEGA5 (Tamura et al., 2011). Phylogenetic analysis was
conducted in MEGA5 (Tamura et al., 2011). All positions containing gaps and missing data
were eliminated, resulting in a total of 860 positions in the final dataset.

4.1.3.4 16S rRNA gene sequence analysis

The nearly complete sequences of the 16S rRNA gene of strains LMG 26883T and LMG
26915 were amplified by PCR using the conserved primers 5’ AGA GTT TGA TCC TGG CTC
AG 3’ (positions 8-27) and 5’ AAG GAG GTG ATC CAG CCG CA 3’ (positions 1541-1522).
Sequence analysis and assembly were performed as described above for the recA gene. The
sequencing primers are those described by Coenye et al. (1999a), except that BKL1 (position
536-516) was used instead of pD (positions 536-519). The mothur software package (Schloss
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et al., 2009) was used to align the 16S rRNA gene sequences of strains LMG 26883T and LMG
26915 (both 1485 bp) with those of type strains of established Bcc and other Burkholderia
species (1124-1600 bp) against the Silva reference database (www.arb-silva.de). Uncorrected
pairwise distances were calculated using MEGA5 (Tamura et al., 2011). All ambiguous
positions were removed for each sequence pair, resulting in a total of 1134 positions in the
final dataset.

4.1.3.5 MLSA analysis

MLSA analysis was based on the method described by Spilker et al. (2009) with small
modifications. The 25 µl PCR reaction was slightly modified and consisted of 1x PCR buffer
(Qiagen), 1 U of Taq polymerase (Qiagen), 250 µM of each dNTP (Applied Biosystems),
1x Q-solution (Qiagen) and 0.4 µM (gltB, trpB, atpD, gyrB), 1 µM (recA, lepA) or 2 µM
(phaC) of each primer. Sequence analysis and assembly were performed as described above
for the recA gene. A phylogenetic tree of the concatenated sequences (2773 bp) of seven
housekeeping gene fragments [atpD (443 bp), gltB (400 bp), gyrB (454 bp), recA (393 bp),
lepA (397 bp), phaC (385 bp) and trpB (301 bp)] was constructed using MEGA5 (Tamura
et al., 2011). The mean number of nucleotide substitutions per site (i.e. the percentage
of divergence of concatenated allele sequences) between populations was calculated using
the program DnaSP v5.10 (Librado & Rozas, 2009) based on the Jukes-Cantor method
(Jukes & Cantor, 1969). Nucleotide sequences of each allele, allelic profiles and sequence
types for all isolates from the present study are available on the Bcc PubMLST website
(http://pubmlst.org/bcc/) (Jolley et al., 2004).

4.1.3.6 Determination of the DNA base composition

DNA was enzymatically degraded into nucleosides as described by Mesbah et al. (1989). The
nucleoside mixture obtained was then separated using a Waters Breeze HPLC system and
XBridge Shield RP18 column thermostabilized at 37 ◦C. The solvent was 0.02 M NH4H2PO4
(pH 4.0) with 1.5% (v/v) acetonitrile. Non-methylated lambda phage (Sigma) and Escherichia
coli LMG 2093 DNA were used as calibration reference and control, respectively.

4.1.3.7 Burkholderia multivorans-specific PCR

B. multivorans-specific recA and 16S rRNA PCR assays were performed on alkaline lysates
as described previously (LiPuma et al., 1999; Mahenthiralingam et al., 2000a).
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4.1.3.8 Fatty acid methyl ester analysis

After a 24 h incubation period at 28 ◦C on Tryptone Soya Agar (BD), a loopful of well-grown
cells was harvested and fatty acid methyl esters were prepared, separated and identified using
the Microbial Identification System (Microbial ID) as described previously (Vandamme et al.,
1992).

4.1.3.9 Biochemical characterization

Biochemical characterization was performed as described previously (Henry et al., 2001).

4.1.4 Results

4.1.4.1 recA gene sequence analysis

The recA sequences of the 11 isolates showed greater than 94% similarity towards established
Bcc species (data not shown). Phylogenetic analysis demonstrated that they constituted
one cluster,consisting of two subclusters, designated recA-I and recA-II, and supported by
bootstrap values of 69% and 99%, respectively (Fig. 4.1).

4.1.4.2 16S rRNA gene sequence analysis

The 16S rRNA sequences of representatives of both recA subclusters (LMG 26883T for recA-I
and LMG 26915 for recA-II) showed 99.2% similarity. Pairwise comparison of these sequences
with those of type strains of other Bcc species revealed similarity levels between 98.3% and
99.8% (data not shown). Similarity levels towards B. glumae and B. gladioli were also in the
range of 98-99%, and similarity levels towards other Burkholderia species were below 96%
(data not shown).

4.1.4.3 MLSA analysis

Eight isolates (LMG 16669, LMG 26883T, LMG 26914, LMG 26915, R-9705, R-24200,
R-48993, R-48995) were analyzed by MLSA. Phylogenetic analysis of concatenated allele
sequences demonstrated that these isolates constituted one cluster within the Bcc, supported
by a bootstrap value of 97% (Fig. 4.2); there was no subdivision in two distinct lineages as
observed by recA sequence analysis. MLSA data were also used to assign allele types, allelic
profiles and STs: the eight isolates were resolved into seven STs, with LMG 26883T and
R-9705 (isolated from CF sputum samples in the USA and the Netherlands, respectively)
showing the same ST (Table 4.1).
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Fig. 1. Phylogenetic tree based on recA gene sequences of established Bcc species and B. pseudomultivorans isolates. The bootstrap consensus tree, inferred from 1000
replicates, was  constructed using the Maximum Likelihood Method based on the General Time Reversible model. Branches corresponding to partitions reproduced in less
than  50% bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown
next  to the branches if greater than 50%. A discrete Gamma  distribution was used to model evolutionary rate differences among sites (5 categories (+G, parameter = 0.1657))
and  allowed for some sites to be evolutionarily invariable ([+I], 57.4297% sites). The recA sequence of B. glumae LMG  2196T was used as outgroup. The scale bar indicates the
number of substitutions per site.

Biochemical characterization

Biochemical characterization was performed as described pre-
viously [8].

Results

recA gene sequence analysis

The recA sequences of the 11 isolates showed greater than 94%
similarity towards established Bcc species (data not shown). Phy-
logenetic analysis demonstrated that they constituted one cluster,
consisting of two subclusters, designated recA-I and recA-II, and
supported by bootstrap values of 69% and 99%, respectively (Fig. 1).

16S rRNA gene sequence analysis

The 16S rRNA sequences of representatives of both recA subclus-
ters (LMG 26883T for recA-I and LMG  26915 for recA-II) showed
99.2% similarity. Pairwise comparison of these sequences with
those of type strains of other Bcc species revealed similarity lev-
els between 98.3% and 99.8% (data not shown). Similarity levels
towards Burkholderia glumae and Burkholderia gladioli were also in
the range of 98–99%, and similarity levels towards other Burkholde-
ria species were below 96% (data not shown).

MLSA analysis

Eight isolates (LMG 16669, LMG  26883T, LMG  26914, LMG
26915, R-9705, R-24200, R-48993, R-48995) were analyzed by

Figure 4.1: Phylogenetic tree based on recA gene sequences of established Bcc species and B.
pseudomultivorans isolates. The bootstrap consensus tree, inferred from 1000 replicates, was con-
structed using the maximum likelihood method based on the general time reversible model. Branches
corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap test
(1000 replicates) is shown next to the branches if greater than 50%. A discrete gamma distribution
was used to model evolutionary rate differences among sites (5 categories (+G, parameter = 0.1657))
and allowed for some sites to be evolutionarily invariable ([+I], 57.4297% sites). The recA sequence
of B. glumae LMG 2196T was used as outgroup. The scale bar indicates the number of substitutions
per site.
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The intra- and inter-taxon divergence was calculated for the novel taxon and for the other Bcc
species (Supplementary Fig. 4.1). For each established Bcc species, all STs were exported
from the Bcc MLST website (August 10, 2012). Accuracy of species designations was
evaluated by phylogenetic analysis of concatenated MLST loci (data not shown) to verify
that the species designation of each ST corresponded with its phylogenetic position. For
the novel taxon the concatenated allele sequence divergence was 1.3±0.2 %,and the average
divergence towards its nearest neighbor, B. multivorans, was 4.6±0.2 %. For all established
Bcc species the average within-group divergence remained below the 3% cut-off value as
reported by Vanlaere et al. (2009).

4.1.4.4 DNA base composition

The G+C content of both strains LMG 26883T (recA-I) and LMG 26915 (recA-II) was 67
mol%.

4.1.4.5 B. multivorans-specific PCR

All 10 isolates tested (strain LMG 16669 was not examined) yielded an amplicon of the
expected size in both the recA and 16S rRNA-based B. multivorans-specific PCR assays (data
not shown), thus yielding false positive results.

4.1.4.6 Cellular fatty acid analysis

The following fatty acid components were present in all 11 isolates: C14:0 (4.5±0.5 %), C16:0

(20.9±2.8 %), C16:0 2-OH (1.1±0.3 %), C16:0 3-OH (6.7±1.1 %), C16:1 2-OH (1.6±0.7 %),
C17:0 cyclo (8.0±4.4 %), C18:1 2-OH (1.8±0.9 %), C18:1 ω7c (25.2±6.2 %), C19:0 cyclo ω8c
(4.2±2.2 %), summed feature 2 (comprising C14:0 3-OH, C16:1 ISO I, an unidentified fatty
acid with equivalent chain length of 10.928 or C12:0 ALDE or any combination of these fatty
acids) (8.6±1.8 %), summed feature 3 (comprising C16:1 ω7c or C15 ISO 2-OH or both)
(14.1±4.1 %). Some fatty acid components were present in different quantities in recA-I
and recA-II isolates: C17:0 cyclo (9.2±4.6 % and 4.7±0.5 %, respectively), C19:0 cyclo ω8c
(5.0±2.0 % and 2.1±0.8 %, respectively) and summed feature 3 (12.8±2.6 % and 17.6±5.9
%, respectively). Summed features 3 and 7 most probably correspond to C16:1 ω7c and C18:1

ω7c, respectively, as these fatty acids have been reported in Burkholderia species (Stead,
1992).
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Fig. 2. Phylogenetic tree based on the concatenated sequences (2773 bp) of seven housekeeping gene fragments [atpD (443 bp), gltB (400 bp), gyrB (454 bp), recA (393 bp),
lepA  (397 bp), phaC (385 bp) and trpB (301 bp)] of established Bcc species and B. pseudomultivorans strains. The bootstrap consensus tree, inferred from 1000 replicates, was
constructed using the Maximum Likelihood Method based on the General Time Reversible model. Branches corresponding to partitions reproduced in less than 50% bootstrap
replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches
if  greater than 50%. A discrete Gamma  distribution was  used to model evolutionary rate differences among sites (5 categories (+G, parameter = 0.2232)) and allowed for some
sites  to be evolutionarily invariable ([+I], 52.6522% sites). The sequence of B. fungorum LMG 16225T was  used as outgroup. The scale bar indicates the number of substitutions
per  site.

MLSA. Phylogenetic analysis of concatenated allele sequences
demonstrated that these isolates constituted one cluster within the
Bcc, supported by a bootstrap value of 97% (Fig. 2); there was no
subdivision in two distinct lineages as observed by recA sequence
analysis. MLSA data were also used to assign allele types, allelic pro-
files and sequence types (ST): the eight isolates were resolved into
seven STs, with LMG  26883T and R-9705 (isolated from CF sputum
samples in the USA and the Netherlands, respectively) showing the
same ST (Table 1).

The intra- and inter-taxon divergence was calculated for the
novel taxon and for the other Bcc species (Supplementary Fig. S1).
For each established Bcc species, all STs were exported from the
Bcc MLST website (August 10, 2012). Accuracy of species desig-
nations was evaluated by phylogenetic analysis of concatenated
MLST loci (data not shown) to verify that the species designation of
each ST corresponded with its phylogenetic position. For the novel
taxon the concatenated allele sequence divergence was 1.3 ± 0.2%,
and the average divergence towards its nearest neighbour,

Figure 4.2: Phylogenetic tree based on the concatenated sequences (2773 bp) of seven housekeeping
gene fragments [atpD (443 bp), gltB (400 bp), gyrB (454 bp), recA (393 bp), lepA (397 bp), phaC
(385 bp) and trpB (301 bp)] of established Bcc species and B. pseudomultivorans strains. The
bootstrap consensus tree, inferred from 1000 replicates, was constructed using the maximum likelihood
method based on the general time reversible model. Branches corresponding to partitions reproduced
in less than 50% bootstrap replicates are collapsed. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches
if greater than 50%. A discrete gamma distribution was used to model evolutionary rate differences
among sites (5 categories (+G, parameter = 0.2232)) and allowed for some sites to be evolutionarily
invariable ([+I], 52.6522% sites). The sequence of B. fungorum LMG 16225T was used as outgroup.
The scale bar indicates the number of substitutions per site.
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4.1.4.7 Biochemical characterization

Biochemical characteristics were determined for nine isolates representing 6 STs (LMG 16669
and R-9705 were not examined) and are listed below. Characteristics that differed between
recA-I and recA-II isolates were acidification of adonitol and esculin hydrolysis (both present in
recA-I isolates and absent in recA-II isolates). In contrast to the other isolates, strain R-48995
demonstrated only slow growth on BSA and was non-mucoid (data not shown).

4.1.5 Discussion

In an ongoing survey of the biodiversity of B. cepacia-like bacteria, 11 isolates represented
a unique recA lineage (Fig. 4.1). The recA and 16S rRNA gene sequence similarity levels
towards other Bcc strains suggested that these isolates represented a distinct Bcc taxon.
The DNA G+C content also corresponded with that of other Bcc species (66-69 mol%)
(Vandamme & Dawyndt, 2011). We used MLSA analysis as a validated tool (Vanlaere et al.,
2009) for replacing DDH experiments to confirm that these strains represent a novel species
within the Bcc. In this process, the 3% concatenated allele sequence divergence threshold
value for species delineation was re-evaluated based on a considerably larger set of STs (485
versus 349 STs in the original study). The intra- and inter-taxon divergence of concatenated
allele sequences was calculated based on the expanded dataset and the 3% threshold value
for species delineation was further substantiated (Supplementary Fig. 4.1). This analysis also
confirmed that the novel isolates constituted a single cluster within the Bcc (Fig. 4.2), of
which the intraspecies divergence was below 3%, while the average divergence to its nearest
neighbor B. multivorans was above the 3% threshold value. We therefore conclude that the
eleven isolates represent a single novel Bcc species.
Biochemically, this novel species is similar to other Bcc bacteria and B. gladioli. However,
particularly growth at 42 ◦C, acidification of sucrose and adonitol, lysine decarboxylase activity,
β-galactosidase activity and esculin hydrolysis are helpful to enable its differentiation (Table
4.2). It can also be differentiated from B. multivorans, its nearest phylogenetic neighbor (Fig.
4.2 and Supplementary Fig. 4.1): whereas B. multivorans is typically sucrose negative and
adonitol positive, most of these isolates are either sucrose positive and adonitol negative
(n=3) or sucrose positive and adonitol positive (n=4). The most discriminating fatty acid
components are C16:0, C17:0 cyclo, C19:0 cyclo ω8c, summed feature 3 and summed feature 7
(Table 4.2), but Bcc species or B. gladioli cannot unequivocally be distinguished using their
whole-cell fatty acid profiles (Table 4.2).
In conclusion, we demonstrated that eleven human clinical and environmental isolates represent
a novel species within the Bcc, with B. multivorans as its nearest phylogenetic neighbor. This
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species can be identified unambiguously by recA gene sequencing and MLSA analysis but
would be misidentified as B. multivorans using B. multivorans-specific recA and 16S rRNA
PCR assays (LiPuma et al., 1999; Mahenthiralingam et al., 2000a). This novel species consists
of two recA subgroups which are biochemically different but which cannot be distinguished
using MLSA analysis. We therefore propose to formally classify these eleven isolates as the
novel species Burkholderia pseudomultivorans sp. nov. with strain LMG 26883T as the type
strain.

4.1.5.1 Description of Burkholderia pseudomultivorans sp. nov.

B. pseudomultivorans: pseu.do.mul.ti.vo’rans. Gr. adj. pseudes, false; N.L. part. adj.
multivorans, a bacterial specific epithet; N.L. part. adj. pseudomultivorans, the false
(Burkholderia) multivorans, referring to the fact that isolates of this species are very similar
to B. multivorans isolates.
Cells are Gram-negative, non-sporulating rods. All strains grow on BSA, BCSA and MacConkey
agar. Growth is observed at 42 ◦C. No pigment production. Oxidase, β-galactosidase and
lysine decarboxylase activity are present. No ornithine decarboxylase or β-haemolysis activity,
and no gelatin liquefaction. Strain-dependent reactions for nitrate reduction and esculin
hydrolysis. Acidification of glucose, maltose, lactose and xylose, but strain-dependent reactions
for sucrose and adonitol. The G+C content is 67 mol%. The following fatty acids are present
in all strains: C14:0, C16:0, C16:0 2-OH, C16:0 3-OH, C16:1 2-OH, C17:0 cyclo, C18:1 2OH, C18:1

ω7c, C19:0 cyclo ω8c, and summed features 2 and 3. Strains have been isolated from human
respiratory specimens and from rhizosphere soil.
The type strain is LMG 26883T (=CCUG 62895T). Phenotypic characteristics of the type
strain are the same as those described above for the species. In addition, the type strain
acidifies adonitol but not sucrose, reduces nitrate and hydrolyzes esculin. Its G+C content is
67%.

4.1.6 Acknowledgments

We thank all strain depositors who contributed to this study.
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4.1.7 Supplementary material

The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA gene sequences of strains
LMG 26883T and LMG 26915 are HE962386 and HE962387, respectively. The Gen-
Bank/EMBL/DDBJ accession numbers for the recA gene sequences of strains LMG 26883T,
LMG 26914, LMG 26915, R-48991, R-48993, R-48994, R-48995, R-48996, LMG 16669,
R-24200, R-9705, LMG 13010T, LMG 24066T, LMG 22485T and LMG 24068T are HE963737,
HE963738, HE963739, HE963740, HE963741, HE963742, HE963743, HE963744, HE963745,
HE963746, HE963747, HE981730, HE981731, HE981732 and HE981733, respectively.

0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%

B. cepacia (29)

B. multivorans (114)

B. cenocepacia (127)

B. stabilis (18)

B. vietnamiensis (39)

B. dolosa (11)

B. ambifaria (44)

B. anthina (16)

B. pyrrocinia (14)

B. ubonensis (2)

B. latens (2)

B. diffusa (8)

B. arboris (15)

B. seminalis (11)

B. metallica (3)

B. contaminans (13)

B. lata (12)

B. pseudomultivorans (7)
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B. seminalis
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B. diffusa

B. pyrrocinia

B. multivorans
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B. contaminans

B. metallica
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B. diffusa

B. diffusa

B. diffusa

B. stabilis

Supplementary Figure 4.1: Nucleotide divergence of concatenated MLST loci. Dark grey bars
represent within group divergence, light grey bars represent the divergence between a Bcc species and
its highest similarity neighbor (listed to the right). The number of STs included in the calculations
for each species is given in parentheses. For each bar, the SD is indicated by error bars. The 3%
divergence threshold value is marked (Vanlaere et al., 2009).
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4.2 Burkholderia stagnalis sp. nov. and Burkholderia territorii
sp. nov., two novel Burkholderia cepacia complex species
from environmental and human sources

Redrafted from: Birgit De Smet, Mark Mayo, Charlotte Peeters, James E.A. Zlosnik,
Theodore Spilker, Trevor J. Hird, John J. LiPuma, Timothy J. Kidd, Mirjam Kaestli, Jennifer
L. Ginther, David M. Wagner, Paul Keim, Scott C. Bell, Jan A. Jacobs, Bart J. Currie and
Peter Vandamme (2015). Burkholderia stagnalis sp. nov. and Burkholderia territorii sp.
nov., two novel Burkholderia cepacia complex species from environmental and human sources.
International Journal of Systematic and Evolutionary Microbiology, 65, 2265-2271.

Author contributions: BDS, CP and PV conceived the study. BDS and PV wrote the
manuscript. BDS and CP performed all experiments except the biochemical characterization
and analyzed the data. JZ and TH performed the biochemical characterization. TS, JL, TK,
SB and BC isolated the strains. CP, JZ, TS, TH and JL proofread the manuscript.

4.2.1 Abstract

Nine Bcc bacteria were isolated during environmental surveys for the ecological niche of B.
pseudomallei, the aetiological agent of melioidosis, in the Northern Territory of Australia. They
represented two multilocus sequence analysis-based clusters, referred to as Bcc B and Bcc L.
Three additional environmental and clinical Bcc B isolates were identified upon deposition of
the sequences in the PubMLST database. Analysis of the concatenated nucleotide sequence
divergence levels within both groups (1.4 and 1.9%, respectively) and towards established Bcc
species (4.0 and 3.9%, respectively) demonstrated that the two taxa represented novel Bcc
species. All 12 isolates were further characterized using 16S rRNA and recA gene sequence
analysis, RAPD analysis, DNA base content determination, fatty acid methyl ester analysis
and biochemical profiling. Analysis of recA gene sequences revealed a remarkable diversity
within each of these taxa, but, together, the results supported the affiliation of the two
taxa to the Bcc. Bcc B strains can be differentiated from most other Bcc members by the
assimilation of maltose. Bcc L strains can be differentiated from other Bcc members by
the absence of assimilation of N-acetylglucosamine. The names Burkholderia stagnalis sp.
nov. with type strain LMG 28156T (=CCUG 65686T) and Burkholderia territorii sp. nov.
with type strain LMG 28158T (=CCUG 65687T) are proposed for Bcc B and Bcc L bacteria,
respectively.
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4.2.2 Background, methods, results and discussion

The Bcc is a versatile group of closely related bacteria that are ubiquitous in nature (Coenye
& Vandamme, 2003; Vanlaere et al., 2009; Peeters et al., 2013; Vandamme & Peeters, 2014).
Some Bcc strains show biotechnological potential for biocontrol, bioremediation and plant
growth promotion, whereas other strains are pathogens for plants and immunocompromised
individuals such as those with CF. Bcc strains are also common nosocomial pathogens
(Vonberg & Gastmeier, 2007). The Bcc comprises, at the time of writing, 18 validly named
species (Peeters et al., 2013), which exhibit a high degree of 16S rRNA (98-100%) and
recA (94-95%) gene sequence similarity, moderate levels of DDH (30-50%) (Coenye et al.,
2001d) and whole-genome ANI values of between 85.04 and 89.92% (Vanlaere et al., 2009).
Protein encoding genes applied in a MLSA approach have a high discriminatory power for the
identification of Bcc isolates, and 3% concatenated sequence divergence has been validated
as a threshold level for species differentiation (Vanlaere et al., 2009; Peeters et al., 2013).
The application of this threshold level to analyze publicly available MLST data revealed the
presence of at least another 16 novel Bcc species that await formal description (Vandamme
& Peeters, 2014).
Nine Bcc bacteria were isolated in ongoing environmental soil and water sampling surveys
for the ecological niches of B. pseudomallei, the aetiological agent of melioidosis, in the
tropical Northern Territory of Australia. As part of the Darwin prospective melioidosis study
(Currie et al., 2010) household yards, gardens and domestic water supplies and other locations
in Darwin city and its rural surrounds have been opportunistically sampled over the last
two decades, with recovered B. pseudomallei and other species of the genus Burkholderia
characterized and stored. Environmental sampling and bacterial isolation methods have been
described previously (Mayo et al., 2011; Kaestli et al., 2012).
These nine isolates represented two unique MLSA clusters within the Bcc, referred to earlier
as clusters Bcc B and Bcc L (Vandamme & Peeters, 2014). Upon deposition of the sequences
in the Bcc PubMLST database (http://pubmlst.org/bcc/), three additional Bcc B isolates
were identified: one environmental soil isolate from North Carolina, USA, one clinical isolate
from a respiratory specimen (tracheal aspirate) of a native American non-CF adult patient
from North Carolina (we were unable to verify if infection could have been acquired abroad)
and one isolate from a sputum sample of a patient with CF from Australia (Table 4.3).
All isolates were preserved in MicroBank vials at −80 ◦C. They were grown aerobically on
tryptone soya agar (Oxoid) and incubated at 30 ◦C for further characterization, except when
mentioned otherwise. For PCR experiments, DNA was prepared by alkaline lysis as described
by Storms et al. (2004).
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Table 4.3: Studied isolates, showing their source, ST and allelic profile
Strain Other strain designations Source (country, year of isolation)

