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Summary

Burkholderia multivorans is the most frequently isolated Burkholderia cepacia complex species
recovered from cystic fibrosis lung infection. However, its pathogenesis and species population biology
remain elusive. Understanding adaptational factors of B. multivorans to the CF lung microenvironment

is important for predicting its pathogenesis and disease outcome.

B. multivorans population biology was explored using pan genome analysis, average nucleotide identity
and phylogenomic analysis (n = 283). The population split into two major genomic lineages, designated
1 and 2, and four B. multivorans model strains were selected to represent them: the soil strain ATCC
17616 (lineage 2a), BCC1272 (lineage 2a), BCC0033 (lineage 2b), and BCC0084 (lineage 1). The latter
3 CF strains were completely genome sequenced to add to the readily available reference genome ATCC
17616. Using gene presence-absence analysis, unique B. multivorans lineage-specific genes were
identified. This enabled diagnostic PCR design with genes ghrB_1 and ginM_2 selected as the lineage
1 and lineage 2 targets, respectively. The PCRs showed 100% lineage-specificity against 48 B.

multivorans strains.

Phenotypic analysis was performed on a subset of 49 B. multivorans strains evaluating their
morphology, growth kinetics, motility, biofilm formation, and exopolysaccharide production. The B.
multivorans phenotype was variable amongst the strains, with no link to genomic lineage. Phenotypic
comparison was also performed when B. multivorans were mixed with a secondary CF pathogen. The
suppression of P. aeruginosa LESB58 protease production, when cultured with B. multivorans, was
identified as an interesting interaction based on an unknown mechanism. Three of the B. multivorans
model strains (BCC0033, BCC0084, and ATCC 17616) were also evaluated in a murine respiratory

infection model and all showed good persistence over 5-days.

Overall, this work has built a foundation of knowledge on the B. multivorans phenotype and genotype,

enabling associations between lineage, therapeutics testing, and clinical outcome to be studied.
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All box plots are split by genomic lineage. Error bars show the 95% confidence intervals. The middle
line for each plot represents the median average. Outliers in the dataset are represented by single,
round points. The red point on each box plot represents the mean average of each lineage. The ‘other’
lineage contains single strain B. multivorans BCC1368. Lineage 1 comprised of 25 genomes and
lineage 2 comprised of 47 (2a: n = 18, 2b: n = 29) genomes. Statistical significance was observed for
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(Pritchard et al. 2016) was used to create the heatmap. The scale of red represents the genomic
relatedness of the B. multivorans strains. The higher the ANI, the darker the red colour on the
heatmap figure. PyANI calculates ANI based on a pairwise analysis between the genomes. No
reference genome has been used to create this figure. The two genomic groups have been highlighted
on the heatmap using black outlines. Group 1 can be seen in the bottom left of the figure and group 2,
with respective sub-groups 2a and 2b highlighted in the top right of the figure. Since the
phylogenomic analysis also supported these ANI genomic groups, the two B. multivorans lineages
have also been noted on the right-hand side of the figure, encompassing the genomes within that
specific group. Inkscape was used to edit the figure to add the details. ...........ccccovvviveeeiiinicciiiiennnnnn. 97
Figure 7 | Master core gene phylogenomic tree of the 283 B. multivorans genomes. RAXML
phylogenomic tree created by aligning 2,998 core-genes with 100 bootstraps. Genome relatedness is
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Lineages have been marked on the right-hand side. This shows Lineages 1 and 2 as well as ‘other’.
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Figure 10 | Phylogenetic tree and lineage 2 using RAXML with 100 bootstraps. The phylogenetic
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confidence of >80% and a hollow (white) circle means confidence of <80%. ........cccevveeervrrerennnne. 107
Figure 11 | Core-gene phylogenies of replicons C1, C2 and C3 in the B. multivorans strain panel
(n =77). RAXML with 100 bootstraps was used to construct the phylogenetic trees. 2,205, 565, and
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Figure 13 | Tree cut-off graphs for levels 5 and 6. Figures created using Phyloviz online (Ribeiro-
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isolates still independent Of ANY GIOUP. ....ceeeveeeiriiiiiiiiiee ettt eeirre e e e e e e e reee e e s e eneraeeeas 118
Figure 14 | N Locus Variant (NLV) graphs illustrating tree cut-off thresholds in 581 B.
multivorans genomes. Analysis combined the 77 B. multivorans strain panel with all the available
STs from PubMLST (October 2020). This provided a total of 221 unique STs for analysis. (A) NLV
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number of differences up to and including the defined thresholds. This type of graph is used to show
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Figure 15 | Basic genomic content for the 77-genome B. multivorans strain panel. The horizontal
bar plots show the total, unique and core genes present in each of the genomes. The vertical bar plot
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Figure 16 | Pan genome pie chart illustrating the core and accessory genome of the 283 B.
multivorans master panel. The core genome is comprised of the core, soft-core and shell genes. The
cloud genes represent the aCCESSOTY ZEMOIME. .....ccuveerurirerireernireenieeenteeeireesreeenreeebeeesbeeenareeenneees 129
Figure 17 | Virulence and pathogenicity factors within the B. multivorans strains genomes. The
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Figure 18 | Presence absence matrix of virulence and pathogenicity genes in the B. multivorans