B. stagnalis sp. nov.
R-52235 MSMB049, FC1736 Soil (Australia, 2006)
LMG 28156T CCUG 65686T, MSMB050T, FC1737T Soil (Australia, 2006)
R-52237 MSMB085, FC1738 Soil (Australia, 2007)
R-52238 MSMB086, FC1739 Soil (Australia, 2007)
LMG 28157 MSMB097, FC1740 Soil (Australia, 2007)
R-52095 HI3541, FC1742 Soil (USA, 2005)
R-52096 AU7314, FC1741 Tracheal aspirate, non-CF (USA, 2004)
R-52240 MSMB21995, QLD037, FC1812 CF sputum (Australia, 2008)

B. territorii sp. nov.
LMG 28158T CCUG 65687T, MSMB110T, FC1743T Water (Australia, 2003)
R-52242 MSMB117, FC1744 Water (Australia, 2003)
LMG 28159 MSMB138, FC1745 Water (Australia, 2003)
R-52244 MSMB139, FC1746 Water (Australia, 2003)

Strain ST Allelic profile

atpD gltB gyrB recA lepA phaC trpB

B. stagnalis sp. nov.
R-52235 787 170 197 564 345 300 213 381
LMG 28156T 787 170 197 564 345 300 213 381
R-52237 789 328 379 399 347 300 213 196
R-52238 789 328 379 399 347 300 213 196
LMG 28157 789 328 379 399 347 300 213 196
R-52095 865 205 406 420 366 245 191 247
R-52096 519 170 197 399 190 300 213 196
R-52240 690 300 345 511 319 300 274 351

B. territorii sp. nov.
LMG 28158T 791 233 381 567 348 395 304 384
R-52242 792 329 382 568 349 396 305 385
LMG 28159 794 331 384 570 351 398 306 386
R-52244 794 331 384 570 351 398 306 386

LMG, BCCM/LMG Bacteria Collection, Laboratory of Microbiology, Ghent University, Ghent, Belgium; CCUG,
Culture collection University of Göteborg, Sweden; MSMB, Menzies school of Health Research, Darwin, Australia; CF,
cystic fibrosis patient.
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MLSA was performed using standard protocols (Spilker et al., 2009; Peeters et al., 2013).
Nucleotide sequences of each allele, allelic profiles and sequence types (STs) for all isolates
represented five STs for cluster Bcc B isolates and three STs for cluster Bcc L isolates, and are
available on the Bcc PubMLST website (http://pubmlst.org/bcc/) (Jolley & Maiden, 2010).
The mean number of nucleotide substitutions per site (i.e. the percentage of divergence of
concatenated allele sequences) between established (June 2014) and the newly proposed Bcc
species was calculated using the program DnaSP v5.10 (Librado & Rozas, 2009) based on
the Jukes-Cantor method (Jukes & Cantor, 1969). A phylogenetic tree of the concatenated
sequences (2773 bp) of seven housekeeping gene fragments, namely atpD (443 bp), gltB
(400 bp), gyrB (454 bp), recA (393 bp), lepA (397 bp), phaC (385 bp) and trpB (301 bp),
was constructed using MEGA5 (Tamura et al., 2011).
Within cluster Bcc B (n=5) the concatenated allele sequence divergence was 1.4±0.6 %, and
the average divergence towards its nearest neighbor, B. ubonensis, was 4.0±0.8 %. Within
cluster Bcc L (n=3) the concatenated allele sequence divergence was 1.9±0.7 %, and the
average divergence towards its nearest neighbor, B. diffusa, was 3.9±0.9 % (data not shown).
These concatenated sequence divergence values demonstrate that the two clusters represent
novel species within the Bcc (Vanlaere et al., 2009; Peeters et al., 2013).
When a non-Bcc outgroup species (B. fungorum) was included in the phylogenetic analysis
of the concatenated sequences, cluster Bcc B and cluster Bcc L isolates constituted two
clusters supported by high bootstrap values of 93 and 99%, respectively (Fig. 4.3; see also
Vandamme & Peeters, 2014). Yet a bifurcation was apparent in each cluster and the removal
of the outgroup taxon reinforced the differences between these subgroups in the resulting
phylogenetic trees: Supplementary Fig. 4.3-4.9 show the results of phylogenetic analyses
based on single gene sequences. Among Bcc B isolates, R-52095 had gltB, lepA and trpB
gene sequences that were very similar to those of the remaining cluster Bcc B strains, whereas
its gyrB, phaC and, to an even greater extent, atpD and recA gene sequences were divergent
from those of the remaining cluster Bcc B strains. Among the cluster Bcc L strains, isolates
LMG 28159 and R-52244 differed from LMG 28158T and R-52242 in particular for the recA,
trpB and, to a lesser extent, lepA gene sequences, whereas the atpD, gltB, gyrB and phaC
gene sequences were highly similar (Supplementary Fig. 4.3-4.9).
RAPD analysis of all isolates was performed with primer 270 as described by Mahenthiralingam
et al. (1996) and profiles were compared visually (data not shown). For the eight Bcc B
isolates, five different RAPD profiles where observed, corresponding to the five STs. For the
four Bcc L isolates, four different RAPD profiles were observed; isolates LMG 28159 and
R-52244, which represented a single ST, had only slightly different RAPD profiles (data not
shown).
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C16:0 (18.7¡0.9 and 19.0¡0.9%), C16:0 2-OH (1.5¡0.5
and 1.2¡0.6%), C16:0 3-OH (8.4¡1.0 and 7.1¡0.9%),
C16:1 2-OH (1.9¡0.6 and 1.0¡0.4 ;), C17:0 cyclo
(10.2¡4.2 and 6.1¡3.2 %), C18 : 1v7c (24.0¡4.5 and
30.1¡1.7%), C19 : 0 cyclo v8c (4.4¡2.4 and 2.1¡1.3%),
C18 : 0 2-OH (2.8¡0.7 and 2.5¡1.0%), summed feature
2 (comprising C14 : 0 3-OH, iso-C16 : 1 I, an unidentified

fatty acid with equivalent chain-length of 10.928 or C12 : 0

ALDE or any combination of these) (10.3¡1.7 and
10.8¡3.3%) and summed feature 3 (comprising
C16 : 1v7c and/or iso-C15 : 0 2-OH) (12.2¡4.9 and
15.2¡4.0%). These cellular fatty acid profiles are highly
similar to those of other Bcc species and Burkholderia
gladioli (Stead, 1992).

Burkholderia contaminans LMG 23361T (ST-102)

Burkholderia lata LMG 22485T (ST-101)
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Burkholderia vietnamensis LMG 10929T (ST-65)

Burkholderia latens LMG 24064T (ST-238)

Burkholderia territorii LMG 28159; R-52244 (ST-794)

Burkholderia territorii LMG 28158T (ST-791)

Burkholderia territorii R-52242 (ST-792)

Burkholderia pseudomultivorans LMG 26883T (ST-536)

Burkholderia multivorans LMG 13010T (ST-397)

Burkholderia dolosa LMG 18943T (ST-72)

Burkholderia ubonensis LMG 20358T (ST-299)

Burkholderia stagnalis R-52095 (ST-865)

Burkholderia stagnalis R-52240 (ST-690)

Burkholderia stagnalis LMG 28157; R-52237; R-52238 (ST-789)

Burkholderia stagnalis LMG 28156T; R-52235 (ST-787)
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Fig. 1. Phylogenetic tree based on the concatenated sequences (2773 bp) of seven housekeeping gene fragments [atpD
(443 bp), gltB (400 bp), gyrB (454 bp), recA (393 bp), lepA (397 bp), phaC (385 bp) and trpB (301 bp)] of established
Bcc species and Burkholderia stagnalis sp. nov. and Burkholderia territorii sp. nov. strains. The bootstrap consensus tree,
inferred from 1000 replicates, was reconstructed using the maximum-likelihood method based on the general time reversible
model. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. The percen-
tage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next
to the branches if greater than 50%. A discrete gamma distribution was used to model evolutionary rate differences among
sites [five categories (+G, parameter50.3623)] and allowed for some sites to be evolutionarily invariable [(+I), 51.7996%
sites]. The analysis involved 30 nt sequences. Evolutionary analyses were conducted in MEGA5.The sequence of B. fungorum
LMG 16225T was used as an outgroup. Bar, 0.05 substitutions per site.
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Figure 4.3: Phylogenetic tree based on the concatenated sequences (2773 bp) of seven housekeeping
gene fragments [atpD (443 bp), gltB (400 bp), gyrB (454 bp), recA (393 bp), lepA (397 bp), phaC
(385 bp) and trpB (301 bp)] of established Bcc species and Burkholderia stagnalis sp. nov. and
Burkholderia territorii sp. nov. strains. The bootstrap consensus tree, inferred from 1000 replicates,
was reconstructed using the maximum likelihood method based on the general time reversible model.
Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed.
The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test
(1000 replicates) is shown next to the branches if greater than 50%. A discrete gamma distribution
was used to model evolutionary rate differences among sites [five categories (+G, parameter=0.3623)]
and allowed for some sites to be evolutionarily invariable [(+I), 51.7996% sites]. The analysis involved
30 nt sequences. Evolutionary analyses were conducted in MEGA5. The sequence of B. fungorum
LMG 16225T was used as an outgroup. Bar, 0.05 substitutions per site.

127



III. Experimental work

The nearly complete sequences of the 16S rRNA gene of strains LMG 28156T (1485 bp)
and LMG 28158T (1443 bp) were obtained as described previously (Peeters et al., 2013).
Pairwise comparison of these sequences, as determined with the EzTaxon-e server (www.
ezbiocloud.net/eztaxon (Kim et al., 2012), with those of type strains of other Bcc species
revealed similarity levels of between 98.43 and 99.66% for the former and between 98.89 and
100% for the latter (data not shown). Similarity levels towards non-Bcc Burkholderia species
were in the range 94.28-98.98%. For both strains the highest similarity values were obtained
towards the type strain of B. glumae.
Sequences of the recA gene were amplified using forward primer 5’ AGG ACG ATT CAT GGA
AGA WAG C 3’ and reverse primer 5’ GAC GCA CYG AYG MRT AGA ACT T ’3 (Spilker
et al., 2009). Sequence assembly was performed using BioNumerics v5.10 (Applied Maths).
Sequences (540-660 bp) were aligned based on amino acid sequences using Muscle (Edgar,
2004) in MEGA5 (Tamura et al., 2011). Phylogenetic analysis was conducted in MEGA5
(Tamura et al., 2011). All positions containing gaps and missing data were eliminated,
resulting in a total of 473 positions in the final dataset. All Bcc B isolates except isolate
R-52095, which occupied a distinct position in the recA gene tree, formed a coherent recA
gene cluster with B. pseudomultivorans as its nearest neighbor (Supplementary Fig. 4.2).
These results confirmed and extended the considerable differences observed in the 393 bp
recA gene fragment of the MLSA scheme (Supplementary Fig. 4.6). Similarly, the bifurcation
of the four Bcc L strains was confirmed in the 473 bp based analysis (Supplementary Fig.
4.2).
For determination of the DNA base composition, high-molecular-mass DNA was prepared
as described by Pitcher et al. (1989). DNA was enzymatically degraded into nucleosides as
described by Mesbah & Whitman (1989). The nucleoside mixture obtained was separated
using a Waters Breeze HPLC system and XBridge Shield RP18 column thermo-stabilized
at 37 ◦C. The solvent was 0.02 M NH4H2PO4 (pH 4.0) with 1.5% (v/v) acetonitrile.
Non-methylated lambda phage (Sigma) and Escherichia coli LMG 2093 DNA were used
as calibration reference and control, respectively. The DNA G+C content of strains LMG
28156T and LMG 28158T was both 67 mol%, which corresponded with that of other Bcc
species (66-69 mol%) (Vandamme & Dawyndt, 2011).
For fatty acid methyl ester analysis, all strains were grown on tryptone soya agar (BD) at
28 ◦C for 24 h. A loopful of well-grown cells was harvested and fatty acid methyl esters were
prepared, separated and identified using the Microbial Identification System (Microbial ID) as
described previously (Vandamme et al., 1992). The following fatty acid components were
detected in Bcc B and Bcc L isolates, respectively: C14:0 (4.08±1.3 and 4.3±0.3 %), C16:0

(18.7±0.9 and 19.0±0.9 %), C16:0 2-OH (1.5±0.5 and 1.2±0.6 %),C16:0 3-OH (8.4±1.0
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and 7.1±0.9 %), C16:1 2-OH (1.9±0.6 and 1.0±0.4 ;), C17:0 cyclo (10.2±4.2 and 6.1±3.2
%), C18:1 ω7c (24.0±4.5 and 30.1±1.7 %), C19:0 cyclo ω8c (4.4±2.4 and 2.1±1.3 %),
C18:0 2-OH (2.8±0.7 and 2.5±1.0 %), summed feature 2 (comprising C14:0 3-OH, iso-C16:1

I, an unidentified fatty acid with equivalent chain-length of 10.928 or C12:0 ALDE or any
combination of these) (10.3±1.7 and 10.8±3.3 %) and summed feature 3 (comprising C16:1

ω7c and/or iso-C15:0 2-OH) (12.2±4.9 and 15.2±4.0 %). These cellular fatty acid profiles
are highly similar to those of other Bcc species and B. gladioli (Stead, 1992).
Biochemical characterization of all isolates was performed as described by Henry et al. (2001)
and a summary of the results can be found in Table 4.4 and in the species descriptions below.
Biochemically, all Bcc B and Bcc L strains are similar to other Bcc bacteria. Bcc B strains
can be differentiated from other Bcc species (except for B. ubonensis) by the assimilation
of maltose. The only difference noted between isolate R-52095 and the remaining Bcc B
isolates is the presence of β-haemolysis. Bcc L strains can be differentiated from other Bcc
species by the absence of assimilation of N-acetylglucosamine. The two Bcc L recA gene
clusters differed in nitrate reduction capacity.
In conclusion, MLSA demonstrated that 12 Bcc isolates represented two novel species within
the Bcc. DNA base content determination, 16S rRNA gene sequence analysis and fatty acid
methyl ester analysis confirmed that these isolates conformed to the general characteristics of
the genus Burkholderia. The two novel species consisted of two recA gene lineages that were
phenotypically different; yet assimilation of maltose and of N-acetylglucosamine could be used
to distinguish these species from other Bcc species. We therefore propose to formally classify
Bcc B and Bcc L strains as representing the novel species Burkholderia stagnalis sp. nov.
with strain LMG 28156T (=CCUG 65686T) as the type strain, and Burkholderia territorii sp.
nov. with strain LMG 28158T (=CCUG 65687T) as the type strain, respectively.

4.2.2.1 Description of Burkholderia stagnalis sp. nov.

Burkholderia stagnalis (stag.na’lis. L. n. stagnum pond, lagoon, lake; -alis adjective forming
suffix; N.L. fem. adj. stagnalis pertaining to a lagoon).
Cells are Gram-stain-negative, aerobic, motile, non-sporeforming rods, about 0.1-0.5 µm wide
and 0.6-1.7 µm long. All isolates grow at 37 ◦C on BSA, BCSA and MacConkey agar and
do not produce any pigment. The majority (six of eight) of the isolates show medium-sized
grey entire colonies after 3 days of incubation on BSA, and the remaining two isolates show
distinctive colony centers Only one isolate (R-52095) shows β-haemolysis on blood agar.
The majority of isolates (five of eight) are able to grow at 42 ◦C (R-52235, LMG 28156T,
R-52237, R-52238, R-52239). All isolates show slow oxidase-positive reactions and lysine
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decarboxylase activity, but no nitrate reduction, ornithine decarboxylase or aesculin hydrolysis
activity. Furthermore, glucose, maltose, lactose and xylose are acidified, but not adonitol.
Assimilation of maltose is observed for all strains. Strain-dependent reactions are observed
for acidification of sucrose (negative for R-52240), gelatinase (negative for R-52096) and
β-galactosidase (weakly positive for R-52096) activity. API 20NE profiles are 0057777 (six of
eight isolates), 0056577 (R-52240) and 0067777 (R-52096). The following fatty acids are
present in all isolates: C14:0, C16:1 2-OH, C16:0 2-OH, C18:0, C19:0 cyclo ω8c and C18:1 2-OH
all at <5% (mean value of all isolates); and C16:0, C17:0 cyclo, C16:0 3-OH, C18:1 ω7c and
summed features 2 and 3 all at between 5 and 25% (mean value of all isolates). Isolates
have been obtained from soil and human respiratory samples in Australia and the USA.
The type strain is LMG 28156T (=CCUG 65686T, originally collected as MSMB050T).
Phenotypic characteristics of the type strain are the same as those described above for all
strains of the species. In addition, the type strain grows at 42 ◦C, does not show β-haemolysis
on sheep blood agar, acidifies sucrose, assimilates arabinose and shows gelatinase activity.
The DNA G+C content of the type strain is 67 mol%.

4.2.2.2 Description of Burkholderia territorii sp. nov.

Burkholderia territorii [ter.ri.to’ri.i. L. gen. n. territorii of the territory; referring to the
(Northern) Territory of Australia, where this organism has been recovered from environmental
groundwater samples].
Cells are Gram-stain-negative, aerobic, motile, non-sporeforming rods, about 0.2-0.5 µm wide
and 0.5-1.7 µm long. All isolates grow at 37 ◦C on BSA, BCSA and MacConkey agar. They
show medium-sized grey entire colonies on BSA without haemolysis, no pigment production
is observed and all strains grow at 42 ◦C. Two isolates (R-52243 and R-52244) display mixed
colonies types with small and large colonies. However, RAPD on both colony types shows
identical patterns. All isolates show slow oxidase-positive reactions, lysine decarboxylase,
β-galactosidase and gelatinase activity but no ornithine decarboxylase or aesculin hydrolysis
activity. Acidification of glucose, maltose, lactose, xylose and adonitol is positive, with
strain-dependent reaction for sucrose acidification (negative for R-52242), as well as nitrate
reduction (negative for LMG 28158T and R-52242). No assimilation of N-acetylglucosamine.
API 20NE profiles are 0077567 (LMG 28158T), 0077577 (R-52242) and 1077577 (R-52243
and R-52244). The following fatty acids are present in all isolates: C14:0, C16:1 2-OH, C16:0

2-OH, C18:0, C19:0 cyclo ω8c and C18:1 2-OH all at <5%; and C16:0, C17:0 cyclo, C16:0 3-OH,
C18:1 ω7c, and summed features 2 and 3 all at between 5 and 30%. Strains have been
isolated from environmental groundwater samples.
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The type strain is LMG 28158T (=CCUG 65687T, originally collected as MSMB110T).
Phenotypic characteristics of the type strain are the same as those described above for all
strains of the species. In addition, the type strain reduces nitrate and acidifies sucrose. The
DNA G+C content of the type strain is 67 mol%.
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Supplementary figure 1  

 

  
Supplementary Figure 4.2: Phylogenetic tree based on recA gene sequences of established Bcc
species and B. stagnalis and B. territorii isolates. The bootstrap consensus tree, inferred from 1000
replicates, was constructed using the maximum likelihood method based on the Tamura 3-parameter
model (Tamura, 1992). The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test is shown next to the branches if greater than 50%. A discrete gamma
distribution was used to model evolutionary rate differences among sites (5 categories (+G, parameter
= 0.3168)) and allowed for some sites to be evolutionarily invariable ([+I], 39.4400% sites). The
recA sequence of B. glumae LMG 2196T was used as outgroup. The scale bar indicates the number
of substitutions per site. The analysis involved 34 nucleotide sequences. There were a total of 473
positions in the final dataset. Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011).
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Supplementary Figure 4.3: Phylogenetic tree based on atpD locus sequences of established Bcc
species and B.stagnalis and B. territorii isolates. The bootstrap consensus tree, inferred from 1000
replicates was constructed using the maximum likelihood method based on the Tamura 3-parameter
model (Tamura, 1992). The percentage of trees in which the associated taxa clustered together is
shown next to the branches if greater than 50%. A discrete gamma distribution was used to model
evolutionary rate differences among sites (5 categories (+G, parameter = 0.2570)) and allowed for
some sites to be evolutionarily invariable ([+I], 74.3388% sites). The scale bar indicates the number
of substitutions per site. The analysis involved 28 nucleotide sequences. There were a total of 443
positions in the final dataset. Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011).
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Supplementary Figure 4.4: Phylogenetic tree based on gltB locus sequences of established Bcc
species and B. stagnalis and B. territorii isolates. The bootstrap consensus tree, inferred from 1000
replicates was constructed using the maximum likelihood method based on the Tamura 3-parameter
model (Tamura, 1992). The percentage of trees in which the associated taxa clustered together is
shown next to the branches if greater than 50%. A discrete gamma distribution was used to model
evolutionary rate differences among sites (5 categories (+G, parameter = 0.4758)) and allowed for
some sites to be evolutionarily invariable ([+I], 57.9292% sites). The scale bar indicates the number
of substitutions per site. The analysis involved 28 nucleotide sequences. There were a total of 400
positions in the final dataset. Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011).
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Supplementary Figure 4.5: Phylogenetic tree based on gyrB locus sequences of established Bcc
species and B. stagnalis and B. territorii isolates. The bootstrap consensus tree, inferred from 1000
replicates was constructed using the maximum likelihood method based on the general time reversible
model. The percentage of trees in which the associated taxa clustered together is shown next to the
branches if greater than 50%. A discrete gamma distribution was used to model evolutionary rate
differences among sites (5 categories (+G, parameter = 0.4373)) and allowed for some sites to be
evolutionarily invariable ([+I], 49.3662% sites). The scale bar indicates the number of substitutions
per site. The analysis involved 28 nucleotide sequences. There were a total of 454 positions in the
final dataset. Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011).
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Supplementary Figure 4.6: Phylogenetic tree based on recA locus sequences of established Bcc
species and B. stagnalis and B. territorii isolates. The bootstrap consensus tree, inferred from 1000
replicates was constructed using the maximum likelihood method based on the Tamura 3-parameter
model (Tamura, 1992). The percentage of trees in which the associated taxa clustered together is
shown next to the branches if greater than 50%. A discrete gamma distribution was used to model
evolutionary rate differences among sites (5 categories (+G, parameter = 0.3316)) and allowed for
some sites to be evolutionarily invariable ([+I], 54.4859% sites). The scale bar indicates the number
of substitutions per site. The analysis involved 29 nucleotide sequences. There were a total of 393
positions in the final dataset. Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011).
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Supplementary figure 6 

 

 

  

Supplementary Figure 4.7: Phylogenetic tree based on lepA locus sequences of established Bcc
species and B. stagnalis and B. territorii isolates. The bootstrap consensus tree, inferred from 1000
replicates was constructed using the maximum likelihood method based on the Tamura 3-parameter
model (Tamura, 1992). The percentage of trees in which the associated taxa clustered together is
shown next to the branches if greater than 50%. A discrete gamma distribution was used to model
evolutionary rate differences among sites (5 categories (+G, parameter = 0.6858)) and allowed for
some sites to be evolutionarily invariable ([+I], 52.7765% sites). The scale bar indicates the number
of substitutions per site. The analysis involved 26 nucleotide sequences. There were a total of 397
positions in the final dataset. Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011).
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Supplementary Figure 4.8: Phylogenetic tree based on phaC locus sequences of established Bcc
species and B. stagnalis and B. territorii isolates. The bootstrap consensus tree, inferred from 1000
replicates was constructed using the maximum likelihood method based on the Tamura 3-parameter
model (Tamura, 1992). The percentage of trees in which the associated taxa clustered together is
shown next to the branches if greater than 50%. A discrete gamma distribution was used to model
evolutionary rate differences among sites (5 categories (+G, parameter = 0.6710)) and allowed for
some sites to be evolutionarily invariable ([+I], 67.9788% sites). The scale bar indicates the number
of substitutions per site. The analysis involved 27 nucleotide sequences. There were a total of 385
positions in the final dataset. Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011).
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Supplementary Figure 4.9: Phylogenetic tree based on trpB locus sequences of established Bcc
species and B. stagnalis and B. territorii isolates. The bootstrap consensus tree, inferred from 1000
replicates was constructed using the maximum likelihood method based on the Tamura 3-parameter
model (Tamura, 1992). The percentage of trees in which the associated taxa clustered together is
shown next to the branches if greater than 50%. A discrete gamma distribution was used to model
evolutionary rate differences among sites (5 categories (+G, parameter = 0.3701)) and allowed for
some sites to be evolutionarily invariable ([+I], 51.1343% sites). The scale bar indicates the number
of substitutions per site. The analysis involved 28 nucleotide sequences. There were a total of 301
positions in the final dataset. Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011).
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5 | New insights into the
taxonomy of Burkholderia glathei-
like bacteria

The B. glathei clade (BGC) represents a phylogenetically divergent clade in the genus
Burkholderia (Sawana et al., 2014; Vandamme et al., 2014). Most of the 12 validly named
BGC species have been isolated from soil but publicly available sequence data indicate that
the taxonomic diversity in this clade is severely underestimated (Nogales et al., 2001; Salles
et al., 2006b; Pumphrey & Madsen, 2008; Xu et al., 2016). Section 5.1 presents a traditional
polyphasic taxonomic study of isolates from agricultural soil in Argentina and the formal
classification of Burkholderia cordobensis sp. nov. Section 5.2 presents a modern polyphasic
taxonomic approach in which whole-genome sequences are used for the assessment of the
genomic relatedness among strains and their G+C content. This genomic taxonomic study
was performed on 13 clusters of B. glathei-like isolates from human clinical and environmental
origin and led to the formal taxonomic proposal of 13 novel BGC species.
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5.1 Burkholderia cordobensis sp. nov., from agricultural
soils

Redrafted from: Walter O. Draghi, Charlotte Peeters, Margo Cnockaert, Cindy Snauwaert,
Luis G. Wall, Angeles Zorreguieta and Peter Vandamme (2014). Burkholderia cordobensis
sp. nov., from agricultural soils. International Journal of Systematic and Evolutionary
Microbiology, 64, 2003–2008.

Author contributions: WD, CP and PV conceived the study and wrote the manuscript. WD
and CP performed all experiments and analyzed the sequence data. WD and MC performed
the biochemical characterization. WD and CS performed the fatty acid methyl ester analysis.
WD, LW and AZ isolated the strains.

5.1.1 Abstract

Two Gram-negative, rod-shaped bacteria were isolated from agricultural soils in Cordoba
province in central Argentina. Their 16S rRNA gene sequences demonstrated that they
belong to the genus Burkholderia, with Burkholderia zhejiangensis as most closely related
formally named species; this relationship was confirmed through comparative gyrB sequence
analysis. Whole-cell fatty acid analysis supported their assignment to the genus Burkholderia.
Burkholderia sp. strain YI23, for which a whole-genome sequence is available, represents the
same taxon, as demonstrated by its highly similar 16S rRNA (100% similarity) and gyrB (99.1-
99.7%) gene sequences. The results of DDH experiments and physiological and biochemical
characterization further substantiated the genotypic and phenotypic distinctiveness of the
Argentinian soil isolates, for which the name Burkholderia cordobensis sp. nov. is proposed,
with strain MMP81T (=LMG 27620T =CCUG 64368T) as the type strain.

5.1.2 Background, methods, results and discussion

Members of the genus Burkholderia are β-Proteobacteria and are aerobic, chemo-organotrophic
and motile (except for B. mallei), Gram-negative rods that display a wide physiological
versatility, allowing them to inhabit extremely different ecological niches (Coenye & Vandamme,
2003; Compant et al., 2008). Several species of the genus Burkholderia are human or animal
pathogens; these include members of the Bcc, a group of closely related species commonly
isolated from respiratory specimens of CF patients (Vandamme & Dawyndt, 2011), and species
belonging to the B. pseudomallei group, which includes B. pseudomallei, the aetiological
agent of melioidosis in humans, and B. mallei, the causative agent of glanders in animals
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(Galyov et al., 2010). However, strains of Burkholderia, including Bcc bacteria (Parke
& Gurian-Sherman, 2001), may also have beneficial characteristics that include biological
nitrogen fixation, phytohormone synthesis, plant defense induction and xenobiotic activity
(Vial et al., 2011; Suarez-Moreno et al., 2012). Also, a growing number of species of the
genus Burkholderia lives associated with other organisms: these include endophytes from
plant tissues including root nodules, and inhabitants of insect guts or fungal mycelium and
spores (Levy et al., 2003; Kikuchi et al., 2005; Mahenthiralingam et al., 2008; Gyaneshwar
et al., 2011; Verstraete et al., 2013).
Strains of Burkholderia occur commonly in pristine, agricultural or polluted soils, in which
their population density can reach levels of 103-105 c.f.u. (per g soil) (Pallud et al., 2001;
Salles et al., 2006b), but antagonistic species of the genus Burkholderia can be lost when
soils are used continuously under arable management schemes (Salles et al., 2006a). As part
of the BIOSPAS Consortium, we analyzed the composition of populations of Burkholderia
across Argentinian agricultural soils that were subjected to different agricultural management
regimes. A thorough description of site characteristics and treatment definitions was published
elsewhere (Figuerola et al., 2012). From these samples, 1 g soil was suspended in 10 ml saline
solution (0.85% w/v NaCl), shaken at 240 rpm for 30 min, vortexed for 1 min, sonicated
in a water bath for 30 s and centrifuged for 2 min at 500 rpm. An aliquot (200 µl) of the
soil suspension was plated onto modified semi-selective medium PCAT (but using citrulline
instead of tryptamine as the main nitrogen source; PCAT refers to Pseudomonas cepacia,
azelaic acid and tryptamine) containing (per L) 0.1 g MgSO4, 0.2 g citrulline, 2 g azelaic
acid, 4 g K2HPO4,4 g KH2PO4, 0.02 g yeast extract and 15 g agar. The pH was adjusted to
5.7. The medium was supplemented with cycloheximide (0.2 g/L) and crystal violet (0.002
g/L) to inhibit growth of fungi and Gram-positive bacteria, respectively (Burbage & Sasser,
1982). After 5 days of incubation at 28 ◦C, colonies were selected randomly, subcultured
on LB medium (per L: 10 g tryptone, 5 g yeast extract, 10 g NaCl, 15 g agar) to check
purity and maintained at −80 ◦C as a suspension with 20% (v/v) glycerol. Two isolates from
soils from Monte Buey, in Cordoba province (32°58′14′′ S 62°27′6′′ W), MMP81T (=LMG
27620T, isolated in 2010) and MAN52 (=LMG 27621, isolated in 2011), were characterized
further in the present study.
When analyzing our data, we found highly similar 16S rRNA gene and gyrB sequences in
the whole-genome sequence of strain YI23, which was isolated from golf course soil in South
Korea and which showed the ability to degrade the pesticide fenitrothion (GenBank accession
numbers CP003087-CP003092) (Lim et al., 2012).
For PCR, genomic DNA was prepared using the method described by Niemann et al. (1997).
RAPD patterns were generated using the primers 5’ TGC GCG CGG G 3’ and 5’ AGC GGG
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CCA A 3’, as described previously (Williams et al., 1990), and demonstrated that isolates LMG
27620T and LMG 27621 represent genetically distinct strains (Supplementary Fig. 5.1).
Nearly complete sequences of the 16S rRNA genes of strains LMG 27620T and LMG 27621
were obtained as described previously (Peeters et al., 2013). The MOTHUR software package
(Schloss et al., 2009) was used to align the 16S rRNA gene sequences of strains LMG
27620T, LMG 27621 and YI23 (1484 bp) with those of type strains of phylogenetically related
species of the genus Burkholderia (1388-1525 bp) against the SILVA reference database
(www.arb-silva.de). Phylogenetic analysis was conducted in MEGA5 (Tamura et al., 2011)
(Fig. 5.1). Uncorrected pairwise distances were calculated using MEGA5, and all ambiguous
positions were removed for each sequence pair. Strains LMG 27620T, LMG 27621 and YI23
had identical 16S rRNA gene sequences, which were highly similar to those of B. zhejiangensis
OP-1T (99.7% similarity) and B. grimmiae R27T (99.3%) (Fig. 5.1).

10 ml saline solution (0.85 % w/v NaCl), shaken at
240 r.p.m. for 30 min, vortexed for 1 min, sonicated in a
water bath for 30 s and centrifuged for 2 min at 500 r.p.m.
An aliquot (200 ml) of the soil suspension was plated onto
modified semi-selective medium PCAT (but using citrulline
instead of tryptamine as the main nitrogen source; PCAT
refers to Pseudomonas cepacia, azelaic acid and tryptamine)
containing (l21) 0.1 g MgSO4, 0.2 g citrulline, 2 g azelaic
acid, 4 g K2HPO4, 4 g KH2PO4, 0.02 g yeast extract and
15 g agar. The pH was adjusted to 5.7. The medium was
supplemented with cycloheximide (0.2 g l21) and crystal
violet (0.002 g l21) to inhibit growth of fungi and Gram-
positive bacteria, respectively (Burbage et al., 1982). After
5 days of incubation at 28 uC, colonies were selected
randomly, subcultured on LB medium (l21: 10 g tryptone,
5 g yeast extract, 10 g NaCl, 15 g agar) to check purity
and maintained at 280 uC as a suspension with 20 % (v/v)
glycerol. Two isolates from soils from Monte Buey, in
Córdoba province (32u 589 140 S 62u 279 060 W), MMP81T

(5LMG 27620T, isolated in 2010) and MAN52 (5LMG
27621, isolated in 2011), were characterized further in the
present study.

When analysing our data, we found highly similar 16S
rRNA gene and gyrB sequences in the whole-genome
sequence of strain YI23, which was isolated from a golf
course soil in South Korea and which showed the ability to
degrade the pesticide fenitrothion (GenBank accession
numbers CP003087–CP003092; Lim et al., 2012).

For PCR, genomic DNA was prepared using the method
described by Niemann et al. (1997). Randomly amplified
polymorphic DNA patterns were generated using the
primers 59-TGCGCGCGGG and 59-AGCGGGCCAA, as
described previously (Williams et al., 1990), and demon-
strated that isolates LMG 27620T and LMG 27621 represent
genetically distinct strains (Fig. S1, available in the online
Supplementary Material).

Nearly complete sequences of the 16S rRNA genes of strains
LMG 27620T and LMG 27621 were obtained as described
previously (Peeters et al., 2013). The MOTHUR software
package (Schloss et al., 2009) was used to align the 16S rRNA
gene sequences of strains LMG 27620T, LMG 27621 and
YI23 (1484 bp) with those of type strains of phylogenetically
related species of the genus Burkholderia (1388–1525 bp)
against the SILVA reference database (http://www.arb-silva.
de). Phylogenetic analysis was conducted in MEGA5 (Tamura
et al., 2011) (Fig. 1). Uncorrected pairwise distances were
calculated using MEGA5, and all ambiguous positions were
removed for each sequence pair. Strains LMG 27620T, LMG
27621 and YI23 had identical 16S rRNA gene sequences,
which were highly similar to those of Burkholderia zhejiangensis
OP-1T (99.7 % similarity) and Burkholderia grimmiae R27T

(99.3 %) (Fig. 1).

Partial sequences of the gyrB genes of strains LMG 27620T

and LMG 27621 and their nearest neighbours as determined
by 16S rRNA gene sequence proximity were obtained using
the method described by Spilker et al. (2009) as modified by

Burkholderia cordobensis LMG 27621 (HG324049)

Burkholderia cordobensis YI23 (CP003087)

Burkholderia cordobensis LMG 27620T (HG324048)

Burkholderia zhejiangensis OP-1T (HM802212)

Burkholderia grimmiae R-27T (JN256678)

Burkholderia glathei LMG 14190T (Y17052)
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Burkholderia humi LMG 22934T (AY949193)
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99

95

61
63

98

80

99

0.01

Burkholderia telluris LMG 22936T (HE981727)
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Burkholderia udeis Hg 2T (AY154367)

Burkholderia cepacia ATCC 25416T (M22518)
Burkholderia rhizoxinica HKI 0454T (AJ938142)

Burkholderia kururiensis KP23T (AB024310)

Fig. 1. Phylogenetic tree based on 16S rRNA gene sequences of strains LMG 27620T, LMG 27621 and YI23 and
phylogenetically related members of the genus Burkholderia. The tree was reconstructed using the maximum-likelihood method
based on the Hasegawa–Kishino–Yano model (Hasegawa et al., 1985). The tree with the highest log-likelihood (”3205.5147)
is shown. The percentage of trees in which the associated taxa clustered together (from 1000 bootstrap replicates) is shown
next to branches if greater than 50 %. A discrete gamma distribution was used to model evolutionary rate differences among
sites [5 categories (+G, parameter50.0500)] and allowed for some sites to be evolutionarily invariable ([+I], 10.0430 % sites).
All positions containing gaps and missing data were eliminated. There were a total of 1335 positions in the final dataset. The
16S rRNA gene sequence of Burkholderia kururiensis KP23T was used as an outgroup. Bar, 0.01 substitutions per site.
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Figure 5.1: Phylogenetic tree based on 16S rRNA gene sequences of strains LMG 27620T, LMG 27621
and YI23 and phylogenetically related members of the genus Burkholderia. The tree was reconstructed
using the maximum likelihood method based on the Hasegawa–Kishino–Yano model (Hasegawa et al.,
1985). The tree with the highest log-likelihood (-3205.5147) is shown. The percentage of trees
in which the associated taxa clustered together (from 1000 bootstrap replicates) is shown next to
branches if greater than 50%. A discrete gamma distribution was used to model evolutionary rate
differences among sites [5 categories (+G, parameter=50.0500)] and allowed for some sites to be
evolutionarily invariable ([+I], 10.0430% sites). All positions containing gaps and missing data were
eliminated. There were a total of 1335 positions in the final dataset. The 16S rRNA gene sequence of
Burkholderia kururiensis KP23T was used as an outgroup. Bar, 0.01 substitutions per site.

Partial sequences of the gyrB genes of strains LMG 27620T and LMG 27621 and their nearest
neighbors as determined by 16S rRNA gene sequence proximity were obtained using the
method described by Spilker et al. (2009) as modified by De Meyer et al. (2013). Sequence
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assembly was performed using BioNumerics v5.10 (Applied Maths). Sequences (589-704
bp) were aligned based on amino acid sequences using MUSCLE (Edgar, 2004) in MEGA5
(Tamura et al., 2011). Phylogenetic analysis of nucleotide sequences was conducted in
MEGA5 (Fig. 5.2) and uncorrected pairwise distances were calculated using MEGA5. Strains
LMG 27620T, LMG 27621 and YI23 formed a homogeneous cluster (sequences were >99%
similar), which was supported by a bootstrap value of 75% (Fig. 5.2) and grouped with B.
zhejiangensis LMG 27258T (95.3-95.9%) and B. grimmiae LMG 27580T (90.8-91.6%) as
nearest neighbors.

De Meyer et al. (2013). Sequence assembly was performed
using BioNumerics version 5.10 (Applied Maths). Sequences
(589–704 bp) were aligned based on amino acid sequences
using MUSCLE (Edgar, 2004) in MEGA5 (Tamura et al., 2011).
Phylogenetic analysis of nucleotide sequences was con-
ducted in MEGA5 (Fig. 2) and uncorrected pairwise distances
were calculated using MEGA5. Strains LMG 27620T, LMG
27621 and YI23 formed a homogeneous cluster (sequences
were .99 % similar), which was supported by a bootstrap
value of 75 % (Fig. 2) and grouped with B. zhejiangensis
LMG 27258T (95.3–95.9 %) and B. grimmiae LMG 27580T

(90.8–91.6 %) as nearest neighbours.

For DNA–DNA hybridization and the determination of
the DNA G+C content, high-molecular-mass DNA was
prepared as described by Pitcher et al. (1989). DNA–DNA
hybridizations were performed using a microplate method
and biotinylated probe DNA (Ezaki et al., 1989). The
hybridization temperature was 45±1 uC. Reciprocal reac-
tions (A6B and B6A) were performed and the variation
was within the limits of this method (Goris et al., 1998).
DNA–DNA hybridization experiments were performed
between strain LMG 27620T and B. zhejiangensis LMG
27258T, its nearest named phylogenetic neighbour (Figs 1
and 2). DNA–DNA hybridization between the two strains
was 44 %. The DNA G+C content was determined by
HPLC according to the method of Mesbah & Whitman
(1989) using a Waters Breeze HPLC system and XBridge
Shield RP18 column thermostabilized at 37 uC. The solvent
was 0.02 M NH4H2PO4 (pH 4.0) with 1.5 % (v/v) acetoni-
trile. Non-methylated lambda phage (Sigma) and Escherichia
coli DNA were used as calibration reference and control,

respectively. The DNA G+C content of strain LMG 27620T

was 63.6 mol%, which is within the range reported for
members of the genus Burkholderia (59.0–69.9 mol%; Gillis
et al., 1995; Yabuuchi et al., 1992) and which corresponds
well to the DNA G+C content of 63.5 mol% reported for
the whole-genome sequence of strain YI23 (Lim et al., 2012).

Phenotypic analysis of strains LMG 27620T and LMG
27621 and B. zhejiangensis LMG 27258T was performed on
tryptone soya agar (TSA) at 28 uC unless indicated otherwise
(LMG medium 14; http://bccm.belspo.be/db/media_search_
form.php). Cell morphology and motility were observed by
phase-contrast microscopy. Oxidase activity was detected
by immersion of cells in 1 % N,N,N9,N9-tetramethyl p-
phenylenediamine solution and catalase activity was deter-
mined by bubble formation after flooding a colony with
10 % H2O2. Lipase activity was determined according to the
method described by Sierra (1957). Growth on MacConkey
medium was observed after 48 h of incubation at 28 uC.
Starch hydrolysis was observed after 48 h of incubation at
28 uC in LMG 14 medium amended with 2 % starch. DNase
activity was observed after 48 h of incubation at 28 uC on
BD Difco DNase test agar, according to the method of
Jeffries et al. (1957). Casein hydrolysis was observed after
48 h of incubation at 28 uC on TSA plates amended with
1.3 % skimmed milk, through the observation of clear haloes
around colonies. Other biochemical tests were performed by
inoculating API 20NE and API ZYM strips (bioMérieux)
according to the manufacturer’s instructions and incubating
for 48 h at 28 uC or for 4 h at 28 uC, respectively. Growth
was tested at 28 uC in nutrient broth (NB; BD Difco) at
pH 4–9 using appropriate biological buffers (acetate, citrate/
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Fig. 2. Phylogenetic tree based on gyrB gene sequences of strains LMG 27620T, LMG 27621 and YI23 and phylogenetically
related members of the genus Burkholderia. The tree was reconstructed using the maximum-likelihood method based on
Tamura’s three-parameter model (Tamura, 1992). The tree with the highest log-likelihood (”2409.0868) is shown. The
percentage of trees in which the associated taxa clustered together (from 1000 bootstrap replicates) is shown next to branches.
A discrete gamma distribution was used to model evolutionary rate differences among sites [5 categories (+G,
parameter50.2933)]. All positions containing gaps and missing data were eliminated. There were a total of 570 positions in
the final dataset. The gyrB sequence of Burkholderia kururiensis LMG 19447T was used as an outgroup. Bar, 0.02
substitutions per site.
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Figure 5.2: Phylogenetic tree based on gyrB gene sequences of strains LMG 27620T, LMG 27621
and YI23 and phylogenetically related members of the genus Burkholderia. The tree was reconstructed
using the maximum likelihood method based on Tamura-three-parameter model (Tamura, 1992). The
tree with the highest log-likelihood (-2409.0868) is shown. The percentage of trees in which the
associated taxa clustered together (from 1000 bootstrap replicates) is shown next to branches. A
discrete gamma distribution was used to model evolutionary rate differences among sites [5 categories
(+G, parameter=50.2933)]. All positions containing gaps and missing data were eliminated. There
were a total of 570 positions in the final dataset. The gyrB sequence of Burkholderia kururiensis LMG
19447T was used as an outgroup. Bar, 0.02 substitutions per site.

For DDH and the determination of the DNA G+C content, high-molecular-mass DNA was
prepared as described by Pitcher et al. (1989). DDHs were performed using a microplate
method and biotinylated probe DNA (Ezaki et al., 1989). The hybridization temperature was
45±1 ◦C. Reciprocal reactions (A x B and B x A) were performed and the variation was within
the limits of this method (Goris et al., 1998). DDH experiments were performed between
strain LMG 27620T and B. zhejiangensis LMG 27258T, its nearest named phylogenetic
neighbor (Fig. 5.1 and 5.2). DDH between the two strains was 44%. The DNA G+C content
was determined by HPLC according to the method of Mesbah & Whitman (1989) using a
Waters Breeze HPLC system and XBridge Shield RP18 column thermostabilized at 37 ◦C.
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The solvent was 0.02 M NH4H2PO4 (pH 4.0) with 1.5% (v/v) acetonitrile. Non-methylated
lambda phage (Sigma) and Escherichia coli DNA were used as calibration reference and
control, respectively. The DNA G+C content of strain LMG 27620T was 63.6 mol%, which is
within the range reported for members of the genus Burkholderia (59.0-69.9 mol%) (Yabuuchi
et al., 1992; Gillis et al., 1995) and which corresponds well to the DNA G+C content of 63.5
mol% reported for the whole-genome sequence of strain YI23 (Lim et al., 2012).
Phenotypic analysis of strains LMG 27620T and LMG 27621 and B. zhejiangensis LMG
27258T was performed on tryptone soya agar (TSA) at 28 ◦C unless indicated otherwise
(BCCM/LMG medium 14). Cell morphology and motility were observed by phase-contrast
microscopy. Oxidase activity was detected by immersion of cells in 1% N,N,N’,N’-tetramethyl
p-phenylenediamine solution and catalase activity was determined by bubble formation after
flooding a colony with 10% H2O2. Lipase activity was determined according to the method
described by Sierra (1957). Growth on MacConkey medium was observed after 48 h of
incubation at 28 ◦C. Starch hydrolysis was observed after 48 h of incubation at 28 ◦C in LMG
14 medium amended with 2% starch. DNase activity was observed after 48 h of incubation at
28 ◦C on BD Difco DNase test agar, according to the method of Jeffries et al. (1957). Casein
hydrolysis was observed after 48 h of incubation at 28 ◦C on TSA plates amended with 1.3%
skimmed milk, through the observation of clear haloes around colonies. Other biochemical
tests were performed by inoculating API 20NE and API ZYM strips (bioMerieux) according
to the manufacturer’s instructions and incubating for 48 h at 28 ◦C or for 4 h at 28 ◦C,
respectively. Growth was tested at 28 ◦C in nutrient broth (NB; BD Difco) at pH 4-9 using
appropriate biological buffers (acetate, citrate/Na2HPO4, phosphate buffer and Tris/HCl).
Growth on LMG 14 medium was tested at 4, 15, 28, 30, 37, 40 and 45 ◦C. The results of
phenotypic and biochemical tests are given in the species description and in Table 5.1. They
allow clear differentiation of the taxon represented by strains LMG 27620T and LMG 27621
and its nearest phylogenetic neighbor, B. zhejiangensis: the former exhibits oxidase activity
but not arginine dihydrolase or urease activity, reduces nitrate, hydrolyzes Tween 80 and
does not assimilate caprate; opposite test results were obtained for the latter. In addition,
on the basis of phenotypic data published by Tian et al. (2013) using the same test gallery,
strains LMG 27620T and LMG 27621 can be differentiated from B. grimmiae R27T: the
former exhibits no arginine dihydrolase or urease activity and assimilates phenylacetate. In
addition, it does not hydrolyze starch and grows on MacConkey agar; opposite test results
were obtained for B. grimmiae R27T. Differential characteristics towards other species of the
genus Burkholderia in this same lineage are presented in Table 5.1.
Whole-cell fatty acid methyl esters were extracted according to the MIDI protocol (www.
microbialid.com/PDF/TechNote_101.pdf). All characteristics such as temperature, medium
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Table 5.1: Phenotypic characteristics that distinguish B. cordobensis sp. nov. from its nearest
phylogenetic neighbor

Characteristic 1 2 3 4 5 6 7 8 9 10

Growth at:
37 ◦C +− +++ + w + − − w − −
40 ◦C −− +++ + − − − − − − −
pH 8.0 ww +++ + − − + w − − +

Hydrolysis of Tween 60 ++ +++ ND + − − − + − −
Nitrate reduction (API 20NE) w+ +++ + − − − + + − +
Beta-galactosidase (API 20NE) −− −−− − − − − + − − w
Assimilation of (API 20NE)
Arabinose +− +++ + w w − + + − +
Mannose ++ +++ + − + + + + + +
Mannitol ++ −−− + w w + + + + −
N-Acetylglucosamine ++ +++ + w + + + + + +
Gluconate ++ +++ + w + + + + + +
Caprate −− +++ − − + w − + w −
Malate ++ +++ + w + + v + + +
Citrate −− −−− − − + + − + + +
Phenylacetate ++ ++w − − + + − + + −

Enzyme activity (API ZYM)
C4 lipase −− −−− + w + + + + + +
C8 lipase −− −−− + + w + + w w +
Valine arylamidase −− −−− − w w − − − w +
Cystine arylamidase −− −−− − − − − − − − −
β-galactosidase −− −−− − − − − + − − +

Strains: 1. B. cordobensis sp. nov. LMG 26720T and LMG 27621; 2, B. zhejiangensis LMG 27258T, LMG 26180 and
LMG 26181; 3, B. grimmiae R27T; 4, B. choica LMG 22940T; 5, B. glathei LMG 14190T; 6, B. humi LMG 22934T;
7, B. sordidicola LMG 22029T; 8, B. telluris LMG 22936T; 9, B. terrestris LMG 22937T; 10, B. udeis LMG 27134T.
Results for B. cordobensis sp. nov. and its nearest neighbor B. zhejiangensis are from the present study; test results
of the type strains are given first, followed by the remaining strains in the order given above. Data for B. grimmiae
R27T were extracted from Tian et al. (2013); data for the remaining strains were taken from Vandamme et al.
(2013a). +, present; −, absent; w, weak reaction; v, variable; ND, not determined.

and physiological age (overlap area of the second and third quadrant from a quadrant
streak for late-exponential-phase growing cells) were as in the MIDI protocol. The profiles
were generated using an Agilent Technologies 6890N gas chromatograph and identified and
clustered using the Microbial Identification System software and MIDI TSBA database version
5.0. The most abundant fatty acids of strains LMG 27620T and LMG 27621 were C18:1 ω7c,
summed feature 3 (probably C16:1 ω7c) and C16:0. Moderate to small amounts of summed
feature 2 (probably C14:0 3-OH), C17:0 cyclo, C16:0 3-OH, C14:0, C19:0 cyclo ω8c, C16:1 2-OH
and C16:0 2-OH were also detected. The presence of C16:0 3-OH supports the placement of
these strains in the genus Burkholderia (Yabuuchi et al., 1992), but the overall profile of the
novel taxon is very similar to those of its nearest neighbors (Table 5.2).
The phenotypic, chemotaxonomic and genotypic data from the present study demonstrate that
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strains LMG 27620T, LMG 27621 and YI23 represent a novel species of the genus Burkholderia
that can be distinguished from its nearest phylogenetic neighbors both phenotypically as well
as genotypically. We therefore propose to classify these bacteria in a novel species, for which
the name Burkholderia cordobensis sp. nov. is proposed.