strain panel. This analysis used Abricate to identify gene hits in the 77 B. multivorans draft genomes.
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blue, chemotaxis genes = red, T4 pili = lime green, T6SS genes = orange, QS genes = grey, OMP =
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Figure 20 | Location of virulence and pathogenicity genes in the B. multivorans strain ATCC
17616. Key genes were identified using Abricate databases against the complete genome. Figure was
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= light blue, chemotaxis genes = red, T4 pili = lime green, T6SS genes = orange, QS genes = grey,
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Figure 21 | Location of virulence and pathogenicity genes in the B. multivorans strain BCC1272.
Key genes were identified using Abricate databases against the complete genome. Figure was drawn
using Circa and edited using Inkscape. The gene locations are colour coded by group. Flagella = light
blue, chemotaxis genes = red, T4 pili = lime green, T6SS genes = orange, QS genes = grey, OMP =
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Figure 22 | Location of virulence and pathogenicity genes in the B. multivorans strain ATCC
17616. Key genes were identified using Abricate databases against the complete genome. Figure was
drawn using Circa and edited using Inkscape. The gene locations are colour coded by group. Flagella
= light blue, chemotaxis genes = red, T4 pili = lime green, T6SS genes = orange, QS genes = grey,
OMP = black, AMR genes = purple, modulating proteins = pink.........c..cccceeriiiiiiniiiiiniiee e, 150
Figure 23 | Gene presence absence matrix for the low oxygen associated (Ixa) genes in the B.
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Figure 24 | Distribution of prophages within the B. multivorans genomes (n =77). Prophages were