Table 5.2: Mean fatty acid compositions of B. cordobensis sp. nov. and its nearest phylogenetic
neighbors

Fatty acid 1 2 3 4 5

C12:0 ND ND TR ND ND
C14:0 4.16±0.04 4.08±0.13 4.02 3.54±0.13 4.29±0.13
C16:0 17.00±0.80 16.24±0.64 12.14 20.37±4.40 19.11±1.93
C16:0 2-OH 2.49±0.79 3.37±0.82 4.41 3.26±1.54 2.06±0.86
C16:0 3-OH 5.92±0.04 5.91±0.13 5.02 6.93±2.32 6.13±0.49
C16:1 2-OH TR TR 4.37 ND TR
C17:0 cyclo 5.31±1.86 4.96±0.65 TR 14.30±4.67 13.05±2.41
C18:1 ω7c 36.82±1.2 36.88±1.05 38.78 30.97±1.41 31.10±1.83
C19:0 cyclo ω8c 1.82±0.72 2.14±0.37 ND ND 2.64±1.29
Summed features*
2 7.21±0.15 6.82±0.35 5.32 7.80±2.28 7.08±0.53
3 17.55±2.11 17.43±0.60 23.16 12.84±4.21 12.79±2.79

Fatty acid 6 7 8 9 10

C12:0 ND 3.70 ND ND 4.63±0.07
C14:0 3.71±0.27 0.79 3.00±0.01 3.80 TR
C16:0 12.00±0.76 18.29 13.31±0.15 16.02 15.72±0.96
C16:0 2-OH 2.43±0.55 3.32 1.61±0.14 2.29 2.05±0.10
C16:0 3-OH 5.17±0.38 4.90 5.05±0.04 5.36 6.75±0.91
C16:1 2-OH 1.71±0.32 4.06 TR 1.29 2.02±0.22
C17:0 cyclo 7.64±2.05 13.94 4.54±0.13 6.58 6.57±0.99
C18:1 ω7c 42.19±1.77 27.61 43.66±0.55 38.00 32.56±1.27
C19:0 cyclo ω8c TR 7.01 TR ND 3.61±0.68
Summed features*
2 6.24±0.42 4.86 5.71±0.08 6.18 7.53±0.60
3 17.14±1.55 11.53 20.55±0.57 18.98 17.20±1.46

Species/strains: 1, B. cordobensis sp. nov. LMG 27620T and LMG 27621; 2, B. zhejiangensis LMG 27258T, LMG
26180 and LMG 26181; 3, B. grimmiae LMG 27258T; 4, B. choica; 5, B. glathei ; 6, B. humi ; 7, B. sordidicola; 8, B.
telluris; 9, B. terrestris; 10, B. udeis. Data for B. cordobensis sp. nov. and B. grimmiae LMG 27258T are from the
present study. The remaining data were extracted from Vandamme et al. (2013a) and were generated under the same
cultivation and analysis conditions. Values are mean±SD percentages of total fatty acids. Those fatty acids for which
the mean amount for all taxa was <1% are not included; therefore, the percentages may not add up to 100%. TR,
trace amount (<1%); ND, not detected. *Summed feature 2 comprised iso-C16:1 and/or C14:0 3-OH); summed
feature 3 comprised iso-C15:0 2-OH and/or C16:1 ω7c.
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5.1.2.1 Description of Burkholderia cordobensis sp. nov.

Burkholderia cordobensis (cor.do.ben’sis. N.L. fem. adj. cordobensis pertaining to the
Argentinian province of Cordoba, where the first strains were isolated).
Gram-negative, aerobic, motile, non-sporeforming rods, about 0.4-0.7 µm wide and 1.2-1.8 µm
long. Colonies are round, with entire margins, a convex elevation, a white-creamy color and a
moist appearance, and are 1-2 mm in diameter after 48 h of growth on TSA at 28 ◦C. Grows
on MacConkey agar. Growth occurs at 28-37 ◦C and at pH 6-8 in NB at 28 ◦C. Catalase and
oxidase activities are present, but not arginine dihydrolase, urease, β-glucosidase, gelatinase or
β-galactosidase. When tested by using API ZYM strips, activities of the following enzymes are
present: alkaline and acid phosphatases, leucyl arylamidase and phosphoamidase; activities
are absent for C4 lipase, C8 lipase, C14 lipase, valine and cystine arylamidases, trypsin,
chymotrypsin, α-galactosidase, β-galactosidase, β-glucuronidase, α-glucosidase, β-glucosidase,
N-acetyl-β-glucosaminidase, α-mannosidase and α-fucosidase. Tweens 20, 40, 60 and 80 are
degraded, but casein and starch are not hydrolyzed. When tested by using API 20NE strips,
nitrate is reduced and glucose, arabinose (variable; type strain positive), mannose, mannitol,
N-acetylglucosamine, gluconate, malate and phenylacetate are assimilated, but not maltose,
caprate, adipate or citrate. Negative for fermentation of glucose, activities of tryptophanase,
arginine dihydrolase, urease and β-galactosidase (PNPG), hydrolysis of aesculin and gelatin
liquefaction. The most abundant fatty acids are C18:1 ω7c, summed feature 3 (probably C16:1

ω7c) and C16:0.
The type strain, MMP81T (=LMG 27620T =CCUG 64368T), was isolated from agricultural
soils in Cordoba province, Argentina. The DNA G+C content of the type strain is 63.6 mol%.
The whole-genome sequence of strain YI23 is 8.89 Mb and consists of three chromosomes
and three plasmids (Lim et al., 2012).
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5.1.4 Supplementary material

The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA and gyrB gene sequences
of strains LMG 27620T and LMG 27621 are HG324048 and HG324055 (LMG 27620T) and
HG324049 and HG324056 (LMG 27621), respectively. The accession number for the gyrB
gene sequence of B. grimmiae LMG 27580T is HG324054.
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Supplementary Figure 5.1: RAPD patterns of strains LMG 27620T (lanes 2 and 4) and LMG 27621
(lanes 3 and 5) obtained using the primers TGC GCG CGG G (lanes 2 and 3) and AGC GGG CCA A
(lanes 4 and 5). Lanes 1 and 6 are marker lanes.
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5.2 Phylogenomic study of Burkholderia glathei-like organisms,
proposal of 13 novel Burkholderia species and emended
descriptions of Burkholderia sordidicola, Burkholderia
zhejiangensis and Burkholderia grimmiae

Redrafted from: Charlotte Peeters, Jan P. Meier-Kolthoff, Bart Verheyde, Evie De Brandt,
Vaughn S. Cooper and Peter Vandamme (2016). Phylogenomic study of Burkholderia
glathei-like organisms, proposal of 13 novel Burkholderia species and emended descriptions
of Burkholderia sordidicola, Burkholderia zhejiangensis and Burkholderia grimmiae. Frontiers
in Microbiology, 7, 1-19.

Author contributions: CP and PV conceived the study and wrote the manuscript. CP
performed all experiments except the phenotypical characterization and analyzed the data. CP
and EDB performed the DNA extractions. EDB performed the phenotypical characterization.
VC directed the genomic sequencing methods and initial analysis. JMK performed all
GBDP-related analyses. CP and BV performed the ortholog analysis and whole-genome
sequence-based phylogenetic analysis. JMK and VC proofread the manuscript.

5.2.1 Abstract

Partial gyrB gene sequence analysis of 17 isolates from human and environmental sources
revealed 13 clusters of strains and identified them as BGC bacteria. The taxonomic status
of these clusters was examined by whole-genome sequence analysis, determination of the
G+C content, whole-cell fatty acid analysis and biochemical characterization. The whole-
genome sequence-based phylogeny was assessed using the GBDP method and an extended
MLSA approach. The results demonstrated that these 17 BGC isolates represented 13
novel Burkholderia species that could be distinguished by both genotypic and phenotypic
characteristics. BGC strains exhibited a broad metabolic versatility and developed beneficial,
symbiotic and pathogenic interactions with different hosts. Our data also confirmed that there
is no phylogenetic subdivision in the genus Burkholderia that distinguishes beneficial from
pathogenic strains. We therefore propose to formally classify the 13 novel BGC Burkholderia
species as Burkholderia arvi sp. nov. (type strain LMG 29317T =CCUG 68412T), Burkholderia
hypogeia sp. nov. (type strain LMG 29322T =CCUG 68407T), Burkholderia ptereochthonis
sp. nov. (type strain LMG 29326T =CCUG 68403T), Burkholderia glebae sp. nov. (type
strain LMG 29325T =CCUG 68404T), Burkholderia pedi sp. nov. (type strain LMG 29323T
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=CCUG 68406T), Burkholderia arationis sp. nov. (type strain LMG 29324T =CCUG
68405T), Burkholderia fortuita sp. nov. (type strain LMG 29320T =CCUG 68409T),
Burkholderia temeraria sp. nov. (type strain LMG 29319T =CCUG 68410T), Burkholderia
calidae sp. nov. (type strain LMG 29321T =CCUG 68408T), Burkholderia concitans sp.
nov. (type strain LMG 29315T =CCUG 68414T), Burkholderia turbans sp. nov. (type
strain LMG 29316T =CCUG 68413T), Burkholderia catudaia sp. nov. (type strain LMG
29318T =CCUG 68411T) and Burkholderia peredens sp. nov. (type strain LMG 29314T

=CCUG 68415T). Furthermore, we present emended descriptions of the species Burkholderia
sordidicola, Burkholderia zhejiangensis and Burkholderia grimmiae.

5.2.2 Introduction

The genus Burkholderia currently comprises 90 validly named species (Euzeby, 1997) and
several uncultured Candidatus species (Van Oevelen et al., 2004; Verstraete et al., 2011;
Lemaire et al., 2012) which occupy very diverse niches (Coenye & Vandamme, 2003). Many
Burkholderia species have thus far only been isolated as free-living organisms but a growing
body of literature reveals that they live in close interaction with numerous plant, animal,
fungal or even amoebozoan hosts (Marolda et al., 1999; Van Borm et al., 2002; Kikuchi
et al., 2011; Verstraete et al., 2013; Stopnisek et al., 2016; Xu et al., 2016). Burkholderia
species may be beneficial to their hosts because some strains can fix nitrogen, produce plant
hormones or siderophores, or lower pathogen-related ethylene levels; hence they have been
exploited for plant growth promotion and biocontrol of plant diseases (Compant et al., 2008;
Vial et al., 2011). Yet, other Burkholderia species are notorious pathogens in plants, animals
and humans (Mahenthiralingam et al., 2008). This ecological diversity is likely attributed
to their large, multireplicon genomes (typically between 6 and 9 Mb) which also confer a
metabolic versatility allowing them to degrade a wide range of recalcitrant xenobiotics (Parke
& Gurian-Sherman, 2001; Coenye & Vandamme, 2003).
Phylogenetic analyses based on the 16S rRNA and protein-coding genes showed that BGC
species are phylogenetically divergent from other Burkholderia species and form a separate
clade (Sawana et al., 2014; Vandamme et al., 2014). Although this clade thus far includes
only 12 formally named species, its functional diversity is impressive. In this clade too, most
species have been isolated from bulk and rhizosphere soil (Zolg & Ottow, 1975; Viallard
et al., 1998; Vandamme et al., 2013a; Draghi et al., 2014; Baek et al., 2015), but also
from contaminated soil and sludge from a wastewater treatment system (Lu et al., 2012;
Vandamme et al., 2013a; Liu et al., 2014). Two BGC species were associated with less
studied hosts like fungi (B. sordidicola) and mosses (B. grimmiae) (Lim et al., 2003; Tian
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et al., 2013) but numerous, mostly uncultivated BGC species adopted endosymbiotic lifestyles
in insect guts (Kikuchi et al., 2011; Tago et al., 2015; Xu et al., 2016) or plant leaf tissue
(Verstraete et al., 2013; Carlier et al., 2016) and many additional 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; Peeters et al., 2016).
The present study aimed to perform a phylogenomic study of established and novel species
in the B. glathei clade, to formally name the latter and to make reference cultures and
whole-genome sequences of each of these versatile bacteria publicly available. The genome
sequence-based phylogeny was assessed using the GBDP method (Meier-Kolthoff et al., 2013)
and an extended MLSA approach. For phenotypic characterization, whole-cell fatty acid
profiling and biochemical analyses were performed.

5.2.3 Materials and methods

5.2.3.1 Bacterial strains and growth conditions

Table 5.3 lists the sources of the 17 studied isolates. Details of type strains of each of the
present BGC species were described previously (Zolg & Ottow, 1975; Lim et al., 2003; Lu
et al., 2012; Tian et al., 2013; Vandamme et al., 2013a; Draghi et al., 2014; Liu et al., 2014;
Baek et al., 2015). Strains were grown aerobically on buffered nutrient agar (Oxoid, pH 6.8)
and incubated at 28 ◦C. Cultures were preserved in MicroBankTM vials at −80 ◦C.

5.2.3.2 16S rRNA gene sequence analysis

Nearly complete sequences were obtained as described previously (Peeters et al., 2013).

5.2.3.3 gyrB gene sequence analysis

Partial gyrB gene sequences were obtained as described previously (Spilker et al., 2009; Peeters
et al., 2013). Sequence assembly was performed using BioNumerics v7.5 (Applied Maths).
Sequences (589-1182 bp) were aligned based on amino acid sequences using Muscle (Edgar,
2004) in MEGA6 (Tamura et al., 2013). All positions with less than 95% site coverage were
eliminated, resulting in a total of 570 positions in the final dataset. Phylogenetic analysis
was conducted in MEGA6 (Tamura et al., 2013).

5.2.3.4 Whole-genome sequencing

Genomic DNA of 20 strains (Table 5.4) was prepared as described by Pitcher et al. (1989).
Genomic libraries were prepared using the Nextera kit following the methods introduced by
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Table 5.3: Strains included in the present study
Strain Other strains designations Source Depositor Referencea

Burkholderia arvi sp. nov.
LMG 29317T CCUG 68412T, MAN34T Soil (Argentina, 2010) Walter Draghi (1)
Burkholderia hypogeia sp. nov.
LMG 29322T CCUG 68407T Soil (Belgium, 2014) Own isolate (2)
Burkholderia ptereochthonis sp. nov.
LMG 29326T CCUG 68403T Soil (Belgium, 2014) Own isolate (2)
Burkholderia glebae sp. nov.
LMG 29325T CCUG 68404T Soil (Belgium, 2014) Own isolate (2)
LMG 22938 RA57-7 Soil (Netherlands) Joana Salles (3)
Burkholderia pedi sp. nov.
LMG 29323T CCUG 68406T Soil (Belgium, 2014) Own isolate (2)
R-52605 Soil (Belgium, 2014) Own isolate (2)
Burkholderia arationis sp. nov.
LMG 29324T CCUG 68405T Soil (Belgium, 2014) Own isolate (2)
R-23361 RG47-6 Soil (Netherlands) Joana Salles (3)
Burkholderia fortuita sp. nov.
LMG 29320T CCUG 68409T Soil (South Africa, 2013) Brecht Verstraete (4)
Burkholderia temeraria sp. nov.
LMG 29319T CCUG 68410T Soil (South Africa, 2013) Brecht Verstraete (4)
Burkholderia calidae sp. nov.
LMG 29321T CCUG 68408T Water (Belgium, 2013) Own isolate (2)
Burkholderia concitans sp. nov.
LMG 29315T CCUG 68414T, AU12121T Lung tissue (USA, 2006) John J. LiPuma
R-46586 AU21394 Blood (USA, 2010) John J. LiPuma
Burkholderia turbans sp. nov.
LMG 29316T CCUG 68413T, HI4065T Pleural fluid (USA, 2006) John J. LiPuma
Burkholderia catudaia sp. nov.
LMG 29318T CCUG 68411T Soil (South Africa, 2013) Brecht Verstraete (4)
Burkholderia peredens sp. nov.
LMG 29314T CCUG 68415T, NF100T Soil (Japan) M. Hayatsu (5)

LMG, BCCM/LMG Bacteria Collection, Laboratory of Microbiology, Ghent University, Ghent, Belgium. a(1) Draghi
et al. (2014), (2) sections 3.2 and 3.3, Peeters et al. (2016), (3) Salles et al. (2006b), (4) Verstraete et al. (2014), (5)
Hayatsu et al. (2000).

Baym et al. (2015) and the 151 bp paired-end libraries were sequenced on the Illumina HiSeq
platform of the University of New Hampshire Hubbard Center for Genomics Studies with
an average insert size of 386 bp. Quality reports were created by FastQC. Adaptors and
low-quality reads were trimmed using Trimmomatic (Bolger et al., 2014) with the following
options: ILLUMINACLIP:NexteraPE-PE.fa:2:30:10 MAXINFO:60:0.4 MINLEN:60. Assembly
was performed using SPAdes (Bankevich et al., 2012) with default k-mer sizes (21, 33, 55, 77)
and mismatch correction (option –careful). Contigs with length <500 bp and coverage <2
were discarded from the resulting assemblies. Raw reads were mapped against the assemblies
using bwa-mem (Li, 2013) and contigs were polished using Pilon (Walker et al., 2014b) with
default parameters. Quast (Gurevich et al., 2013) was used to create quality reports of the
resulting assemblies. Annotation was performed using Prokka 1.11 (Seemann, 2014) with a
genus-specific database based on reference genomes from the Burkholderia Genome Database
(Winsor et al., 2008).
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Table 5.4: Genomes included in the present study
Strain Project Contigsa Size (bp) %GC Referenceb

B. glathei LMG 14190T PRJEB6934 139 8,049,485 64.7 (1)
B. sordidicola LMG 22029T PRJEB12475 72 6,874,511 60.2 This study
B. zhejiangensis OP-1T PRJNA238427 116 7,767,215 62.7 (2)
B. grimmiae R27T PRJNA238424 160 6,704,301 63.0 (2)
B. choica LMG 22940T PRJEB12479 657 9,776,207 62.7 This study
B. humi LMG 22934T PRJEB12476 272 7,619,203 62.8 This study
B. telluris LMG 22936T PRJEB12477 163 7,056,109 64.0 This study
B. terrestris LMG 22937T PRJEB12478 645 8,201,357 62.6 This study
B. udeis LMG 27134T PRJEB12480 242 10,051,569 60.0 This study
B. cordobensis LMG 27620T PRJEB12481 74 8,208,096 63.7 This study
B. jiangsuensis MP-1T PRJNA238425 168 8,611,053 62.6 (2)
B. megalochromosomata JC2949T PRJNA241423c 285 9,506,519 62.7 (3)
B. arvi sp. nov. LMG 29317T PRJEB12485 351 9,665,767 62.4 This study
B. hypogeia sp. nov. LMG 29322T PRJEB12491 94 8,333,271 63.2 This study
B. ptereochthonis sp. nov. LMG 29326T PRJEB12495 117 7,714,803 64.2 This study
B. glebae sp. nov. LMG 29325T PRJEB12494 194 7,842,312 62.7 This study
B. pedi sp. nov. LMG 29323T PRJEB12492 142 9,141,307 63.0 This study
B arationis sp. nov. LMG 29324T PRJEB12493 629 9,377,494 62.8 This study
B. fortuita sp. nov. LMG 29320T PRJEB12489 50 7,360,810 62.9 This study
B. temeraria sp. nov. LMG 29319T PRJEB12488 129 8,325,519 62.7 This study
B. calidae sp. nov. LMG 29321T PRJEB12490 379 9,609,693 62.5 This study
B. concitans sp. nov. LMG 29315T PRJEB12483 47 6,166,171 63.2 This study
B. turbans sp. nov. LMG 29316T PRJEB12484 120 7,352,555 63.1 This study
B. catudaia sp. nov. LMG 29318T PRJEB12486 156 7,726,733 62.8 This study
B. peredens sp. nov. LMG 29314T PRJEB12482 78 6,726,081 63.1 This study
B. cordobensis YI23 PRJNA74517 6 8,896,411 63.3 (4)
Burkholderia sp. PML1(12) PRJNA53985 377 9,368,249 60.1 (5)
Burkholderia sp. S170 PRJNA248610 216 10,261,891 59.6 (6)
B. zhejiangensis CEIB S4-3 PRJNA264584 154 7,666,841 62.8 (7)
B. zhejiangensis SJ98 PRJNA81431 14 7,878,727 62.7 (8)
Burkholderia sp. Leaf177 PRJNA297956 27 6,804,288 59.2 (9)
B. concitans sp. nov. MR1 PRJNA269162 58 6,019,671 63.3 (10)
Burkholderia sp. RPE64 PRJDB1103 5 6,964,487 63.2 (11)
B. cordobensis RPE67 PRJDB1660 6 8,685,756 63.4 (12)
Ca. B. kirkii UZHbot1 PRJNA69825 305 3,990,738 62.9 (13)
Ca. B. kirkii UZHbot2 PRJNA253356 48 3,914,712 64.0 (14)
Ca. B. pumila UZHbot3 PRJNA253357 519 3,681,223 59.3 (14)
Ca. B. verschuerenii UZHbot4 PRJNA253359 446 6,188,480 61.9 (14)
Ca. B. humilis UZHbot5 PRJNA253360 354 5,148,994 60.1 (14)
Ca. B. calva UZHbot6 PRJNA253361 307 4,208,605 61.4 (14)
Ca. B. brachyanthoides UZHbot7 PRJNA253362 684 3,545,532 61.2 (14)
Ca. B. schumannianae UZHbot8 PRJNA253363 283 2,362,726 63.1 (14)
Ca. B. crenata UZHbot9 PRJNA253365 643 2,843,741 59.0 (15)

aStatus complete: RPE64, RPE67, YI23; status draft assembly: all other genomes. b(1) Stopnisek et al. (2016), (2)
Liu et al. (2014), (3) (Baek et al., 2015), (4) (Lim et al., 2012), (5) Uroz & Oger (2015), (6) Llado et al. (2014), (7)
Hernandez-Mendoza et al. (2014), (8) Kumar et al. (2012), (9) Bai et al. (2015), (10) Pawitwar et al. (2015), (11)
Shibata et al. (2013), (12) Takeshita et al. (2014), (13) Carlier & Eberl (2012), (14) Pinto-Carbo et al. (2016), (15)
Carlier et al. (2016). cGenome sequence not publicly available, contig sequences were provided by J. Chun (Baek
et al., 2015).
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5.2.3.5 Publicly available genomes

Twenty three publicly available whole-genome sequences of BGC bacteria were downloaded
from the NCBI database (Table 5.4). B. gladioli BSR3 (Seo et al., 2011) was used as an
outgroup in all phylogenomic analyses. For B. megalochromosomata JC2949T the whole-
genome sequence was not publicly available (February 1st, 2016) and the contig sequences
were provided by J. Chun (Baek et al., 2015). For B. sordidicola S170, B. zhejiangensis CEIB
S4-3 and B. megalochromosomata JC2949T no annotation was available and annotation was
performed using Prokka as described above.

5.2.3.6 Phylogenomic analysis

The latest version of the GBDP approach was applied (Meier-Kolthoff et al., 2013) to calculate
the intergenomic distance between each pair of genomes (based on the nucleotide data)
and included the calculation of 100 replicate distances to assess pseudo-bootstrap support
(Meier-Kolthoff et al., 2014a). Distance calculations were conducted under the recommended
settings of the Genome-to-Genome Distance Calculator (GGDC 2.1; http://ggdc.dsmz.de), as
described earlier (Meier-Kolthoff et al., 2013). The GBDP trimming algorithm and formula
d5 were chosen because of their advantages for phylogenetic inference (Meier-Kolthoff et al.,
2014a) and according distance matrices were prepared (a single matrix for the original
distances plus 100 matrices containing the replicates). A phylogenomic tree with branch
support (Meier-Kolthoff et al., 2014a) was inferred using FastME v2.07 with tree bisection
and reconnection post-processing (Lefort et al., 2015). Moreover, pairwise digital DNA-DNA
hybridization (dDDH) values and their confidence intervals were also determined using GGDC
2.1 under recommended settings (Meier-Kolthoff et al., 2013). The potential affiliation
of the novel strains to existing species was determined by clustering using a 70% dDDH
radius around each of the 12 BGC type strains as previously applied (Liu et al., 2015).
Visualization and annotation of the phylogenetic tree was performed using iTOL (Letunic &
Bork, 2011).
As an alternative for the GBDP method, an extended MLSA analysis was performed in which a
whole-genome phylogeny was calculated based on single-copy orthologous genes as described
previously (Pinto-Carbo et al., 2016). In short, single-copy orthologs were identified using
blastp and OrthoMCL v2.0.9 (with e-value cut-off 1E-6 and 50% match cut-off) (Fischer
et al., 2011) and aligned based on their amino acid sequences using MUSCLE. The alignments
were trimmed using TrimAl (removing positions with gaps in more than 50% of the sequences)
and concatenated to construct a maximum likelihood tree using RaXML v7.4.2 (Stamatakis,
2014) with the WAG amino acid substitution model and 100 rapid bootstrap analyses.
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5.2.3.7 Phenotypic characterization

Phenotypic and cellular fatty acid analyses were performed as described previously (Draghi
et al., 2014).

5.2.4 Results

5.2.4.1 16S rRNA gene sequence analysis

The 16S rRNA gene sequences determined in the present study are publicly available through
the GenBank/EMBL/DDBJ accession numbers LT158612-LT158624.

5.2.4.2 gyrB gene sequence analysis

Partial gyrB gene sequences were compared to those of the type strains of the 12 validly
named BGC species (Fig. 5.3). The 17 unclassified isolates represented 13 taxa which showed
83.4-96.2% pairwise identity with the gyrB sequences of the type strains of other BGC
species. The gyrB gene sequences determined in the present study are publicly available
through the GenBank/EMBL/DDBJ accession numbers LT158625-LT158641.

5.2.4.3 Whole-genome sequencing

To further characterize the taxonomic status of these 13 taxa, we determined the whole-
genome sequence of one strain per gyrB cluster and of B. sordidicola LMG 22029T, B. choica
LMG 22940T, B. humi LMG 22934T, B. telluris LMG 22936T, B. terrestris LMG 22937T,
B. udeis LMG 27134T and B. cordobensis LMG 27620T. The assembly of the Illumina
HiSeq 150 bp paired end reads resulted in assemblies with 47 to 657 contigs and a total of
6,166,171 to 10,051,569 bp (Table 5.4). The annotated assemblies of these 20 genomes
were submitted to the European Nucleotide Archive and are publicly available through the
GenBank/EMBL/DDBJ accession numbers listed in Table 5.4 and the species descriptions.
The genome sequences of the remaining five BGC type strains and of 18 additional strains
were publicly available (Table 5.4).

5.2.4.4 DNA base composition

The G+C content of all type strains was calculated from their genome sequences and ranged
from 62.4 to 64.2 mol% (Table 5.4).
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Figure 5.3: Phylogenetic tree based on partial gyrB sequences of the 17 isolates in this study and
type strains of phylogenetically related Burkholderia species. The optimal tree (highest log likelihood)
was constructed using the maximum likelihood method and general time reversible model in MEGA6
(Tamura et al., 2013). A discrete gamma distribution was used to model evolutionary rate differences
among sites (5 categories (+G, parameter = 0.5462)) and allowed for some sites to be evolutionarily
invariable ([+I], 37.9331% 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%. For B. megalochromosomata JC2949T the gyrB gene sequence was extracted from the
genome sequence. The gyrB sequence of B. kururiensis LMG 19447T was used as outgroup. The
scale bar indicates the number of substitutions per site.
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5.2.4.5 Phylogenomic analysis

The pairwise intergenomic distances and dDDH estimates of the 44 genome sequences are
listed in Supplementary Table 5.1. The phylogenetic tree inferred from the intergenomic
distances (Fig. 5.4) was well resolved and most branches showed a very high bootstrap
support (average support: 94.8%). Species delineation based on the pairwise dDDH values
and a 70% dDDH radius around each type strain yielded 39 species which included the
present 12 validly named species as well as the 13 novel species delineated by means of partial
gyrB gene sequences (Fig. 5.3).
For the extended MLSA approach, we identified 332 single-copy orthologs that were present
in all 44 genomes. The maximum likelihood phylogenetic tree based on the concatenated
amino acid alignment (Fig. 5.5) was well resolved and showed a high bootstrap support on
almost all branches.
The topologies of the two phylogenomic trees (Fig. 5.4 and 5.5) were very similar and both
revealed six clusters of species (A-F). The main difference in tree topology related to the
phylogenetic position of the Candidatus species in cluster C. This cluster was supported by a
100% bootstrap value in both analyses but its relative position to cluster D species differed
in the two trees (Fig. 5.4 and 5.5). Additionally, the internal branching order of cluster C, E
and F species differed minimally between both analyses. Both phylogenomic analyses showed
that strain MR1 clustered with B. concitans sp. nov. and that strain RPE67 clustered with
B. cordobensis. Finally, the large distances between strains PML1(12) and S170, and the
type strains of B. glathei and B. sordidicola, respectively, indicated that both strains were
misidentified and wrongly annotated in the NCBI database as B. glathei and B. sordidicola,
respectively (Fig. 5.4 and 5.5). Both strains occupy unique positions in the phylogenomic
trees and represent additional novel BGC species.

5.2.4.6 Cellular fatty acid analysis

The fatty acid profiles of all strains are shown in Table 5.5. Branched chain fatty acids have
not been reported in members of the genus Burkholderia and therefore summed features 2
and 3 very likely represent C14:0 3-OH and C16:1 ω7c, respectively (Yabuuchi et al., 1992).
The main fatty acid components are C16:0, C18:1 ω7c and summed feature 3 (most probably
representing C16:1 ω7c).

5.2.4.7 Biochemical characterization

An overview of biochemical characteristics useful for distinguishing the BGC species is shown
in Table 5.6.
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B. calidae sp. nov. LMG 29321T
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Figure 5.5: Whole-genome phylogeny based on single-copy orthologs of all BGC genomes. The
phylogenetic tree was constructed using the WAG protein substitution model and RAxML and is based
on an amino acid alignment with 105,141 positions from 332 single-copy orthologous genes. The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap test
(100 replicates) are shown next to the branches if greater than 60%. B. gladioli BSR3 was used as
outgroup. Red capital letters define subtrees that also occur in the tree depicted in Fig. 5.4.
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5.2.5 Discussion

While soil is a well-known source of free-living Burkholderia species, these organisms often
live in close interaction with plants, animals, fungi or amoebae (Marolda et al., 1999; Van
Borm et al., 2002; Kikuchi et al., 2011; Verstraete et al., 2013; Stopnisek et al., 2016;
Xu et al., 2016). The BGC represents a poorly known line of descent within the genus
Burkholderia and most of the 12 validly named BGC species have been isolated from soil. Yet,
publicly available sequence data indicate that the taxonomic diversity in this clade is severely
underestimated (Nogales et al., 2001; Salles et al., 2006b; Pumphrey & Madsen, 2008; Draghi
et al., 2014; Verstraete et al., 2014; Peeters et al., 2016). In the present study, gyrB gene
sequence analysis was used to screen our strain collection and 17 isolates from human and
environmental samples were identified as B. glathei-like bacteria. The gyrB sequence similarity
levels towards other BGC species suggested that the 17 isolates in this study represented
13 novel species (Fig. 5.3). To further characterize the taxonomic status of these isolates,
we analyzed the genome sequence of 13 isolates representative for the 13 gyrB sequence
clusters and of 7 BGC type strains and compared those to 23 whole-genome sequences of
BGC strains that were publicly available. Additionally, we also studied their chemotaxonomic
and biochemical properties to comply with the polyphasic taxonomic consensus approach to
bacterial systematics (Vandamme et al., 1996).
In this genomics era, state-of-the-art sequencing technologies enable direct access to the
information contained in whole-genome sequences and it is no longer adequate to deduce
genome relatedness through traditional DDH experiments (Vandamme & Peeters, 2014;
Whitman, 2015). Genomic taxonomy can be studied through various parameters including
ANI, GBDP, MUMi and core gene identity (Konstantinidis & Tiedje, 2005a; Goris et al.,
2007; Deloger et al., 2009; Vanlaere et al., 2009; Meier-Kolthoff et al., 2013). Although there
is a general consensus that genome sequencing could revolutionize prokaryotic systematics
(Sutcliffe et al., 2013; Meier-Kolthoff et al., 2014c; Rossello-Mora & Amann, 2015; Thompson
et al., 2015), traditional DDH experiments are still being performed and new genome-based
methods are evaluated in terms of their correspondence to the existing classifications which
are based on DDH data (Wayne et al., 1987; Stackebrandt et al., 2002). The GGDC
implementation of the GBDP method provides a quick and reliable alternative to the wet-lab
DDH technique and its dDDH prediction capability (including confidence intervals) produces
classifications which correlate better with the traditional DDH values than do any of the
ANI implementations (Meier-Kolthoff et al., 2013). Among several advantages, GBDP is
independent from genome annotation, is applicable to both nucleotide and amino acid data
and is immune against problems caused by incompletely sequenced or low-quality draft
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genomes. Finally, GBDP provides branch support values for the resulting phylogenetic trees
(Meier-Kolthoff et al., 2013, 2014a).
We complemented the results of the GBDP analysis with a whole-genome sequence-based
phylogeny based on the sequence analysis of 332 single-copy orthologous genes in all BGC
genomes. This extended MLSA approach takes only the coding part of the genomes into
account and is therefore not influenced by non-coding sequences or pseudogenes that might
have a different evolutionary history than the rest of the genome. It depends however on
genome annotation, is unable to cope with problems caused by incompletely sequenced or
low-quality draft genomes, and its calculations are more compute-intensive and cannot be
carried out incrementally. Although the GBDP and extended MLSA methods used different
algorithms, the conclusions drawn from their phylogenies were consistent thus illustrating the
robustness of whole-genome sequence-based taxonomic methods (Colston et al., 2014).
The GGDC dDDH values and the application of the 70% dDDH cut-off for species delineation
(Supplementary Table 5.1) demonstrated that the 13 clusters delineated through gyrB
sequence analysis (Fig. 5.3) represented 13 novel BGC species and thus confirmed that gyrB
gene sequence analysis is a reliable tool for the identification of Burkholderia species (Tayeb
et al., 2008; Vandamme et al., 2013a). Both phylogenomic analyses identified strain MR1,
which was isolated from Florida golf course soil and which was shown to reduce the herbicide
methylarsenate, as B. concitans sp. nov. Next to strain YI23, which was previously identified
as B. cordobensis by Draghi et al. (2014), the present study also identified strain RPE67,
which was isolated from the gut of a stink bug, as B. cordobensis. Finally, both phylogenomic
analyses also showed that strain PML1(12), an ectomycorrhizosphere-inhabiting bacterium
with mineral-weathering ability (Uroz & Oger, 2015), strain S170, a potential plant growth
promoter isolated from coniferous forest soil (Llado et al., 2014), strain RPE64, a bacterial
symbiont of the bean bug Riptortus pedestris (Shibata et al., 2013) and strain Leaf177, an
Arabidopsis leaf isolate (Bai et al., 2015) all represent novel BGC species.
Burkholderia genomes vary in size from 3.75 Mb (B. rhizoxinica HKI 454) to 11.3 Mb (B.
terrae BS001), are characterized by a high G+C content (60-68%) and consist of multiple
replicons (Winsor et al., 2008; Ussery et al., 2009). The DNA G+C content of the 13 novel
species was calculated from their genome sequences and was in the range of that reported
for other BGC species (60-65 mol%). For 10 of the 12 established BGC species, the G+C
content was previously calculated by traditional wet-lab methods and the reported values
differed by 0.1 to 3.3 mol% from the values calculated from their genome sequences (Table
5.7). As reported by Meier-Kolthoff et al. (2014c) the G+C content calculations based on
genome sequences show a higher precision than calculations based on traditional wet-lab
methods because the latter methods do not count nucleotides but estimate the genomic
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G+C content based on the physical properties of the extracted and/or digested genomic
DNA. The difference between literature data (Lim et al., 2003; Lu et al., 2012; Tian et al.,
2013) and the genome sequence-based G+C content values of B. sordidicola LMG 22029T,
B. zhejiangensis OP-1T and B. grimmiae R27T is larger than 1% and we therefore present
emended descriptions of these species. The genome sizes of the type strains of the 13 novel
species ranged from 6.2 Mb (B. concitans sp. nov. LMG 29315T) to 9.7 Mb (B. arvi sp.
nov. LMG 29317T) and corresponded with the genome sizes of other free-living BGC species
(Table 5.4). Consistent with reductive genome evolution in obligatory symbionts, the smallest
BGC genomes belong to the obligatory leaf endosymbionts (2.4 to 6.2 Mb) (Carlier & Eberl,
2012; Carlier et al., 2016; Pinto-Carbo et al., 2016).

Table 5.7: G+C content (mol%) of validly named BGC species
Strain Wet-lab calculation Calculation from WGS

B. glathei LMG 14190T 64.8 (Zolg & Ottow, 1975) 64.7
B. sordidicola LMG 22029T 61.3 (Lim et al., 2003) 60.2
B. zhejiangensis OP-1T 59.4 (Lu et al., 2012) 62.7
B. grimmiae R27T 64.6 (Tian et al., 2013) 63.0
B. choica LMG 22940T 63 (Vandamme et al., 2013a) 62.7
B. humi LMG 22934T 63 (Vandamme et al., 2013a) 62.8
B. telluris LMG 22936T 64 (Vandamme et al., 2013a) 64.0
B. terrestris LMG 22937T 62 (Vandamme et al., 2013a) 62.6
B. udeis LMG 27134T 60 (Vandamme et al., 2013a) 60.0
B. cordobensis LMG 27620T 63.6 (Draghi et al., 2014) 63.7
B. jiangsuensis MP-1T - 62.6
B. megalochromosomata JC2949T - 62.7

WGS, whole-genome sequence

Biochemically, these novel species are similar to their nearest neighbors. However, tests
particularly useful for distinguishing BGC species are growth at 37 ◦C and at pH 8, hydrolysis
of tween 60 and 80, nitrate reduction, assimilation of arabinose, caprate and citrate, beta-
galactosidase activity and C4 lipase (Table 5.6). The most discriminating fatty acids are
C16:0 3-OH, C17:0 cyclo, C19:0 cyclo ω8c and summed features 2 and 3 (Table 5.5). The
overall fatty acid profiles of the novel taxa are similar to those of their nearest neighbors and
support their placement in the genus Burkholderia (Yabuuchi et al., 1992).
The present study again underscores the multifaceted nature of Burkholderia bacteria (Coenye
& Vandamme, 2003; Mahenthiralingam et al., 2005) and highlights that also BGC species
have evolved a broad range of interactions with different hosts. B. cordobensis is a striking
example of phenotypic and geographic breadth: it was recovered from agricultural soil in
Argentina (strain LMG 27620T) (Draghi et al., 2014), from golf course soil in South Korea
(strain YI23) (Lim et al., 2012) and from the gut of the bean bug Riptortus pedestris in
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Japan (strain RPE67) (Takeshita et al., 2014). The two latter strains (YI23 and RPE67)
have fenitrothion degrading properties. The former two strains (LMG 27620T and YI23) were
free-living but the latter (RPE67) is an endosymbiont of stink bugs that is not vertically
transmitted but acquired from soil by the nymphal insect (Kikuchi et al., 2007). The
insecticide resistance to fenitrothion in the pest insects was shown to be established by the
endosymbiotic Burkholderia strain in the insect gut (Kikuchi et al., 2012) and was shown
to emerge as a consequence of repeated insecticide use (Tago et al., 2015). The Riptortus
pedestris-B. cordobensis association thus appears to be a rather young endosymbiosis and
contrasts with the symbiosis observed between plant species of the Rubiaceae and Primulaceae
families and several Candidatus Burkholderia species. The latter Candidatus designation is
a provisional taxonomic status for organisms that have been characterized but that cannot
be cultivated at present (Schleifer, 2009). These obligate leaf endosymbionts are vertically
transmitted and represent an obligatory symbiosis which was estimated to originate millions
of years ago (Lemaire et al., 2011b).
BGC species harbor both beneficial and pathogenic strains. Strains PML1(12) and S170 show
biotechnological potential for mineral-weathering and plant growth promotion, respectively,
and are exemplary for the metabolic versatility of Burkholderia organisms (Llado et al., 2014;
Uroz & Oger, 2015). Mineral-weathering bacteria dissolute key nutrients from minerals and
thereby increase the bioavailability of chemical nutrients in the environment (Uroz et al.,
2009). On the other hand, three strains analyzed in the present study were isolated from
human clinical samples, i.e. blood, pleural fluid and lung tissue (Table 5.3) and were classified
as two novel species (Burkholderia concitans sp. nov. and Burkholderia turbans sp. nov.).
They represent, to our knowledge, the first examples of human clinical isolates in the B.
glathei clade. Strikingly, strain MR1, which was isolated from Florida golf course soil and
shown to reduce the herbicide methylarsenate, was also identified as Burkholderia concitans
sp. nov., and this species thus represents yet another human clinical Burkholderia species with
interesting biotechnological properties (Coenye et al., 2001b; Coenye & Vandamme, 2003;
Goris et al., 2004; Mahenthiralingam et al., 2005). This study therefore further underscores
that there is no phylogenetic subdivision in the genus Burkholderia that distinguishes beneficial
from pathogenic strains (Angus et al., 2014; Sawana et al., 2014; Estrada-de los Santos et al.,
2015; Dobritsa & Samadpour, 2016).
In summary, the present study provides genotypic, chemotaxonomic and phenotypic data which
enable the differentiation of 13 novel species in the genus Burkholderia and we propose the
names Burkholderia arvi sp. nov., Burkholderia hypogeia sp. nov., Burkholderia ptereochtho-
nis sp. nov., Burkholderia glebae sp. nov., Burkholderia pedi sp. nov., Burkholderia arationis
sp. nov., Burkholderia fortuita sp. nov., Burkholderia temeraria sp. nov., Burkholderia calidae
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sp. nov., Burkholderia concitans sp. nov., Burkholderia turbans sp. nov., Burkholderia
catudaia sp. nov. and Burkholderia peredens sp. nov., with strains LMG 29317T, LMG
29322T, LMG 29326T, LMG 29325T, LMG 29323T, LMG 29324T, LMG 29320T, LMG
29319T, LMG 29321T, LMG 29315T, LMG 29316T, LMG 29318T and LMG 29314T as type
strains, respectively. By making reference cultures and whole-genome sequences of each of
these versatile bacteria publicly available, we aim to contribute to future knowledge about
the metabolic versatility and pathogenicity of Burkholderia organisms.

5.2.5.1 Description of Burkholderia arvi sp. nov.

Burkholderia arvi (ar’vi. L. gen. n. arvi of a field).
Cells are Gram-negative, non-motile rods (less than 1 µm wide and about 1 µm long) with
rounded ends that occur as single units or in pairs. After 48 h of incubation on trypticase
soy agar at 28 ◦C, colonies are round (typically less than 1 mm in diameter), smooth, shiny,
non-translucent, with entire margins and a white-creamy color. Grows on MacConkey agar.
Growth occurs at 15-37 ◦C and at pH 6-7 in NB at 28 ◦C. Catalase and oxidase activities are
present. Hydrolyzes tween 60, but not tween 80, starch and casein. When tested using API
20NE strips, positive for nitrate reduction, beta-galactosidase (PNPG) (weak) and assimilation
of glucose, arabinose, mannose, mannitol, N-acetyl-glucosamine, gluconate, malate, citrate
(weak) and phenylacetate; negative for production of indol, fermentation of glucose, arginine
dihydrolase, urease, esculin hydrolysis, gelatin liquefaction and assimilation of maltose, caprate
and adipate. When tested using API ZYM strips, positive for alkaline phosphatase, leucyl
arylamidase, acid phosphatase and phosphoamidase (weak); negative for C4 lipase, C8 lipase,
C14 lipase, valine arylamidase, cystine arylamidase, trypsin, chymotrypsin, alpha-galactosidase,
beta-galactosidase, beta-glucuronidase, alpha-glucosidase, beta-glucosidase, N-acetyl-beta-
glucosaminidase, alpha-mannosidase and alpha-fucosidase. The following fatty acids are
present: C16:0, C16:0 3-OH, C18:1 ω7c, summed feature 2 (most likely C14:0 3-OH) and
summed feature 3 (most likely C16:1 ω7c) in moderate amounts (>5%), and C14:0, C16:0

2-OH, C17:0 cyclo and C19:0 cyclo ω8c in minor amounts (1-5%).
The type strain is LMG 29317T (=CCUG 68412T) and was isolated from agricultural soil in
Argentina in 2010 (Draghi et al., 2014). Its G+C content is 62.4 mol% (calculated based on
its genome sequence). The 16S rRNA, gyrB and whole-genome sequence of LMG 29317T are
publicly available through the accession numbers LT158615, LT158628 and FCOM01000000,
respectively.
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5.2.5.2 Description of Burkholderia hypogeia sp. nov.

Burkholderia hypogeia (hy.po.ge’ia. Gr. adj. hypogeios subterraneous; N. L. fem. adj.
hypogeia, subterraneous, earth-born).
Cells are Gram-negative, non-motile rods (about 1 µm wide and 1-2 µm long) with rounded
ends that occur as single units or in pairs. After 48 h of incubation on trypticase soy
agar at 28 ◦C, colonies are round (typically less than 1 mm in diameter), smooth, shiny,
non-translucent, with entire margins and a white-creamy color. Grows on MacConkey agar.
Growth occurs at 15-37 ◦C and at pH 6 in NB at 28 ◦C. Catalase and oxidase activities are
present. Hydrolyzes tween 60, but not tween 80, starch and casein. When tested using API
20NE strips, positive for nitrate reduction and assimilation of glucose, arabinose, mannose,
mannitol, N-acetyl-glucosamine, gluconate, malate and phenylacetate; negative for production
of indol, fermentation of glucose, arginine dihydrolase, urease, esculin hydrolysis, gelatin
liquefaction, beta-galactosidase (PNPG) and assimilation of maltose, caprate, adipate and
citrate. When tested using API ZYM strips, positive for alkaline phosphatase (weak), C4
lipase, C8 lipase (weak), leucyl arylamidase, acid phosphatase and phosphoamidase (weak);
negative for C14 lipase, valine arylamidase, cystine arylamidase, trypsin, chymotrypsin, alpha-
galactosidase, beta-galactosidase, beta-glucuronidase, alpha-glucosidase, beta-glucosidase,
N-acetyl-beta-glucosaminidase, alpha-mannosidase and alpha-fucosidase. The following fatty
acids are present: C16:0, C16:0 3-OH, C17:0 cyclo, C18:1 ω7c, summed feature 2 (most likely
C14:0 3-OH) and summed feature 3 (most likely C16:1 ω7c) in moderate amounts (>5%),
and C14:0, C2-OH and C19:0 cyclo ω8c in minor amounts (1-5%).
The type strain is LMG 29322T (=CCUG 68407T) and was isolated from greenhouse soil in
Belgium in 2014 (Peeters et al., 2016). Its G+C content is 63.2 mol% (calculated based on
its genome sequence). The 16S rRNA, gyrB and whole-genome sequence of LMG 29322T are
publicly available through the accession numbers LT158620, LT158633 and FCOA01000000,
respectively.