split into the number of prophage regions per B. multivorans genome for the analysis undertaken with
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PHASTER (Arndt et al. 2016). This showed the number of incomplete (n = 124), intact (n = 92) and
questionable (n = 26) prophages in the 77 B. multivorans genomes examined. ...........cccccceeveuurreeeen. 152
Figure 25 | Types of prophages compared to prophage size in the B. multivorans strain panel (n
= 77). Box plots illustrate the mean, median, upper, and lower quartiles as well as any outliers. Plots
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Figure 26 | Correlation between the number of phages and genome size (Mb) of the B.
multivorans strain panel (n = 77). A linear regression line has been drawn for the prophage number
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between B. multivorans genome size and the total number of putative prophages (irrespective of
whether they are incomplete, intact, or questionable) identified in the genome. The blue line
represents the regression 1ine of Best fit..........oovecciiiiiiiii i e 154
Figure 27 | Gubbins-filtered core SNP phylogenies of the two B. multivorans lineages. Top =
lineage 1 (n =27), bottom = lineage 2 (n = 50). Phylogenetic trees drawn using RAxML with 100
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SUDSTITULION. ...ttt eeitt ettt ettt ettt e e et e e e bttt e e e eabb e e e e sabb et e e s abb e e e s eabbeeeesanbeeeesaabbeeesaabaeeessanree 164
Figure 28 | Number of SNP variants in the B. multivorans genomes (n = 76) grouped by lineage.
Total variants were calculated based on the results output from Snippy. Variants were grouped by
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SNP variants between the two lineages (p = 0.0001). ...oocuuiiiiiiiiiiiiiie e 165
Figure 29 | Number of variants in each B. multivorans lineage grouped by variant type. (A)
Number of variants in lineage 1 (n = 27), (B) number of variants in lineage 2 (n = 49). Variant type
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Figure 30 | In silico analysis of the lineage-specific PCR products on a 1.2% agarose gel. Figure
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Figure 31 | GHRBMI1 PCR gel of B. multivorans strains. PCR designed to target lineage 1 (n = 18)
B. multivorans strains. DNAse free water was used for the negative control. Negative B. multivorans
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LESBSS strains genetically manipulated to harbour the pIN301-eGFP plasmid. Readings were
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LESBSS strains genetically manipulated to harbour the pIN233-mCherry plasmid. Readings
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Figure 39 | Core SNP phylogeny of BCC0084::pIN301-eGFP isolates from the murine infection
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Figure 40 | Core SNP phylogeny of BCC0033::pIN301-eGFP isolates from the murine infection
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Figure 43 | Growth curves of the B. multivorans phenotypic strain panel over a 48-hour period.
Growth rates were measured using a Bioscreen C instrument. Cultures were grown in TSB at 37°C,
shaking 10 seconds before each 15-minute reading. ODs for each B. multivorans strain (n = 50) were
aggregated and the Means PIOtLEd. ..........oviviiiiiiiiiiiiiiiee e e e e e e e e e e e e e eneraeees 206
Figure 44 | Growth parameters of the B. multivorans strains (n = 50) at 48-hours. The box plots
have been drawn from data produced in R using the GroFit package: (A) growth rate (h™), (B) lag
phase (hours), and (C) maximum growth (OD 430520 nm). All box plots are annotated with the model
strains on the right-hand side (red) and display the upper quartile, mean, and lower quartile. Outliers
have also been added to the PLOLS. .......coiiiuiiiiiiiiiiie et 208
Figure 45 | Growth parameter comparisons of the four B. multivorans model strains (n = 4)
when grown in TSB and ASM. Analysis of results outputted by the R package GroFit. (A) growth
rate (h™"), (B) maximum growth (OD 450.520 nm), and (C) lag phase (hours). All box plots are annotated
with the model strains on the right-hand side (red) and display the upper quartile, mean, and lower
QUATTILE. ...ttt ettt e e ettt e e e ettt e e e s bt e e e e eabb e e e e easbteeeeanbbeeeeeabbteeeeabteeeeanbateeeean 210
Figure 46 | Representative images for the B. multivorans swimming and swarming motility
categories. Results were recorded after 24-hours incubation at 37°C. The figure shows a
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Figure 47 | Swimming and swarming motility in the B. multivorans strain panel after 24-hours
incubation at 37°C. (A) Swimming motility was performed on 0.3% LB agar (n = 49). Swarming
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motility was performed on (B) 0.5% LB agar (n = 48) and (C) 0.5% BSM-G agar (n = 44). Model B.
multivorans strains (n = 4) are annotated in red on the right-hand side of each box plot.................. 215
Figure 48 | Antibiotic susceptibility of the B. multivorans strain panel (n = 45) using the M26-
NCE MASTRING disc diffusion assay. Box plots show the mean, lower quartile, and upper quartile
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Figure 49 | Biofilm formation of the B. multivorans strain panel (n = 49) after 24-hours. Among
of biofilm was assessed using the crystal violet assay (O'Toole 2011), reading the results using a plate
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Figure 50 | Comparison of biofilm formation in TSB and ASM amongst the B. multivorans
strains (n = 11). A selection of 11 strains, spanning low and high biofilm formers, were chosen for

the comparative analysis. Each plot shows the mean, lower quartile, upper quartile, and any outliers.