5.2.5.3 Description of Burkholderia ptereochthonis sp. nov.

Burkholderia ptereochthonis (pte.re.o.chtho’nis Gr. n. pteris fern; Gr. n. chthon soil; N. L.
gen. n. ptereochthonis, from fern soil).
Cells are Gram-negative, non-motile rods (less than 1 µm wide and about 1 µm long) with
rounded ends that occur as single units or in pairs. After 48 h of incubation on trypticase
soy agar at 28 ◦C, colonies are round (typically less than 1 mm in diameter), smooth, shiny,
non-translucent, with entire margins and a white-creamy color. Grows on MacConkey agar.
Growth occurs at 15-37 ◦C and at pH 7 in NB at 28 ◦C. Catalase and oxidase activities are
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present. Hydrolyzes tween 60, but not tween 80, starch and casein. When tested using API
20NE strips, positive for the assimilation of glucose, mannose, mannitol, N-acetyl-glucosamine,
gluconate, malate and phenylacetate; negative for nitrate reduction, production of indol,
fermentation of glucose, arginine dihydrolase, urease, esculin hydrolysis, gelatin liquefaction,
beta-galactosidase (PNPG) and assimilation of arabinose, maltose, caprate, adipate and
citrate. When tested using API ZYM strips, positive for alkaline phosphatase, C4 lipase,
leucyl arylamidase, acid phosphatase and phosphoamidase (weak); negative for C8 lipase, C14
lipase, valine arylamidase, cystine arylamidase, trypsin, chymotrypsin, alpha-galactosidase,
beta-galactosidase, beta-glucuronidase, alpha-glucosidase, beta-glucosidase, N-acetyl-beta-
glucosaminidase, alpha-mannosidase and alpha-fucosidase. The following fatty acids are
present: C16:0, C16:0 3-OH, C17:0 cyclo, C18:1 ω7c, summed feature 2 (most likely C14:0 3-OH)
and summed feature 3 (most likely C16:1 ω7c) in moderate amounts (>5%), and C14:0, C16:0

2-OH, C16:1 2-OH and C19:0 cyclo ω8c in minor amounts (1-5%).
The type strain is LMG 29326T (=CCUG 68403T) and was isolated from botanical garden soil
in Belgium in 2014 (Peeters et al., 2016). Its G+C content is 64.2 mol% (calculated based on
its genome sequence). The 16S rRNA, gyrB and whole-genome sequence of LMG 29326T are
publicly available through the accession numbers LT158624, LT158637 and FCOB01000000,
respectively.

5.2.5.4 Description of Burkholderia glebae sp. nov.

Burkholderia glebae (gle’bae. L. gen. n. glebae from a lump or clod of earth, soil).
Cells are Gram-negative, non-motile rods (less than 1 µm wide and about 1 µm long) with
rounded ends that occur as single units or in pairs. After 48 h of incubation on trypticase
soy agar at 28 ◦C, colonies are round, tiny (typically less than 0.5 mm in diameter), non-
translucent, with a white-creamy color. Grows on MacConkey agar. Growth occurs at 15-28 ◦C
and at pH 7-8 in NB at 28 ◦C (for the type strain only at pH 7). Catalase and oxidase
activities are present. Hydrolyzes tween 60, but not tween 80, starch and casein. When tested
using API 20NE strips, positive for nitrate reduction and assimilation of glucose, arabinose,
mannose, mannitol, N-acetyl-glucosamine, gluconate, malate, citrate and phenylacetate;
negative for production of indol, fermentation of glucose, arginine dihydrolase, urease, esculin
hydrolysis, gelatin liquefaction, beta-galactosidase (PNPG) and assimilation of maltose,
caprate and adipate. When tested using API ZYM strips, positive for leucyl arylamidase,
acid phosphatase and phosphoamidase; negative for C8 lipase, C14 lipase, valine arylamidase,
cystine arylamidase, trypsin, chymotrypsin, alpha-galactosidase, beta-galactosidase, beta-
glucuronidase, alpha-glucosidase, beta-glucosidase, N-acetyl-beta-glucosaminidase, alpha-
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mannosidase and alpha-fucosidase; strain-dependent reactions for alkaline phosphatase (type
strain negative) and C4 lipase (type strain weak). The following fatty acids are present in
all isolates: C16:0, C16:0 3-OH, C17:0 cyclo, C18:1 ω7c, summed feature 2 (most likely C14:0

3-OH) and summed feature 3 (most likely C16:1 ω7c) in moderate amounts (>5%), and
C14:0, C16:0 2-OH, C16:1 2-OH and C19:0 cyclo ω8c in minor amounts (1-5%) (mean value of
all isolates).
The type strain is LMG 29325T (=CCUG 68404T) and was isolated from botanical garden soil
in Belgium in 2014 (Peeters et al., 2016). Its G+C content is 62.7 mol% (calculated based on
its genome sequence). The 16S rRNA, gyrB and whole-genome sequence of LMG 29325T are
publicly available through the accession numbers LT158623, LT158636 and FCOJ01000000,
respectively. An additional strain has been isolated from soil in the Netherlands (Table
5.3).

5.2.5.5 Description of Burkholderia pedi sp. nov.

Burkholderia pedi (pe’di. Gr. n. pedon soil, earth; N. L. gen. n. pedi, from soil).
Cells are Gram-negative, non-motile rods (less than 1 µm wide and 1-2 µm long) with
rounded ends that occur as single units or in pairs. After 48 h of incubation on trypticase
soy agar at 28 ◦C, colonies are round (typically less than 1 mm in diameter), smooth, shiny,
non-translucent, with entire margins and a beige color. Grows on MacConkey agar. Growth
occurs at 15-28 ◦C and at pH 6-8 in NB at 28 ◦C (type strain only in pH 6-7). Catalase
and oxidase activities are present. Hydrolyzes tween 60, but not tween 80, starch and
casein. When tested using API 20NE strips, positive for nitrate reduction, beta-galactosidase
(PNPG) and assimilation of glucose, arabinose, mannose, mannitol, N-acetyl-glucosamine,
gluconate, adipate, malate and phenylacetate; negative for production of indol, fermentation
of glucose, urease, esculin hydrolysis, gelatin liquefaction and assimilation of maltose and
citrate; strain-dependent reactions for arginine dihydrolase (type strain negative) and the
assimilation of caprate (type strain negative). When tested using API ZYM strips, positive for
alkaline phosphatase, leucyl arylamidase, acid phosphatase and phosphoamidase; negative for
C14 lipase, trypsin, chymotrypsin, alpha-galactosidase, beta-glucuronidase, alpha-glucosidase,
beta-glucosidase, alpha-mannosidase and alpha-fucosidase; strain-dependent reactions for
C4 lipase (type strain negative), C8 lipase (type strain negative), valine arylamidase (type
strain negative), cystine arylamidase (type strain negative), beta-galactosidase (type strain
negative) and N-acetyl-beta-glucosaminidase (type strain negative). The following fatty
acids are present in all isolates: C16:0, C16:0 3-OH, C17:0 cyclo, C18:1 ω7c, summed feature 2
(most likely C14:0 3-OH) and summed feature 3 (most likely C16:1 ω7c) in moderate amounts
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(>5%), and C14:0, C16:0 2-OH, C16:1 2-OH and C19:0 cyclo ω8c in minor amounts (1-5%)
(mean value of all isolates).
The type strain is LMG 29323T (=CCUG 68406T) and was isolated from greenhouse soil in
Belgium in 2014 (Peeters et al., 2016). Its G+C content is 63.0 mol% (calculated based on
its genome sequence). The 16S rRNA, gyrB and whole-genome sequence of LMG 29323T are
publicly available through the accession numbers LT158621, LT158634 and FCOE01000000,
respectively. An additional strain has been isolated from the same sample (Table 5.3).

5.2.5.6 Description of Burkholderia arationis sp. nov.

Burkholderia arationis (a.ra.ti.o’nis. L. gen. n. arationis from a field).
Cells are Gram-negative, non-motile rods (less than 1 µm wide and about 1 µm long) with
rounded ends that occur as single units or in pairs. After 48 h of incubation on trypticase
soy agar at 28 ◦C, colonies are round (typically less than 1 mm in diameter), smooth, shiny,
translucent, with entire margins and a white-creamy color. Grows on MacConkey agar.
Growth occurs at 15-28 ◦C and at pH 6 in NB at 28 ◦C (the type strain did not grow in liquid
NB medium). Catalase and oxidase activities are present. Hydrolyzes tween 60, but not
tween 80, starch and casein. When tested using API 20NE strips, positive for assimilation
of glucose, arabinose, mannose, mannitol, N-acetyl-glucosamine, gluconate, caprate (weak),
adipate (weak), malate, citrate and phenylacetate; negative for nitrate reduction, production
of indol, fermentation of glucose, arginine dihydrolase, urease, esculin hydrolysis, gelatin
liquefaction, beta-galactosidase (PNPG) and assimilation of maltose. When tested using API
ZYM strips, positive for alkaline phosphatase, C4 lipase, leucyl arylamidase, acid phosphatase
and phosphoamidase; negative for C14 lipase, cystine arylamidase, trypsin, alpha-galactosidase,
beta-galactosidase, beta-glucuronidase, alpha-glucosidase, beta-glucosidase, N-acetyl-beta-
glucosaminidase, alpha-mannosidase and alpha-fucosidase; strain-dependent reactions for
C8 lipase (type strain negative), valine arylamidase (type strain negative) and chymotrypsin
(type strain negative). The following fatty acids are present in all isolates: C16:0, C16:0 3-OH,
C18:1 ω7c, summed feature 2 (most likely C14:0 3-OH) and summed feature 3 (most likely
C16:1 ω7c) in moderate amounts (>5%), and C14:0 in minor amounts (1-5%) (mean value
of all isolates).
The type strain is LMG 29324T (=CCUG 68405T) and was isolated from botanical garden soil
in Belgium in 2014 (Peeters et al., 2016). Its G+C content is 62.8 mol% (calculated based on
its genome sequence). The 16S rRNA, gyrB and whole-genome sequence of LMG 29324T are
publicly available through the accession numbers LT158622, LT158635 and FCOG01000000,
respectively. An additional strain has been isolated from soil in the Netherlands (Table
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5.3).

5.2.5.7 Description of Burkholderia fortuita sp. nov.

Burkholderia fortuita (for.tu.i’ta. L. fem. adj. fortuita accidental, unpremeditated; referring
to its fortuitous isolation when searching for Burkholderia caledonica endophytes).
Cells are Gram-negative, non-motile rods (less than 1 µm wide and about 1 µm long) with
rounded ends that occur as single units or in pairs. After 48 h of incubation on trypticase
soy agar at 28 ◦C, colonies are round (typically less than 1 mm in diameter), smooth, shiny,
non-translucent, with entire margins and a beige color. Grows on MacConkey agar. Growth
occurs at 15-37 ◦C and at pH 6-7 in NB at 28 ◦C. Catalase and oxidase activities are
present. Hydrolyzes tween 60, but not tween 80, starch and casein. When tested using
API 20NE strips, positive for the assimilation of glucose, arabinose, mannose, mannitol,
N-acetyl-glucosamine, gluconate, malate and phenylacetate; negative for nitrate reduction,
production of indol, fermentation of glucose, arginine dihydrolase, urease, esculin hydrolysis,
gelatin liquefaction, beta-galactosidase (PNPG) and assimilation of maltose, caprate, adipate
and citrate. When tested using API ZYM strips, positive for alkaline phosphatase (weak),
leucyl arylamidase, acid phosphatase and phosphoamidase (weak); negative for C4 lipase,
C8 lipase, C14 lipase, valine arylamidase, cystine arylamidase, trypsin, chymotrypsin, alpha-
galactosidase, beta-galactosidase, beta-glucuronidase, alpha-glucosidase, beta-glucosidase,
N-acetyl-beta-glucosaminidase, alpha-mannosidase and alpha-fucosidase. The following fatty
acids are present: C16:0, C16:0 3-OH, C17:0 cyclo, C18:1 ω7c, summed feature 2 (most likely
C14:0 3-OH) and summed feature 3 (most likely C16:1 ω7c) in moderate amounts (>5%),
and C14:0, C16:0 2-OH, C16:1 2-OH and C19:0 cyclo ω8c in minor amounts (1-5%).
The type strain is LMG 29320T (=CCUG 68409T) and was isolated from Fadogia homblei
rhizosphere soil in South Africa in 2013 (Verstraete et al., 2014). Its G+C content is 62.9
mol% (calculated based on its genome sequence). The 16S rRNA, gyrB and whole-genome
sequence of LMG 29320T are publicly available through the accession numbers LT158618,
LT158631 and FCNX01000000, respectively.

5.2.5.8 Description of Burkholderia temeraria sp. nov.

Burkholderia temeraria (te.me.ra’ri.a. L. fem. adj. temeraria accidental, inconsiderate; refer-
ring to its accidental isolation when searching for Burkholderia caledonica endophytes).
Cells are Gram-negative, non-motile rods (less than 1 µm wide and about 1 µm long) with
rounded ends that occur as single units or in pairs. After 48 h of incubation on trypticase
soy agar at 28 ◦C, colonies are round (typically less than 1 mm in diameter), smooth, shiny,
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non-translucent, with entire margins and a white-creamy color. Grows on MacConkey agar.
Growth occurs at 15-37 ◦C and at pH 6-7 in NB at 28 ◦C. Catalase and oxidase activities
are present. Does not hydrolyze tween 60, tween 80, starch and casein. When tested using
API 20NE strips, positive for the assimilation of glucose, arabinose, mannose, mannitol,
N-acetyl-glucosamine, gluconate, malate, citrate (weak) and phenylacetate; negative for
nitrate reduction, production of indol, fermentation of glucose, arginine dihydrolase, urease,
esculin hydrolysis, gelatin liquefaction, beta-galactosidase (PNPG) and assimilation of maltose,
caprate and adipate. When tested using API ZYM strips, positive for alkaline phosphatase,
C4 lipase, leucyl arylamidase, acid phosphatase and phosphoamidase (weak); negative for
C8 lipase, C14 lipase, valine arylamidase, cystine arylamidase, trypsin, chymotrypsin, alpha-
galactosidase, beta-galactosidase, beta-glucuronidase, alpha-glucosidase, beta-glucosidase,
N-acetyl-beta-glucosaminidase, alpha-mannosidase and alpha-fucosidase. The following fatty
acids are present: C16:0, C16:0 3-OH, C17:0 cyclo, C18:1 ω7c, summed feature 2 (most likely
C14:0 3-OH) and summed feature 3 (most likely C16:1 ω7c) in moderate amounts (>5%),
and C14:0, C16:0 2-OH and C19:0 cyclo ω8c in minor amounts (1-55%).
The type strain is LMG 29319T (=CCUG 68410T) and was isolated from Fadogia homblei
rhizosphere soil in South Africa in 2013 (Verstraete et al., 2014). Its G+C content is 62.7
mol% (calculated based on its genome sequence). The 16S rRNA, gyrB and whole-genome
sequence of LMG 29319T are publicly available through the accession numbers LT158617,
LT158630 and FCOI01000000, respectively.

5.2.5.9 Description of Burkholderia calidae sp. nov.

Burkholderia calidae (ca’li.dae. L. gen. n. calidae from warm water, because this strain was
isolated from pond water in a tropical garden).
Cells are Gram-negative, non-motile rods (about 1 µm wide and 1 µm long) with rounded
ends that occur as single units or in pairs. After 48 h of incubation on trypticase soy agar at
28 ◦C, colonies are round (typically about 1 mm in diameter), smooth, shiny, non-translucent,
with entire margins and a white-creamy color. Grows on MacConkey agar. Growth occurs at
15-37 ◦C and at pH 6-7 in NB at 28 ◦C. Catalase and oxidase activities are present. Does
not hydrolyze tween 60, tween 80, starch and casein. When tested using API 20NE strips,
positive for nitrate reduction and assimilation of glucose, arabinose, mannose, mannitol, N-
acetyl-glucosamine, gluconate, caprate, malate, citrate (weak) and phenylacetate; negative for
production of indol, fermentation of glucose, arginine dihydrolase, urease, esculin hydrolysis,
gelatin liquefaction, beta-galactosidase (PNPG) and assimilation of maltose and adipate.
When tested using API ZYM strips, positive for alkaline phosphatase (weak), C8 lipase
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(weak), leucyl arylamidase (weak), acid phosphatase and phosphoamidase (weak); negative
for C4 lipase, C14 lipase, valine arylamidase, cystine arylamidase, trypsin, chymotrypsin, alpha-
galactosidase, beta-galactosidase, beta-glucuronidase, alpha-glucosidase, beta-glucosidase,
N-acetyl-beta-glucosaminidase, alpha-mannosidase and alpha-fucosidase. The following fatty
acids are present: C16:0, C18:1 ω7c, summed feature 2 (most likely C14:0 3-OH) and summed
feature 3 (most likely C16:1 ω7c) in moderate amounts (>5%), and C14:0, C16:0 2-OH, C16:0

3-OH and C17:0 cyclo in minor amounts (1-5%).
The type strain is LMG 29321T (=CCUG 68408T) and was isolated from greenhouse pond
water in Belgium in 2013 (Peeters et al., 2016). Its G+C content is 62.5 mol% (calculated
based on its genome sequence). The 16S rRNA, gyrB and whole-genome sequence of LMG
29321T are publicly available through the accession numbers LT158619, LT158632 and
FCOX01000000, respectively.

5.2.5.10 Description of Burkholderia concitans sp. nov.

Burkholderia concitans (con.ci’tans. L. fem. part. pres. concitans disturbing, upsetting;
because the isolation of this bacterium from human sources, including blood, further disturbs
the image of this lineage of Burkholderia species as benign bacteria).
Cells are Gram-negative, non-motile rods (less than 1 µm wide and about 1 µm long) with
rounded ends that occur as single units or in pairs. After 48 h of incubation on trypticase
soy agar at 28 ◦C, colonies are round (typically less than 1 mm in diameter), smooth, shiny,
non-translucent, with entire margins and a white-creamy color. Grows on MacConkey agar.
Growth occurs at 15-28 ◦C (additionally, the type strains grows at 37 ◦C) and at pH 6-7
in NB at 28 ◦C. Catalase and oxidase activities are present. Hydrolyzes tween 60, but
not tween 80, starch and casein. When tested using API 20NE strips, positive for the
assimilation of glucose, arabinose, mannose, mannitol, N-acetyl-glucosamine, gluconate,
malate and phenylacetate; negative for nitrate reduction, production of indol, fermentation of
glucose, arginine dihydrolase, urease, esculin hydrolysis, gelatin liquefaction, beta-galactosidase
(PNPG) and assimilation of maltose, caprate and adipate; strain-dependent reactions for
the assimilation of citrate (type strain weak). When tested using API ZYM strips, positive
for alkaline phosphatase, C4 lipase, C8 lipase (weak), leucyl arylamidase, valine arylamidase,
acid phosphatase and phosphoamidase; negative for C14 lipase, trypsin, chymotrypsin, alpha-
galactosidase, beta-galactosidase, beta-glucuronidase, alpha-glucosidase, beta-glucosidase,
N-acetyl-beta-glucosaminidase, alpha-mannosidase and alpha-fucosidase; strain-dependent
reactions for cystine arylamidase (type strain negative). The following fatty acids are present
in all isolates: C16:0, C16:0 3-OH, C17:0 cyclo, C18:1 ω7c, C19:0 cyclo ω8c, summed feature 2
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(most likely C14:0 3-OH) and summed feature 3 (most likely C16:1 ω7c) in moderate amounts
(>5%), and C14:0, C16:0 2-OH and C16:1 2-OH in minor amounts (1-5%) (mean value of all
isolates).
The type strain is LMG 29315T (=CCUG 68414T) and was isolated from human lung tissue
in the USA in 2006. Its G+C content is 63.2 mol%. The 16S rRNA, gyrB and whole-genome
sequence of LMG 29315T are publicly available through the accession numbers LT158613,
LT158626 and FCNV01000000, respectively. An additional strain has been isolated from
human blood in the USA in 2010 (Table 5.3).

5.2.5.11 Description of Burkholderia turbans sp. nov.

Burkholderia turbans (tur’bans. L. fem. part. pres. turbans disturbing, agitating, because
the isolation of this bacterium from human pleural fluid further disturbs the image of this
lineage of Burkholderia species as benign bacteria).
Cells are Gram-negative, non-motile rods (about 1 µm wide and 1-1.5 µm long) with rounded
ends that occur as single units or in pairs. After 48 h of incubation on trypticase soy
agar at 28 ◦C, colonies are round (typically less than 1 mm in diameter), smooth, shiny,
non-translucent, with entire margins and a white-creamy color. Grows on MacConkey agar.
Growth occurs at 15-37 ◦C and at pH 6-7 in NB at 28 ◦C. Catalase and oxidase activities are
present. Hydrolyzes tween 60, but not tween 80, starch and casein. When tested using API
20NE strips, positive for the assimilation of glucose, arabinose, mannose, mannitol, N-acetyl-
glucosamine, gluconate, caprate, malate and phenylacetate; negative for nitrate reduction,
production of indol, fermentation of glucose, arginine dihydrolase, urease, esculin hydrolysis,
gelatin liquefaction, beta-galactosidase (PNPG) and assimilation of maltose, adipate and
citrate. When tested using API ZYM strips, positive for alkaline phosphatase, C4 lipase
(weak), leucyl arylamidase, acid phosphatase and phosphoamidase (weak); negative for C8
lipase, C14 lipase, valine arylamidase, cystine arylamidase, trypsin, chymotrypsin, alpha-
galactosidase, beta-galactosidase, beta-glucuronidase, alpha-glucosidase, beta-glucosidase,
N-acetyl-beta-glucosaminidase, alpha-mannosidase and alpha-fucosidase. The following fatty
acids are present: C16:0, C17:0 cyclo, C18:1 ω7c, summed feature 2 (most likely C14:0 3-OH)
and summed feature 3 (most likely C16:1 ω7c) in moderate amounts (>5%), and C14:0, C16:0

2-OH, C16:0 3-OH, C16:1 2-OH and C19:0 cyclo ω8c in minor amounts (1-5%).
The type strain is LMG 29316T (=CCUG 68413T) and was isolated from human pleural fluid
in the USA in 2006. Its G+C content is 63.1 mol% (calculated based on its genome sequence).
The 16S rRNA, gyrB and whole-genome sequence of LMG 29316T are publicly available
through the accession numbers LT158614, LT158627 and FCOD01000000, respectively.
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5.2.5.12 Description of Burkholderia catudaia sp. nov.

Burkholderia catudaia (ca.tu.da’ia. Gr. adj. catudaios subterraneous; N. L. fem. adj.
catudaia, earth-born).
Cells are Gram-negative, non-motile rods (about 1 µm wide and 1-2 µm long) with rounded
ends that occur as single units or in pairs. After 48 h of incubation on trypticase soy
agar at 28 ◦C, colonies are round (typically less than 1 mm in diameter), smooth, shiny,
non-translucent, with entire margins and a white-creamy color. Grows on MacConkey agar.
Growth occurs at 15-37 ◦C and at pH 6-7 in NB at 28 ◦C. Catalase and oxidase activities
are present. Hydrolyzes tween 60, but not tween 80, starch and casein. When tested
using API 20NE strips, positive for nitrate reduction and assimilation of glucose, arabinose,
mannose, mannitol, N-acetyl-glucosamine, gluconate, malate and phenylacetate; negative for
production of indol, fermentation of glucose, arginine dihydrolase, urease, esculin hydrolysis,
gelatin liquefaction, beta-galactosidase (PNPG) and assimilation of maltose, caprate, adipate
and citrate. When tested using API ZYM strips, positive for alkaline phosphatase (weak),
leucyl arylamidase, acid phosphatase and phosphoamidase (weak); negative for C4 lipase,
C8 lipase, C14 lipase, valine arylamidase, cystine arylamidase, trypsin, chymotrypsin, alpha-
galactosidase, beta-galactosidase, beta-glucuronidase, alpha-glucosidase, beta-glucosidase,
N-acetyl-beta-glucosaminidase, alpha-mannosidase and alpha-fucosidase. The following fatty
acids are present: C16:0, C16:0 3-OH, C18:1 ω7c, summed feature 2 (most likely C14:0 3-OH)
and summed feature 3 (most likely C16:1 ω7c) in moderate amounts (>5%), and C14:0, C16:0

2-OH, C17:0 cyclo and C19:0 cyclo ω8c in minor amounts (1-5%).
The type strain is LMG 29318T (=CCUG 68411T) and was isolated from Fadogia homblei
rhizosphere soil in South Africa in 2013 (Verstraete et al., 2014). Its G+C content is 62.8
mol% (calculated based on its genome sequence). The 16S rRNA, gyrB and whole-genome
sequence of LMG 29318T are publicly available through the accession numbers LT158616,
LT158629 and FCOF01000000, respectively.