Figure 51 | EPS scoring system of the B. multivorans strain panel on YEM agar. The scale
represents the amount of exopolysaccharide produced by each B. multivorans strain. Categories: ‘- =
non-mucoid, ‘+’ = partially mucoid, ‘++’ = frankly mucoid, ‘+++> = mucoid, ‘++++* = highly
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Figure 52 | Exopolysaccharide production of the B. multivorans strains (n = 84) after 48-hours
incubation at 37°C. The bar chart shows the counts for each EPS category. B. multivorans strains
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Figure 53 | B. multivorans absence of protease production on lactose-free skimmed-milk agar.
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Figure 54 | C4+-HSL & Cs-HSL signals in the B. multivorans model strains (n = 5). E. coli pSB406
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Figure 55 | 3-0x0-C12-HSL signals in the B. multivorans model strains (n = 5). E. coli pSB1142
used as a mono-culture control. Box plots represent the 10gio RLU. .......cccccceviiiiiiiiiiiiiiiiiiiiee, 224
Figure 56 | Growth curve of the representative B. multivorans model strain ATCC 17616 with
secondary CF pathogens. Growth curves have been created over a 48-hour period at 37 °C, shaking
10 seconds before each 15-minute reading. Microbial growth was performed in a Bioscreen C
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1 Introduction

1.1 An overview of cystic fibrosis

Cystic fibrosis (CF) was first recognized as a disease after its separation from coeliac disease in 1938
(Andersen 1938). CF is a recessive genetic condition, which mostly affects the Caucasian population,
causing early mortality (Davis 2006). In the 1960s, individuals with CF were unlikely to live past the
age of 5-years-old (FitzSimmons 1993). As disease management and therapeutics have advanced, the
expected life expectancy of people with CF has also increased, particularly in recent decades. The
national CF registry reports show median life expectancy of individuals with CF is now around 50-

years of age or more (UK-Cystic-Fibrosis-Registry 2021; Cystic-Fibrosis-Canada 2022).

There are newborn screening programs in Europe which can identify CF at birth (Southern et al. 2007).
However, not all patient registries are consistent, meaning that exact prevalence of CF in Europe may
not be completely known (Farrell 2008). Centralized databases, such as the UK CF registry (supported
and maintained as part of the CF Trust), reports the number of registered CF patients and relative
statistics (UK-Cystic-Fibrosis-Registry 2021) in an attempt to capture more accurate numbers of
affected individuals. Most CF cases are in Europe, North America, and Australia. However, its
incidence is variable amongst these continents. For example, Ireland has the highest European
prevalence with 1/1353 births affected (Farrell 2008). In the United Kingdom (UK), there are more than
10,500 CF-diagnosed individuals (UK-Cystic-Fibrosis-Registry 2021). There have also been very high
CF incident rates in the Ohio Amish population (affecting 1/569 births) (Klinger 1983) and in
Sanguenay-Lac-Saint-Jean, Qubec (affecting 1/902 births) (Daigneault ef al. 1991).

CF is caused by a mutation in the chloride-conducting transmembrane conductance regulator (CTFR)
alleles, present on chromosome seven (Newmark 1985). The CFTR protein regulates water, chloride,
and bicarbonate translocation (Kim and Skach 2012; Sabharwal 2016). Lack of this regulation causes a
buildup of thick, sticky mucus in the lungs and other organs (Li and Somerset 2014), opportunistic for
CF-related pathogens to colonize and thrive (Elborn 2016). Whilst the CFTR mutation affects multiple
organs in the body, it is the profound effect it has on the lungs which drives morbidity and mortality
(Mall and Hartl 2014). This is attributed to lung tissue deterioration, lung function decline (Fauroux et
al. 2004) and overall respiratory failure in 80-95% of CF patients (Lyczak et al. 2002). Infections with

a range of bacterial and fungal pathogens is a key driver of lung disease in CF.

It is known that pathogen infection in CF patients can either be dominated by a singular CF pathogen
or by polymicrobial communities known as the CF microbiota. These communities affect the CF
airways in a chronic nature and cause a cycle of respiratory exacerbation which impacts the overall
health of the individual (Jean-Pierre ef al. 2021). There are multiple pathogens which can infect the CF

airway. Staphylococcus aureus and Haemophilus influenzae are predominantly found in children with
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CF. Chronic infection by formidable pathogens such as Pseudomonas aeruginosa and members of the
Burkholderia cepacia complex (BCC) (Razvi et al. 2009; Price et al. 2013) may then occur later in life.
Polymicrobial communities are not just limited to aerobic bacteria, they also include a host of additional
microbes including anaerobes (Rogers et al. 2010). Understanding of polymicrobial interplay between
the CF microbiota remains unclear. Interactions between the pathogens and their links to clinical
outcome is complicated (Jean-Pierre et al. 2021). Antimicrobial resistance (Harriott and Noverr 2009;
Radlinski et al. 2017; Vandeplassche et al. 2019) and increased virulence (DeLeon et al. 2014) have
been attributed to polymicrobial interactions in animal infection models. Polymicrobial communities

are highly patient-specific, supporting the requirement for personalized therapy.
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Figure 1 | Microorganisms found in CF lung infections during 2020. The percentage of patients with each

microorganism is grouped by age range (years). The sample is from 9,992 isolated bacteria. Figure is from the

UK CF patient registry (UK-Cystic-Fibrosis-Registry 2021).

1.2 An introduction to the Burkholderia genus

In 1949, Walter Burkholder discovered Pseudomonas cepacia, the causative bacterial agent of onion
rot, which was described as a human pathogen a year later (Burkholder 1950). P. cepacia was originally
rejected under the Approved List of Bacterial Names (Skerman et al. 1989) and thus disappeared from

bacterial nomenclature. Palleroni and Holmes (1981) rekindled the bacterial name and evaluating its
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validity. This was done by comparing P. cepacia to Pseudomonas ribonucleic acid homology group II
(Palleroni and Holmes 1981). Reclassification of P. cepacia into the new Burkholderia genus was then
proposed by Yabuuchi et al. (1992). Justification of this genomic reclassification was proven using 16S
rRNA gene sequencing (Bottger 1989), DNA-DNA homology (Brenner et al. 1969), fatty acid and lipid
concentrations, and phenotype (Yabuuchi et al. 1992).

Burkholderia species are Gram-negative, non-fermenting rods which group under the class
Betaproteobacteria (Coenye et al. 2001b). In 1992, the Burkholderia genus was comprised of 7 species:
B. cepacia, B. gladioli, B. solnacearum, B. mallei, B. pseudomallei, B. pickettii, and B. caryophylli
(Yabuuchi et al. 1992). All 7 of these species corresponded to Pseudomonas tRNA group II. However,
B. pickettii and B. solnacearum were later reclassified into the novel genus, Ralstonia (Yabuuchi et al.
1995). More recently, there have been a split of the Burkholderia genus into two taxonomic groupings:
one remaining as Burkholderia species and one being reclassified as Paraburkholderia species (Sawana
et al. 2014). This split was based on phylogenetic relationships and comparative genomic analyses but
was also aligned with overall clinical relevance of each taxonomic grouping. The Burkholderia genus
holds more animal and human pathogen species, whereas the Paraburkholderia genus harbours more
environmental species associated with beneficial function (Sawana et al. 2014). A further 11 species of
the Burkholderia genus have also been proposed for transfer to novel genus Caballeronia (Dobritsa and
Samadpour 2016). To date, there are over 100 named Burkholderia species in the approved
nomenclature (Skerman et al. 1989), with 24 of these species comprising the Burkholderia cepacia
complex (BCC) group. Jin et al. (2020) showed further classification of the BCC into clusters through

drawing of a maximum likelihood tree (Figure 2).
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Figure 2 | The re-classification of BCC genomes based on a maximum-likelihood phylogeny (rn = 116).
Phylogenetic tree drawn by Jin et al. (2020). Type strains are marked with a blue star on the outer edge of the
circle. The figure represents 116 BCC genomes aligned using 1,005 single-copy gene orthologs. Groups

associated with clustering are shown by coloured backgrounds.