5.2.5.13 Description of Burkholderia peredens sp. nov.

Burkholderia peredens (per.e’dens. L. fem. part. pres. peredens consuming, devouring;
referring to the capacity of this bacterium to degrade fenitrothion).
Cells are Gram-negative, non-motile rods (about 1 µm wide and 1-2 µm long) with rounded
ends that occur as single units or in pairs. After 48 h of incubation on trypticase soy
agar at 28 ◦C, colonies are round (typically less than 1 mm in diameter), smooth, shiny,
non-translucent, with entire margins and a white-creamy color. Grows on MacConkey agar.
Growth occurs at 15-37 ◦C and at pH 7 in NB at 28 ◦C. Catalase and oxidase activities are

181



III. Experimental work

present. Hydrolyzes tween 60, but not tween 80, starch and casein. When tested using API
20NE strips, positive for the assimilation of glucose, arabinose (weak), mannose, mannitol,
N-acetyl-glucosamine, gluconate, malate and phenylacetate; negative for nitrate reduction,
production of indol, fermentation of glucose, arginine dihydrolase, urease, esculin hydrolysis,
gelatin liquefaction, beta-galactosidase (PNPG) and assimilation of maltose, caprate, adipate
and citrate. When tested using API ZYM strips, positive for alkaline phosphatase, C4 lipase
(weak), C8 lipase (weak), leucyl arylamidase, acid phosphatase and phosphoamidase (weak);
negative for C14 lipase, valine arylamidase, cystine arylamidase, trypsin, chymotrypsin, alpha-
galactosidase, beta-galactosidase, beta-glucuronidase, alpha-glucosidase, beta-glucosidase,
N-acetyl-beta-glucosaminidase, alpha-mannosidase and alpha-fucosidase. The following fatty
acids are present: C16:0, C16:0 3-OH, C18:1 ω7c, summed feature 2 (most likely C14:0 3-OH)
and summed feature 3 (most likely C16:1 ω7c) in moderate amounts (>5%), and C14:0, C16:0

2-OH, C16:1 2-OH and C17:0 cyclo in minor amounts (1-5%).
The type strain is LMG 29314T (=CCUG 68415T) and was isolated from soil in Japan (Hayatsu
et al., 2000). Its G+C content is 63.1 mol% (calculated based on its genome sequence). The
16S rRNA, gyrB and whole-genome sequence of LMG 29314T are publicly available through
the accession numbers LT158612, LT158625 and FCOH01000000, respectively.

5.2.5.14 Emended description of the species Burkholderia sordidicola Lim et al.
2003

The description of the species Burkholderia sordidicola is the one given by Lim et al. (2003)
with the following modification. The G+C content of the type strain is 60.2%.

5.2.5.15 Emended description of the species Burkholderia zhejiangensis Lu et al.
2012

The description of the species Burkholderia zhejiangensis is the one given by Lu et al. (2012)
with the following modification. The G+C content of the type strain is 62.7%.

5.2.5.16 Emended description of the species Burkholderia grimmiae Tian et al.
2013

The description of the species Burkholderia grimmiae is the one given by Tian et al. (2013)
with the following modification. The G+C content of the type strain is 63.0%.
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6 | Reflections on the epidemiology
of Burkholderia multivorans

The first goal of the present thesis was to gain 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. Chapter 3 presented the experimental work
which demonstrated (i) that B. multivorans DNA is present in water and – to a greater
extent – soil samples (Section 3.1), (ii) that B. multivorans could not be isolated from PCR
positive water and soil samples (Sections 3.2 and 3.3), and (iii) that the genomic lineages
of B. multivorans are defined by their multilocus sequence type (Section 3.4). The present
chapter provides a general discussion of these results and some future perspectives.

6.1 Cultivation-independent detection of Burkholderia
multivorans in environmental samples

Although semi-selective isolation media have been developed for the isolation of Bcc bacteria
from environmental samples (Burbage & Sasser, 1982; Hagedorn et al., 1987; Vermis et al.,
2003a; Vanlaere et al., 2005), the procedure is still very time-consuming and labor-intensive
and thus far only few environmental B. multivorans isolates have been obtained using this
strategy. The aim of our first study (Section 3.1) was to gain insight into the environmental
niche of B. multivorans without the need for labor-intensive isolation studies. We therefore
followed a cultivation-independent approach that was based on a total DNA extraction from
water and soil samples and a B. multivorans-specific recA PCR assay.
PCR-based diagnostic tests were developed in the 1990s to distinguish Bcc species and B.
multivorans-specific primers based on both the 16S rRNA and recA gene were available from
previous studies (LiPuma et al., 1999; Mahenthiralingam et al., 2000a). In later studies,
these species-specific primers were used for the early detection and genomovar determination
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of Bcc organisms in CF sputum samples (Drevinek et al., 2002). In addition, Miller et al.
(2002) used the 16S rRNA-based PCR assays for the detection of Bcc bacteria in soil samples.
Because our preliminary experiments showed that the 16S rRNA-based PCR assay yielded
many false positive results when applied to water samples (Section 3.1.4.1), we used recA-
based primers to further develop our PCR assay. The goal of this first study was to gain
insight into the environmental occurrence of B. multivorans in a time and cost-effective way
and we therefore preferred to apply a conventional PCR method with gel-based detection
of the resulting amplicons, rather than a qPCR. The used species-specific recA primers
(Mahenthiralingam et al., 2000a) were previously evaluated for their sensitivity and specificity
by Vermis et al. (2002a) and were found to be 100% specific (as tested on 508 Bcc isolates).
Additionally, the combination of two different primer pairs in our nested PCR design (with
primers specific for Bcc and B. multivorans) helped to further decrease the number of false
positives. However, preliminary experiments (data not shown) showed that false positive
amplicons were occasionally obtained when applying our PCR assay to water isolates belonging
to the genera Ochrobactrum, Pseudochrobactrum, Sphingomonas and Chryseobacterium.
Therefore, all amplicons were sequenced to ensure that only true positives were recorded.
Whereas this final check excluded a considerable number of false positives from the water
samples, this was not the case for the soil samples (Section 3.1.5), demonstrating 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 the specificity of PCR-based methods when applying them
to environmental samples. Accordingly, Bergmark et al. (2012) showed that a high specificity
as calculated from in silico analysis does not guarantee a high specificity of the primers when
applied to environmental samples.
Because the few environmental B. multivorans isolates that have been reported mainly
originated from water samples (Vermis et al., 2003a; Fang et al., 2011), we hypothesized that
water rather than soil was the most likely environmental niche of B. multivorans and 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 (Section 3.1.4.2). Our finding that B. multivorans is widely distributed in
soil samples contrasted with results of previous isolation campaigns, but nevertheless agreed
with the notion that the soil environment typically harbors large genome-sized organisms
(Konstantinidis & Tiedje, 2004; Raes et al., 2007).
Because Stopnisek et al. (2014) previously demonstrated that the biogeographical distribution
of Burkholderia bacteria in soil could be attributed to their acid tolerance, we hypothesized
to detect B. multivorans more commonly in acidic versus alkaline waters. However, binary
logistic regression showed that the probability of detecting B. multivorans was higher in water
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samples with a higher pH and in streams compared to swimming and recreational waters
(Section 3.1.4.3). This unexpected finding may again indicate that water is not the natural
reservoir of B. multivorans. However, the number of PCR positive water samples was rather
small and one should therefore be cautious when extrapolating the results of our binary
logistic regression model. Staley et al. (2016) recently demonstrated that physico-chemical
parameters poorly explained the variation in relative abundances of bacterial families as
determined through 16S rRNA amplicon sequencing. Furthermore, the same study showed
that sediments and soils may act as a reservoir for the biodiversity detected in Mississippi river
water. With the ever-decreasing cost of high-throughput sequencing, a shotgun metagenomic
analysis of a large number of environmental samples may shed more light on the specific
determinants of the environmental occurrence of B. multivorans.
In conclusion, B. multivorans can be detected in water and - to a greater extent - soil samples,
demonstrating that this Bcc species is widespread in the natural environment. Therefore, we
subsequently aimed to isolate B. multivorans from PCR positive environmental samples in
order to genotype the environmental isolates and to compare them with isolates from Belgian
CF patients.

6.2 Cultivating the obvious: the failure to isolate Burkholderia
multivorans from environmental samples

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 (Table 6.1). The comparison of clinical and
environmental isolates may provide new insights into the epidemiology of this CF pathogen
and we therefore applied multiple isolation strategies in a stepwise manner to water and soil
samples that were previously shown to be PCR positive for B. multivorans (Section 3.1 and
6.1).

189



IV. General discussion and future perspectives
Ta

bl
e
6.
1:

En
vir

on
m
en
ta
lB

.m
ul
tiv

or
an
s
iso

lat
es

So
ur
ce

N
um

be
r
of

iso
la
te
s

/
sa
m
pl
es

Li
qu

id
en
ric

hm
en
t

pr
io
r

to
pl
at
in
g

C
-
an
d
N
-s
ou

rc
es

Se
le
ct
iv
e
ag
en
ts

pH
ST

R
ef
er
en
ce
s

Sc
he
ld
e
an
d
Le
ie

riv
er

(J
un

e-
O
ct
ob

er
20

02
,

Be
lg
iu
m
)

8
/
4

ye
s

L-
ar
ab
in
os
e

an
d

D
-c
ell
ob

io
se

(E
B1

)
or

L-
ar
ab
in
os
e

an
d

L-
th
re
on

in
e
(E
B2

)

Po
lym

yx
in

B
su
lfa

te
,

va
nc
om

yc
in
,C

-3
90

No
ta

dj
us
te
d

37
4

41
8

78
2

78
3

78
4

83
6

(V
er
m
is

et
al
.,

20
03
a)

Su
cc
ul
en
t

so
il

in
ve
-

ra
nd

a
of

CF
pa
tie

nt
(O

ct
ob

er
-N

ov
em

be
r

20
03
,B

elg
iu
m
)

2
/
1

ye
s

L-
ar
ab
in
os
e

an
d

L-
th
re
on

in
e

Po
lym

yx
in

B
su
lfa

te
,

va
nc
om

yc
in
,

C-
39

0,
ge
nt
am

ici
n

No
ta

dj
us
te
d

18
9

78
1

(V
an
lae

re
et

al
.,

20
05
)

M
ai
ze

rh
izo

sp
he
re

so
il

(J
ul
y
20
03
,U

SA
)

3
/
1

no
Gl
uc
os
e

an
d

L-
as
pa
ra
gi
ne

(T
B-

T)
Tr
yp
an

bl
ue
,c

ry
st
al

vi-
ol
et
,t
et
ra
cy
cli
ne

5.
5

NA
(R

am
et
te

et
al
.,

20
05
)

W
es
t

La
ke

(O
ct
ob

er
20
06
,C

hi
na
)

48
/
1

no
Az

ela
ic

ac
id

an
d

try
pt
am

in
e
(P

CA
T)

-
5.
8

27
4

(F
an
g

et
al
.,

20
11
)

190



6. Reflections on the epidemiology of B. multivorans

Since the 1980s, several semi-selective isolation media have been developed for the recovery
of Bcc bacteria from CF sputum. These include Pseudomonas cepacia agar (Gilligan et al.,
1985), OFPBL (oxidation-fermentation base supplemented with agar, polymyxin B, bacitracin
and lactose) (Welch et al., 1987) and BCSA (Henry et al., 1997). Several studies (Henry
et al., 1999; Vermis et al., 2003b) compared the recovery of Bcc bacteria on different growth
media and concluded that BCSA is best for Bcc recovery from CF samples. 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 (Hagedorn et al.,
1987; Vartoukian et al., 2010). Therefore, other media were developed for the isolation of
Bcc bacteria from complex environmental samples such as PCAT (Burbage & Sasser, 1982),
TB-T (Hagedorn et al., 1987) and BCEM (Vermis et al., 2003a; Vanlaere et al., 2005). When
comparing PCAT with TB-T, the latter was shown to be more selective but a lot less sensitive,
i.e. less Bcc isolates could be recovered on TB-T (Tabacchioni et al., 2000; Pallud et al.,
2001; Vermis et al., 2003b). Since the diversity of the obtained isolates is strongly dependent
on the selective medium (Tabacchioni et al., 2000; Vermis et al., 2003a), two selective media
were used in each isolation experiment performed in the present study.
BCEM was designed based on a re-assessment of C-source utilization and antibiotic suscepti-
bility of Bcc bacteria (Vermis et al., 2003b) and its application yielded a few B. multivorans
isolates from water and soil samples (Table 6.1). We therefore used this medium as a starting
point for further optimization with respect to the C-source composition and pH (Experiment 4,
section 3.3.3). Because an increased pH results in a loss of selectivity (Hagedorn et al., 1987)
and because Burkholderia bacteria are known to be acid tolerant (Stopnisek et al., 2014) we
lowered the pH of BCEM to pH 5.5, analogous to that of PCAT and TB-T (Burbage & Sasser,
1982; Hagedorn et al., 1987). Measuring the pH of BCEM enrichment broth after several
days of incubation showed that MES buffer (Angle et al., 1991) was effective in maintaining
the pH of the enrichment broth at pH 5.5 (Experiment 4, section 3.3.3). Vermis et al.
(2003a) used two combinations of C-sources (i.e. L-arabinose and D-cellobiose or L-arabinose
and L-threonine), while Vanlaere et al. (2005) previously used only the latter formulation
(Table 6.1). Because experiment 4 (Section 3.3.3) showed that B. multivorans DNA was
only detected in an enrichment broth in which the three carbon sources were combined, our
BCEM formulation subsequently contained all three C-sources, i.e. L-arabinose, D-cellobiose
and L-threonine.
Because B. multivorans DNA was detected through PCR experiments in the total cell
mass that was harvested from BCEM agar plates (Experiment 4, section 3.3.3), we applied
previously described isolation strategies, i.e. direct plating and liquid enrichment of water
samples (Experiment A, section 3.2.4.1) and direct plating of soil samples (Experiment B,
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section 3.2.4.2), to B. multivorans PCR positive samples. Direct plating of two soil samples
yielded no B. multivorans isolates, neither on BCEM nor on PCAT medium (Experiment B,
section 3.2.4.2), which is in agreement with previous isolation studies in which soil samples
were plated on PCAT medium, but no B. multivorans was isolated (Balandreau et al., 2001;
Pirone et al., 2005; Zhang & Xie, 2007). Direct plating of water samples yielded no B.
multivorans isolates either (Experiment A, section 3.2.4.1). Vermis et al. (2003a) 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 when using liquid enrichment prior to plating (Experiment A, section 3.2.4.1).
A first difference with the study of Vanlaere et al. (2005) was that in the present study BCEM
did not contain the selective component C-390 because it was not available for purchase.
However, Vanlaere et al. (2005) also reported the isolation other GNNF bacteria such as
Comamonas, Pandoraea, Chryseobacterium, Ralstonia, Herbaspirillum and Pseudomonas,
suggesting that C-390 was not fully effective to inhibit the growth of these genera. A second
difference with the study of Vanlaere et al. (2005) was our use of MALDI-TOF MS (Ghyselinck
et al., 2011) coupled to sequence analysis of various genes (Mahenthiralingam et al., 2000a)
(rather than RAPD typing, growth in Stewart’s medium and recA RFLP) which allowed to
dereplicate and identify a much larger number of isolates (e.g. 626 isolates in experiments A
and B, sections 3.2.4.1 and 3.2.4.2).
Because direct plating and liquid enrichment of water samples and direct plating of soil
samples did not yield B. multivorans isolates, we attempted to improve the liquid enrichment
of Burkholderia bacteria and examined the effect of lowering the pH, extending the incubation
time and shaking the enrichment broth (Experiments 7 and 8, sections 3.3.4 and 3.3.5). In
contrast with what was expected based on the genus-wide acid tolerance of Burkholderia
(Stopnisek et al., 2014), lowering the pH of the BCEM enrichment broth to pH 4.5 did not
result in a general increase of the relative abundance of Burkholderia bacteria as determined
through qPCR. Although varying and inconsistent results were obtained with different water
samples, shaking the BCEM enrichment broth at pH 5.5 generally increased the relative
abundance of Burkholderia bacteria and the detection of B. multivorans (as determined
through qPCR and the B. multivorans-specific PCR assay, respectively), confirming the validity
of the approach that was used in previous experiments (Experiment A, section 3.2.4.2).
As an alternative approach, we applied several strategies which had been reported to enable
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the cultivation of fastidious bacteria (Vartoukian et al., 2010; Epstein, 2013). Besides liquid
enrichment of a concentrated water sample in a semi-selective broth, a non-selective recovery
strategy in a 0.1% peptone solution was applied to give debilitated cells the opportunity
to resuscitate prior to being exposed to the selective agar medium (Straka & Stokes, 1957;
Ahn et al., 2014). This approach (Experiment C, section 3.2.4.3) yielded several GNNF
opportunistic pathogens in CF patients including Acinetobacter calcoaceticus, Inquilinus
limosus and S. maltophilia, yet no B. multivorans. Acclimatizing recovery is an approach
based on the filtration-acclimatization method and allows a gradual transition from the
original environment, i.e. the water sample, to semi-selective conditions with high nutrient
and antibiotic concentrations (Hahn et al., 2004). Also the use of this strategy (Experiment
C, section 3.2.4.3) did not yield B. multivorans isolates from water sample W2.
The use of a transmembrane system allows the diffusion of essential nutrients and/or signaling
molecules between two compartments and previously led to the successful cultivation of several
fastidious bacteria (Vartoukian et al., 2010; Epstein, 2013). Because Bcc bacteria thrive in
the CF lung as opportunistic pathogens and can be readily isolated from CF sputum samples
we tried to mimic the CF lung environment by incubating a water sample in the presence
of CF sputum with its accompanying microbiota in a transmembrane system (Experiment
D, section 3.2.4.4). Simultaneously, the same samples were co-incubated with helper strain
panels comprising other bacteria that also occur in the CF lung (i.e. B. multivorans, P.
aeruginosa and S. aureus) (LiPuma, 2010) and that may influence the growth or cultivability
of B. multivorans (Experiment 16, section 3.3.9). While these experiments again yielded
several opportunistic GNNF pathogens relevant in CF, none were B. multivorans.
Both Vermis et al. (2003a) and Fang et al. (2011) reported an increased isolation of B.
multivorans in (early) fall, suggesting a seasonal effect. Accordingly, Purdy-Gibson et al.
(2015) found that P. aeruginosa could readily be isolated from drains in the home environment,
but that the recovery was significantly higher in fall relative to other seasons. Because bacteria
may be dormant in cold environments we examined whether the temperature of the samples
had an effect on the cultivability of B. multivorans. Experiments 11 and 12 (Section 3.3.7)
tested the resuscitation of water and soil bacteria at room temperature and showed that
although many Burkholderia isolates were obtained from the soil sample, none of them were
B. multivorans. Moreover, several fresh, B. multivorans PCR positive samples were taken in
August and October (Table 3.4 and 3.10) and water sample W2 originated from a pond in a
greenhouse at constant temperature of about 25 ◦C, eliminating the seasonal temperature
effect.
Because the use of diluted nutrient media has led to the successful cultivation of previously
uncultivable bacteria from various aquatic and terrestrial habitats (Vartoukian et al., 2010)
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and because Bcc bacteria are known to survive in nutrient-poor conditions (Ahn et al., 2014),
we also examined the effect of a reduced nutrient concentration in the isolation medium
(Experiments 11 and 12, section 3.3.7). For both tested water and soil samples, a larger
number of colonies and a larger number of distinct colony morphologies were observed
on 1/10 PCAT compared to standard PCAT, but none of these experiments yielded B.
multivorans isolates. Nevertheless, 1/10 PCAT was used instead of PCAT in the remaining
experiments.
Almost two decades ago Steinert et al. (1997) demonstrated that viable but non-cultivable
Legionella pneumophila could be resuscitated by co-cultivation with Acanthamoeba. A
more recent study used Acanthamoeba co-cultivation to isolate amoeba-resisting bacteria
from environmental water samples (Pagnier et al., 2008). Since amoebae can be found in
freshwater environments and several Bcc strains were shown to survive in Acanthamoeba
cells, amoebae have been suggested to be a natural reservoir for Bcc strains (Marolda et al.,
1999; Inglis & Sagripanti, 2006). More recently, a cultivation-independent study showed
that Burkholderia was one of the genera that was found in free-living amoebae isolated from
drinking water (Delafont et al., 2013). We therefore examined the effect of co-cultivation
of two water samples with Acanthamoeba castellanii, but no B. multivorans isolates were
obtained (Experiment 13, section 3.3.8).
Finally, Burkholderia bacteria are frequently isolated from the plant rhizosphere and many
species form intimate interactions with the roots of plants such as maize, lupine, rice and pea
(Compant et al., 2008). Vidal-Quist et al. (2014) recently showed that plant root colonization
is an intrinsic property of Bcc bacteria and reported an active migration of Bcc bacteria
toward plant roots. We therefore used germinating seedlings to "fish" Bcc bacteria out of an
environmental sample (Experiment 9, section 3.3.6). Seeds of maize, pea, rice, barley and
lupine were surface sterilized, germinated in either a water sample or a soil suspension and the
roots were plated onto PCAT and BCSA medium. Pea seedling roots yielded B. caledonica,
B. phytofirmans and one Burkholderia sp. isolate, but no B. multivorans. In line with these
findings, both B. caledonica and B. phytofirmans were originally isolated from rhizosphere
soil and were reported to form close associations with plants (Coenye et al., 2001b; Sessitsch
et al., 2005). We also spiked control experiments with two B. multivorans strains which were
recovered in high numbers from the pea, rice and maize seedling roots.
The present series of experiments demonstrated that despite numerous enrichment and
cultivation efforts and the analysis of more than 2,400 isolates, none of the B. multivorans PCR
positive environmental samples yielded B. multivorans isolates. Although different samples
yielded inconsistent results, at least some samples showed the presence of B. multivorans in
enrichment broth or in the total cell mass that was harvested from agar plates when BCEM
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at pH 5.5 was used. The subsequent experiments yielded a wide diversity of Burkholderia
and other GNNF bacteria, but none of the picked isolated was B. multivorans.

6.3 The discrepancy between PCR and cultivation-based
detection of Burkholderia multivorans in environmental
samples

The notion that only a small fraction of a diverse bacterial population can by cultivated using
conventional cultivation-based techniques is known as "the great plate count anomaly" (Staley
& Konopka, 1985) and led to a huge interest in cultivation-independent methods to study the
bacterial diversity in complex environments such as the human gut and terrestrial and aquatic
habitats (Venter et al., 2004; Rousk et al., 2010; Arumugam et al., 2011). Metagenomic
approaches have revolutionized microbiology by greatly improving our knowledge about the
rare biosphere and the huge diversity of microbial life in a wide range of environments.
However, one of the major drawbacks of the current metagenomic approaches is known as
the "depth bias", referring to the fact that sequence-based techniques may miss clinically
relevant minority populations (Lagier et al., 2012). Another important drawback, in particular
of the 16S rRNA amplicon-based approaches, is the limited discriminatory power of the short
16S rRNA gene fragments generated. Although this approach is very powerful to gain insight
into the general diversity of a sample, a short fragment of the 16S rRNA gene does not allow
to classify the obtained sequences at the species level. Finally, major discrepancies among
studies reflect the biases of the employed techniques (Lagier et al., 2012; Clooney et al.,
2016) and sequence-based microbiome analyses may be prone to major contaminations if the
inclusion of proper control samples is ignored (Salter et al., 2014). Recently, these drawbacks
of metagenomic approaches led to a renewed interest in cultivation-based methods to study
bacterial diversity (Lagier et al., 2012; Shade et al., 2012; Walker et al., 2014a; Lagier et al.,
2015b).
In the present study, we wanted to gain insight into to environmental occurrence of B.
multivorans by using a fast, cultivation-independent PCR assay, and we subsequently aimed
to obtain environmental B. multivorans isolates from the PCR positive samples to be able to
compare them with clinical B. multivorans isolates in an epidemiological study. After all, pure
bacterial cultures remain essential for studying their virulence, their antibiotic susceptibility
and their genome sequence in order to facilitate the understanding and treatment of the
caused disease (Lagier et al., 2015a).
Altogether, our series of experiments demonstrated a large discrepancy between PCR and
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cultivation-based detection of B. multivorans in environmental samples. Although our
cultivation-independent approach demonstrated that B. multivorans DNA is present in the
natural environment, it should be noted that the detection of B. multivorans DNA does not
necessarily imply that viable target organisms were present at the time of sampling (Josephson
et al., 1993). Nevertheless, the fact that DNA of this organism was present at the time of
sampling and the fact that DNA degrades rather fast in soil (Bogas et al., 2009) together
imply that the target organism was present alive in these environmental samples at some
point (Miller et al., 2002). Additionally, the finding that at least some samples showed
an enrichment (Experiments 7 and 8, sections 3.3.4 and 3.3.5) and/or the presence of B.
multivorans among the colonies growing onto the selective agar media (Experiment 4, section
3.3.3) indicates that live cells must have been present in the environmental samples at the
time of sampling.
More than a decade ago, Miller et al. (2002) reported that although 93% of the examined
(sub)urban soil samples were PCR positive for Bcc, only 15% of these samples yielded
Bcc isolates. Because of this discrepancy the authors concluded that the cultivation-based
recovery of Bcc may underestimate their environmental presence. Payne et al. (2006) used
a recA-based PCR assay to examine the Burkholderia diversity associated with the maize
rhizosphere and found recA phylotypes that matched previously isolated Bcc species. However,
90% of the recA sequences in the latter study were suggestive of novel taxa belonging to
yet uncultivated Burkholderia species. Also for CF sputum samples this discrepancy between
cultivation-based and DNA-based findings has been reported (Whitby et al., 1998; Flight
et al., 2015).
Our failure to isolate B. multivorans from environmental samples is in stark contrast with
the ever increasing number of unique B. multivorans strains that are isolated from CF
patients. This finding may be explained by the fact that B. multivorans may not have been
enriched sufficiently to be present on the agar plates with the highest dilutions from which
isolates were picked. Another explanation for these observations is that B. multivorans cells in
environmental samples are alive but acquired a viable but non-cultivable state. Because cells in
a viable but non-cultivable state were shown not to lose their virulence potential (McDougald
et al., 1998; Oliver, 2010), it is currently unclear if and how these mere observations should
be implemented in infection control guidelines. Future research will need to address why B.
multivorans cannot readily be isolated from water and soil samples which are PCR positive.
Live/dead staining in combination with FISH could be used to determine the number of
viable and dormant B. multivorans cells in environmental samples and enrichment broths
(Savichtcheva et al., 2005). Alternatively, the survival and recovery of B. multivorans in a
soil or water environment could be monitored via microcosm experiments (Delmont et al.,

196



6. Reflections on the epidemiology of B. multivorans

2015).
The finding that B. multivorans DNA was detected far more often in soil than in water
samples contrasted with the relatively large number of water isolates that are currently
available. This may suggest that, if present in the natural environment, B. multivorans can
be isolated more easily from water than from soil samples. B. multivorans can be readily
cultivated from CF sputum samples and was shown to survive in a broader range of pH,
temperatures and salt concentrations than B. pseudomallei (Lin et al., 2011), suggesting
that B. multivorans should be able to adapt well to environmental changes and varying
growth conditions. Future cultivation efforts could try to improve the liquid enrichment
conditions and capture the genetic diversity of B. multivorans in an enrichment broth using a
shotgun metagenomic approach or single-cell genomics. An alternative enrichment strategy
could exploit the capability of B. multivorans to form biofilms by providing solid surfaces for
adhesion of B. multivorans in the enrichment broth (Gich et al., 2012). Finally, an alternative
"fishing" strategy could exploit the close Burkholderia-fungi interactions and the capability
of Burkholderia bacteria to adhere to fungi to "fish" B. multivorans out of environmental
samples or enrichment broths (Stopnisek et al., 2016).

6.4 Genomic insights into the epidemiology of Burkholderia
multivorans

The comparative genomics study of four pairs of clinical and environmental isolates representing
four STs demonstrated that the genomic lineages of B. multivorans are well predicted by
their ST (Section 3.4). The finding that the ST of the B. multivorans isolates predicted their
phylogeny and gene content corroborated the use of MLST for epidemiological surveillance of
Bcc bacteria in CF (Baldwin et al., 2005). This confirms that the previous finding of the same
ST in both clinical and environmental B. multivorans isolates thus indicates that the natural
environment is a potential reservoir for B. multivorans (Baldwin et al., 2008). Finally, this
also demonstrated that the previous record of the same ST on different continents (Baldwin
et al., 2008) is not due to homoplasy as was previously shown for two STs of B. pseudomallei
(De Smet et al., 2015b).
The advent of long-read sequencing technologies such as PacBio SMRT sequencing has made
it possible to resolve sequence repeats and assemble raw sequencing reads into high-quality,
finished assemblies (Shin et al., 2013; Koren & Phillippy, 2015). The availability of complete
genomes enables the study of genome structure and the evolutionary consequences of genes
being localized on different chromosomes. The highly conserved multireplicon genomic
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structure that we found for B. multivorans agrees with the general genome architecture of
Bcc organisms (Agnoli et al., 2012). In line with the general genome biology of Burkholderia
(Ussery et al., 2009) the first and largest B. multivorans chromosome was enriched in core
orthologs, while the other two chromosomes were enriched in ST-specific orthologs. As shown
by Cooper et al. (2010), secondary chromosomes might serve as evolutionary test beds and
the ST-specific orthologs located on the second and third chromosome are therefore expected
to evolve faster. Although the three large replicons are generally considered chromosomes
because they contain essential genes (Holden et al., 2009) and at least one rRNA operon
(Bentley & Parkhill, 2004), Agnoli et al. (2012, 2014) showed that the third chromosome of
Bcc organisms is rather a megaplasmid than a chromosome that encodes accessory functions
such as virulence and secondary metabolism and is involved in stress tolerance.
The comparative genomics study showed that a large set of orthologous genes was present
in strains of the same ST regardless of their isolation source. However, differences between
clinical and environmental isolates may occur at the level of gene regulation, rather than
presence or absence of genes (Parke & Gurian-Sherman, 2001). Zhu et al. (2016) recently
compared whole-genome sequences of four Burkholderia seminalis strains and concluded that
the examined B. seminalis strains differed in metabolic capacities and in survival capacity
in different niches. The strains showed an increased fitness in medium that simulated their
original niche and this strain-specific niche survival was linked with the differential expression
of genes. The availability of eight high-quality genome assemblies for B. multivorans isolates
from both CF patients and the natural environment enables future research focusing on gene
expression by means of transcriptome, proteome or phenome analysis.
Bacterial respiratory infections in CF patients present an important model for studying
microbial adaptation (Silva et al., 2016). Future research could examine the adaptation of B.
multivorans to the CF lung using the four pairs of clinical and environmental isolates (Section
3.4) in competition assays or animal infection models. Examples of animal infections models
that are frequently used to assess virulence are Galleria mellonella and Caenorhabditis elegans
(Valvano et al., 2005; Loutet & Valvano, 2010). However, the relevance of these infection
models to chronic CF lung infection is unclear because virulence in these infection models is
generally not a reliable predictor for the clinical outcome of Bcc infection in CF patients (Eberl
& Vandamme, 2016). For B. multivorans there is a complete lack of a suitable infection
model, as exemplified by the fact that B. multivorans is mostly avirulent in G. mellonella and
C. elegans infection models, while most putative virulence factors that were suggested to
be indicative for pathogenic Burkholderia species were identified in this Bcc species (Angus
et al., 2014; Eberl & Vandamme, 2016).
As B. multivorans harbors a ~6.5 Mb genome, it is equipped with the metabolic versatility
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needed to thrive in a complex, variable environment such as soil. The fact that the soil
environment typically harbors large genome-sized organisms (Konstantinidis & Tiedje, 2004;
Raes et al., 2007) corroborates the finding of our cultivation-independent study that B.
multivorans DNA is widespread in soil (Section 3.1). This metabolic versatility found in B.
multivorans genomes nevertheless contrasts with the failure to isolate B. multivorans from
environmental samples (Sections 3.2 and 3.3). Future research could use the B. multivorans
genomes to try and explain why B. multivorans cannot readily be isolated from water and
soil samples and subsequently use this genomic information to design new isolation media
as previously done for Tropheryma whipplei (Renesto et al., 2003). Alternatively, one could
search for unique catabolic activities which may help in designing novel semi-selective isolation
media. Finally, future studies 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).
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7 | Epidemiology and taxonomy of
cystic fibrosis pathogens

The second goal of the present thesis was to contribute to the general knowledge of the preva-
lence and epidemiology of GNNF bacteria in CF. Chapter 4 presented (i) the re-evaluation
and application of the 3% threshold value of concatenated allele sequence divergence for
species delineation within the Bcc (Section 4.1) and (ii) the use of MLSA in two polyphasic
studies that resulted in the formal classification of three novel Bcc species (Sections 4.1 and
4.2). Chapter 5 presented (i) a traditional polyphasic taxonomic study in which species
delineation was based on DDH (Section 5.1) and (ii) a modern polyphasic taxonomic study
in which species delineation was based on whole-genome sequence-based parameters (Section
5.2). The present chapter provides a general discussion of these results, reflections on the
NRC Bcc and the use of MLST for surveillance of Bcc infections in CF and some future
perspectives.

7.1 Epidemiology of Gram-negative non-fermenting cystic
fibrosis pathogens

The LM-UGent research group has been studying the diversity of Burkholderia bacteria and
other GNNF bacteria since the early 1990s. For two decades, strains of CF patients were
identified sporadically when requested by CF care and there was no systematic surveillance of
Bcc infections. Since 2011, NRCs for human microbiology are being financed by the Health
Insurance System of the Belgian Ministry of Social Affairs and the NRC Bcc is charged with
the surveillance of respiratory infections caused by GNNF bacilli (except P. aeruginosa and
Acinetobacter spp.) in Belgian CF patients. While this NRC primarily aims to identify and
type CF isolates, also non-CF human clinical and non-clinical isolates can be analyzed if this
provides clinically relevant information related to the epidemiology of GNNF pathogens in CF.
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Altogether, these long-term studies contributed to the general knowledge of the diversity of
GNNF bacteria in CF patients and in the environment.

7.1.1 The NRC Bcc and its role in the surveillance of GNNF pathogens in
Belgian CF patients

The NRC Bcc exists as a cooperation between UZ Brussel and LM-UGent (https://nrchm.
wiv-isp.be/nl/ref_centra_labo/burkholderia_cepacia_complex). UZ Brussel is responsible
for the preliminary identification and characterization of isolates using MALDI-TOF MS,
RAPD typing and antibiotic sensitivity testing, and aims to analyze two isolates per species
per patient per year. LM-UGent is responsible for the molecular identification and typing
of the isolates by gene sequence analysis and MLST, respectively, and aims to analyze one
isolate per species per patient per year.
In the five-year period 2011-2015, 565 isolates were identified, including 72 non-CF isolates.
Of the 493 CF isolates, 170 were identified as Burkholderia (Table 7.1). The 169 Bcc CF
isolates (originating from 77 patients) were identified using recA gene sequence analysis and
60% of the isolates belonged to B. multivorans (Fig. 7.1), confirming that B. multivorans is
still the most prevalent Bcc species in Belgian CF patients (De Boeck et al., 2004). MLST
analysis of these Bcc CF isolates revealed many unique B. multivorans strains but also three
B. multivorans strains that were present in multiple Belgian CF patients and centers (Table
7.2). Future research is needed to examine these cases of implied patient-to-patient spread in
order to improve infection control guidelines.

Table 7.1: Isolate overview NRC Bcc 2011-2015
CF Non-CF

Total Burkholderia Achromobacter Stenotrophomonas Other GNNF Total

2011 38 30 3 0 5 7
2012 67 40 5 17 5 14
2013 98 35 26 23 14 22
2014 152 32 56 23 41 15
2015 138 33 47 24 34 14
Total 493 170 137 87 99 72

The usefulness of analyzing non-CF Bcc isolates is illustrated by the epidemiological investi-
gation of a B. cepacia outbreak among hospitalized non-CF patients at the end of 2013. B.
cepacia was found in one batch of liquid soap and the same strain (ST-848) was retrieved
from respiratory, blood and urine samples of hospitalized patients (Jans et al., 2014). Bcc
organisms have been reported as contaminating agents of many pharmaceutical products
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Figure 7.1: Bcc species distribution in Belgian CF patients (NRC Bcc 2011-2015)

Table 7.2: B. multivorans strains present in multiple Belgian CF patients and centers (NRC Bcc
2011-2015)

Strain Isolates Patients Centers

ST-739 8 6 4
ST-741 19 10 6
ST-742 13 3 3

including cosmetics and disinfectants, posing a significant health risk for CF and other
immunocompromised patients (Weber et al., 2007; Torbeck et al., 2011; De Smet et al.,
2013).

7.1.2 The Bcc PubMLST database and its role in epidemiological studies
worldwide

One of the major advantages of the MLST approach over previous typing and identification
methods is its reproducibility and portability (Jolley & Maiden, 2010). The public database
(http://pubmlst.org/bcc/) allows researchers worldwide to analyze and deposit data, enabling
the study of the prevalence and epidemiology of Bcc bacteria. As curator of the Bcc PubMLST
database, we experienced a geographical expansion of interest in Bcc and Burkholderia
organisms. While the first few hundred STs were primarily originating from European,
American and Canadian isolates, there has been an increase in submissions from Asian and
South-American countries. The large number of recent publications that used MLST and the
accompanying PubMLST database as a tool for epidemiological studies shows that MLST
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has become a well-established method for studying the population structure of Bcc organisms
(Zurita et al., 2014; Segonds et al., 2015; Wang et al., 2015; Vasiljevic et al., 2016).
Although whole-genome sequencing is revolutionizing (clinical) microbiology practices (Didelot
et al., 2012; McAdam et al., 2014), a systematic and standardized description of genotypic
variation as provided by MLST will remain important (Maiden et al., 2013; Jolley & Maiden,
2014). Whole-genome sequencing will therefore likely serve as a complement for existing
MLST schemes rather than a replacement. Depending on the taxonomic resolution required,
different sets of genes can be extracted from genomic sequences and the application of
multiple MLST schemes can provide resolutions from the domain to the strain level (Jolley &
Maiden, 2010; Jolley et al., 2012).

7.1.3 The natural environment as a niche for opportunistic CF
pathogens

A multitude of cultivation strategies were applied to environmental water and soil samples
during our search for environmental B. multivorans isolates (Sections 3.2 and 3.3). Using
Bcc isolation media for the study of only a few environmental samples, a wide diversity of
Burkholderia bacteria and many other GNNF bacteria relevant in CF were isolated from both
water and soil samples. Among the GNNF bacteria isolated were Cupriavidus, Pandoraea,
Inquilinus, Pseudomonas and Stenotrophomonas species, confirming that water and soil are
indeed potential reservoirs of these rare but potentially virulent pathogens (LiPuma, 2010).
Rather unexpectedly, also several Mycobacterium species were isolated (Sections 3.2 and 3.3).
Rapidly growing mycobacteria have emerged as significant pathogens in CF (Bar-On et al.,
2015) and, similar to Bcc bacteria, they can be recovered from environmental sources (van
Ingen et al., 2009).
As argued by Berg et al. (2005, 2014), several mechanisms that are important for colonization
of the rhizosphere and antagonistic activity against plant pathogens (i.e. survival in the
soil environment) are similar to those responsible for colonization of human tissues and
pathogenicity. Similar to the natural environment, the human body imposes harsh conditions
upon any organism attempting to colonize it. Opportunistic bacteria may overcome these by
a broad metabolic versatility, production of siderophores to scavenge iron and the formation
of biofilms which protect them from the host immune system.
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7.2 Taxonomy of Gram-negative non-fermenting cystic fibrosis
pathogens

7.2.1 Novel insights into the taxonomy of Gram-negative non-fermenting
CF pathogens

The devastating effect of pulmonary infections in CF patients triggered numerous polyphasic
taxonomic studies of clinical and environmental B. cepacia-like GNNF bacteria that contributed
to the general knowledge of the prevalence and epidemiology of GNNF bacteria in CF. The
taxonomic work performed in the context of the present thesis led to the formal classification
of several novel species in the genera Burkholderia. Concomitantly with the analyses of novel
Burkholderia isolates, we also contributed to the description of several novel Achromobacter
and Bordetella species.
A first taxonomic effort focused on the diversity of Bcc bacteria and resulted in the formal
classification of three novel Bcc species (Chapter 4), extending the list of validly named Bcc
species from 17 to 20.
A second effort focused on the diversity of B. glathei-like bacteria and resulted in the formal
classification of 14 novel B. glathei-like species from both human clinical and environmental
sources (Chapter 5). Most of the novel species in this study originated from soil (Section 5.2)
(Draghi et al., 2014; Verstraete et al., 2014), illustrating the huge diversity of Burkholderia
organisms in the natural environment. However, B. glathei-like bacteria developed a wide
range of interactions with different types of hosts including plants, insects and fungi (Section
5.2).
Finally, although not part of the present PhD thesis, a third effort focused on the diversity of
Achromobacter and Bordetella bacteria in CF and resulted in the formal classification of four
novel Achromobacter species (Vandamme et al., 2013b) and three novel Bordetella species
(Vandamme et al., 2015).

7.2.2 Taxonomic methodology in a changing landscape

The CF lung can harbor a wide range of bacteria (LiPuma, 2010) and accurate identification
of CF pathogens at the species level is important to assess the clinical impact of these
generally rare opportunistic pathogens. The polyphasic taxonomic approach originated more
than two decades ago by the complementation of early classifications based on morphology
and biochemical data with chemotaxonomic and genotypic data (Vandamme et al., 1996).
This consensus approach integrated genotypic, phenotypic and phylogenetic information to
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provide a multifaceted view on the biology of a bacterium. Using this consensus approach
to prokaryotic systematics, a bacterial species is defined as a group of strains that are
characterized by a certain degree of phenotypic consistency, more than 70% DDH and more
than 97% of 16S rRNA gene sequence similarity (Stackebrandt & Goebel, 1994; Vandamme
et al., 1996). The ever-decreasing cost of high-throughput sequencing technologies has been
revolutionizing taxonomic methodologies however (Klenk & Goker, 2010; Sutcliffe et al.,
2013; Whitman, 2015) and throughout the present thesis, an evolution in taxonomic methods
can be observed with regards to phylogeny and species delineation.

7.2.2.1 Evolution in methods to infer phylogeny

Long before the advent of polyphasic taxonomy, there was a general agreement among
taxonomists that the genomic DNA sequence should be the reference standard to determine
phylogeny and that phylogeny should determine taxonomy (Wayne et al., 1987). Sequence
analysis of the universal 16S rRNA gene was recognized as a good tool to determine
the phylogenetic position of any prokaryotic organism, but lacked the resolving power to
discriminate closely related species (Fox et al., 1992; Stackebrandt & Goebel, 1994). Also
within the genera Burkholderia, Achromobacter and Bordetella, the 16S rRNA gene only
has limited taxonomic resolution for species identification. As shown in chapters 4 and 5,
sequence analysis of the recA and gyrB housekeeping genes is a powerful taxonomic tool
for Burkholderia species identification (Mahenthiralingam et al., 2000a; Tabacchioni et al.,
2008; Tayeb et al., 2008; Vandamme et al., 2013a). Similarly, sequence analysis of an internal
fragment of nrdA gene was successfully applied for species differentiation within the genera
Achromobacter and Bordetella (Vandamme et al., 2013b, 2015).
Because the analysis of multiple genes provides a buffer against the distorting effects of
recombination at a single locus, MLSA emerged as a most useful taxonomic tool for grouping
isolates into robust, major genetic lineages (Gevers et al., 2005). Especially for depict-
ing relationships within and between closely related species such as Bcc (Chapter 4) and
Achromobacter species (Vandamme et al., 2013b, 2016), MLSA has a taxonomic resolution
superior to that of the traditional 16S rRNA gene sequence analysis.
Finally, the number of finished or draft bacterial genome sequences has risen exponentially
and phylogenetic analysis is entering the new era of phylogenomics (Eisen & Fraser, 2003;
Delsuc et al., 2005). As an extension of the MLSA principle, phylogenetic trees with superior
resolution can be inferred based on the multiple sequence alignment of all conserved protein-
coding genes in the genomes under study (see section 2.1.3.2 for a detailed overview of
tools for studying genomic taxonomy). Section 5.2 presented a phylogenomic study of 13
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clusters of B. glathei-like bacteria and the resulting phylogenetic tree (Fig. 5.5) showed a
superior resolution to the gyrB phylogenetic tree, together with very high bootstrap support
values.

7.2.2.2 Evolution in methods for species delineation

DDH was introduced as a tool to approach whole-genome sequence derived information as
close as possible in an era in which microbiologists had no access to DNA sequencing (Wayne
et al., 1987). Following the advent of the first sequencing technologies, MLSA was proposed
to replace DDH as a tool for species delineation (Stackebrandt et al., 2002; Gevers et al.,
2005). Vanlaere et al. (2009) compared the average concatenated allele sequence divergence
within and between established Bcc species as delineated by DDH and demonstrated that
a 3% concatenated allele sequence divergence level could be used as a threshold value for
species delineation within the Bcc, thus replacing the need to perform DDH experiments in
this complex. This 3% threshold value was evaluated and further substantiated in section
4.1 and this method for Bcc species delineation was subsequently applied for the formal
classification of three novel Bcc species (Chapter 4). Similarly, a 2.1% threshold value of
concatenated allele sequence divergence was applied for species delineation within the genus
Achromobacter (Vandamme et al., 2013b, 2016). Although DDH was replaced successfully
by MLSA approaches in specific genera, the latter method has the disadvantage that the
cut-off for concatenated allele sequence divergence must be validated for each MLSA scheme
separately and is thus not universally applicable.
In the present genomics era, several universal whole-genome sequence-based parameters have
been proposed as a replacement for DDH and a detailed overview was presented in section
2.1.3.2 and Table 2.1. The GBDP method was introduced as an in silico replacement for
DDH (dDDH) and calculates pairwise inter-genomic distances based on the results of a
genome-wide homology search (Henz et al., 2005; Meier-Kolthoff et al., 2013). Importantly,
GBDP is the only method that provides confidence intervals for species delineation and
support values for the groupings in the resulting phylogenetic trees (Meier-Kolthoff et al.,
2013). While B. cordobensis sp. nov. (Section 5.1) was still delineated based on traditional
DDH studies, thirteen novel B. glathei-like species (Section 5.2) were delineated based on
the genomic relatedness among strains and the 70% dDDH threshold value.

7.2.3 Time to revisit polyphasic taxonomy

In the present thesis we described three novel Bcc species and more than a dozen novel B.
glathei-like species, but there is still an overwhelming number of putative novel Burkholderia
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species awaiting formal classification. A phylogenetic analysis of the concatenated sequences
of the seven loci of all STs in the PubMLST database (Fig. 2.2) revealed the presence of at
least 12 putative novel species within the Bcc alone. Furthermore, when the huge taxonomic
diversity of Burkholderia bacteria in the natural environment (Sections 3.2 and 3.3) will be
complemented with culturomics approaches (Editorial Nature Reviews Microbiology, 2012;
Lagier et al., 2015b), the rate at which novel species may be discovered can only be expected
to increase. Therefore, the genus Burkholderia represents a good example of the current
failure of polyphasic taxonomy to truly report and name bacterial diversity (Vandamme &
Peeters, 2014).
Although an evolution in taxonomic methods can be observed in which whole-genome
sequence-based tools replace traditional tools for both species delineation and inferring
phylogeny (Section 7.2.2), the current implementation of whole-genome sequence-based
parameters into a "modern" polyphasic approach remains problematic for two reasons.
The first issue relates to the fact that although DDH is gradually being replaced by whole-
genome sequence-based parameters, these new tools are being validated and calibrated by
comparing them to the classifications that were built on the 70% DDH cut-off for species
delineation. However, this 70% DDH cut-off was on its turn calibrated empirically to yield
many of the phenotype-based species already recognized at the time of its inception (Cohan,
2002; Gevers et al., 2005). As argued by Cohan (2002), the practice of calibrating each
new molecular technique to yield the clusters that were previously determined by phenotypic
criteria is caused by the lack of a theory-based species concept. However, in an era in which
microbiologists have direct access to whole-genome sequence information, it makes no sense
to try and mimic the results that were obtained through DDH, a method that was introduced
in a pre-genomics era to approach whole-genome sequence derived information as close as
possible (Wayne et al., 1987; Vandamme & Peeters, 2014).
The second issue relates to the fact that taxonomists are being forced to perform an increasing
number of, in particular biochemical and phenotypical, characterizations (Tindall et al., 2010;
Ramasamy et al., 2014) that are of questionable taxonomic and practical relevance (Sutcliffe
et al., 2012). The polyphasic taxonomic approach was introduced as a consensus approach to
provide a multifaceted view on the biology of a bacterium in an era in which microbiologists
had no direct access to the genetic source code responsible for these characteristics. This
search for differentiating biochemical reactions is a practice that originated from the era of
traditional diagnostic microbiology. However, the biochemical diagnostic methods that were
previously used in routine clinical microbiology have nowadays been replaced by MALDI-TOF
MS (Cherkaoui et al., 2010; Van Veen et al., 2010; Carbonnelle et al., 2011). The extended
biochemical and phenotypical characterizations that were performed as part of the polyphasic
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taxonomic studies in chapters 4 and 5 were thus performed to comply with the traditional
requirements for the formal classification of bacteria that are imposed by the leading journals
in the field of prokaryotic taxonomy. This cost- and time-inefficient practice of performing
extended phenotypical characterizations presents a significant barrier to progress in the field
of taxonomy (Sutcliffe et al., 2012).
In conclusion, it is time to revisit the currently applied polyphasic taxonomic approach and
revitalize the practice of prokaryotic systematics (Sutcliffe et al., 2012, 2013; Vandamme &
Peeters, 2014). Although it can be argued that this compliance of whole-genome sequence-
based parameters with the existing classifications is a convenient way to replace DDH
without the need to revise the classification schemes, we should not hold on to existing
classification schemes if this hampers the introduction of new, more accurate genome-based
methods in prokaryotic taxonomy. In this genomics era, a whole-genome sequence and a
minimal description of phenotypic characteristics would provide a basic biological identity card
that could be considered sufficient, cost-effective and appropriate for a species description
(Vandamme & Peeters, 2014). In the future, a robust, whole-genome sequence-based species
definition may help to classify the backlog of diversity awaiting formal description and the
huge diversity that is yet to be discovered.
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