Accurate identification helps with underpinning both epidemiology and CF lung infections. Due to the
high similarity of the BCC species, phenotypic identification is not enough (Devanga Ragupathi and
Veeraraghavan 2019; Furlan et al. 2019), and overall identification has proven difficult (Jin et al. 2020).
B. multivorans, the species studied in this PhD, can be differentiated from other members of the BCC
through a combination of molecular and phenotypic methods such as sucrose and adonitol acidification,

bacterial growth at 42°C, and API 20 NE biochemical testing (Henry et al. 2001).

Both the 16S rRNA gene has been used for bacterial classification (Eisen 1995) and recA gene (Karlin
et al. 1995) was found to be a useful marker for BCC identification (Mahenthiralingam et al. 2000).

With expanding diversity of BCC taxa, the reliability of these single gene markers is not sufficient for
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accurate identification (Jin et al. 2020). In 2005, expansion to a 7-gene multi-locus sequence typing
(MLST) system proved to be a more accurate differentiation tool for the BCC (Baldwin et al. 2005),
but recent genomic analysis showed there are still gaps in characterization of certain BCC sequence
types (STs) (Furlan et al. 2019). Identification methods are still developing, but with more advanced
next-generation sequencing (NGS) technologies, genomic taxonomy has become more routine. There
has been a large increase in the availability of published BCC complete genomes (Sharma et al. 2014;
Salloum et al. 2018; Garcia-Romero and Valvano 2020). By combining this with whole genome
sequencing (WGS), the capability to define BCC evolutionary relationships is enhanced (Jin et al.
2020).

Interestingly, a key similarity of the BCC genomes is their multipartite replicon structure, comprising
3 primary replicons: C1, C2, and C3 (Mahenthiralingam et al. 2005). The B. multivorans ATCC 17616
strain was investigated by Cheng and Lessie (1994), identifying its multi-replicon structure in the 1990s.
The replicons varied in size at 3.4 Mb, 2.5 Mb, and 0.9 Mb for C1, C2, and C3, respectively (Cheng
and Lessie 1994). All 3 replicons were found to hold both insertion sequence (IS) elements and rRNA
(Cheng and Lessie 1994). As well as the 3 main BCC replicons, various plasmids are also found within
the genus (Mahenthiralingam et al. 2005). The C3 replicon of the BCC has previously been described
as a conserved, nonessential virulence mega-plasmid (Agnoli er al. 2012). It has been thought that the
C3 replicon is important in adaptation and survival to varying niches (Yoder-Himes et al. 2009;
Nishiyama et al. 2010). The plasmid may also assist the bacterium in the tolerance to various

environmental stresses, providing an overall fitness benefit (Agnoli ef al. 2014).
1.3 Burkholderia multivorans and its association with cystic fibrosis

The species name Burkholderia multivorans (previously known as B. cepacia genomovar II) was first
proposed by Vandamme et al. (1997). B. multivorans is now the most common CF-associated BCC
infection in the USA (Lipuma 2010), UK (Kenna ef al. 2017), and arguably worldwide, overtaking B.
cenocepacia in epidemiological prevalence from the late 1990s onward (Zlosnik et al. 2015). In the US
during 2010, disease metrics showed B. multivorans infected 3 times the number of CF individuals than
B. cenocepacia does (Figure 3) (Lipuma 2010). In the UK, similar epidemiological numbers are
observed, with 162 of 316 (51.3%) of the BCC bacteria isolated from CF infections were B. multivorans
(Kenna et al. 2017). B. cenocepacia infections have been reduced through strict and effective control
measures, reducing spread between individuals (Mahenthiralingam et al. 2001; Speert et al. 2002;
France et al. 2008). However, environmental sources of B. multivorans may still contribute to ongoing
infection of CF individuals (Turton et al. 2003; Baldwin et al. 2008; Ramsay et al. 2013). The exact
niche of B. multivorans remains uncertain, with studies reporting sporadic isolation from the natural

environment (Lipuma 2010; Depoorter et al. 2016).
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Figure 3 | BCC species infections in CF patients over a 10-year period (1997-2007). Figure obtained from (Lipuma
2010). (A) Distribution of BCC species in CF individuals from the USA (n = 2,024) during the period. (B) Incidence rates

of B. multivorans (blue line) and B. cenocepacia (red line) over the period.

From MLST data, several B. multivorans STs (ST-16, ST-17, ST-18, ST-21, ST-24, ST-181, ST-190,
ST-195, ST-198, ST-270, ST-274, and ST-375) are globally disseminated, having been found in
multiple countries over several decades (Baldwin e al. 2008). These prevalent STs have been found in
New Zealand, US, Canada, UK, Brazil, Czech Republic, Australia, Belgium, and Portugal (Baldwin et
al. 2008). Several B. multivorans STs associated with outbreaks of CF lung infection have also been

reported (Table 1).
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Table 1 | B. multivorans STs associated with outbreaks of CF lung infection

Sequence  Other names Comments Reference
Type
27 Glasgow Hospital outbreak starting in December 1991 (Whiteford et al. 1995)
outbreak strain
25 OHBM Outbreak in a US CF centre (35.3% of patients shared the same (Biddick et al. 2003)
strain)
180 / Multiple infections in CF and non-CF patients (Prague, Czech (Baldwin et al. 2008)
Republic)
179 TUL2 Outbreak in a US CF centre (62.5% of patients shared the same (Biddick et al. 2003)
strain)
199 / Transient strain shared between two siblings (Mahenthiralingam et al. 2001)
15 South Wales  Hospital outbreak in Llandough, Cardiff where 56% of patients had  (Millar-Jones et al. 1998)
outbreak strain cross-infection of strains
419 / Outbreak amongst 32 CF individuals in France (Baldwin et al. 2008)
16 French Patient-to-patient spread amongst 22 CF individuals in France (Segonds et al. 1999)

epidemic clone

Infection of the CF lung with BCC bacteria can be either transient or chronic, with the latter causing
lung function decline (Mahenthiralingam et al. 2001). Certain individuals with chronic BCC infection
may also develop a fatal necrotizing pneumonia known as “cepacia syndrome”, which may also
simultaneously coincide with invasive bacteraemia (Isles et al. 1984). This occurs in around 20% of
BCC-infected CF individuals (Ledson er al. 1998). Bacteraemia is correlated with BCC infection, as

other CF pathogens do not have the ability to cross the epithelial barrier (Leitao et al. 2010).

The lives of CF individuals are very affected by BCC infection. There is clear evidence of patient-
patient spread of BCC bacteria (Millar-Jones et al. 1998; Segonds et al. 1999; Mahenthiralingam et al.
2001; Biddick et al. 2003). Therefore, contact with other CF individuals has been limited, with
prohibition of two CF individuals meeting in certain countries. This includes hospital settings and social
gatherings (Speert et al. 2002). More virulent BCC species such as B. cenocepacia may also replace an
existing BCC strain in CF infection (Mahenthiralingam et al. 2001). Mechanisms underlying this
replacement remains inconclusive. Therefore, there must be careful control of CF patient interactions
to limit BCC spread, but also considering patient health to ensure they are not physically and mentally
isolated (Speert et al. 2002). As a result of effective infection control, there has been a reduction in
overall BCC prevalence and transmission (Saiman et al. 2014; Salsgiver et al. 2016). However, lack of
knowledge of infection, improper infection control or lapses in management can in turn cause outbreaks

of BCC infection (Table 1).
1.4 Virulence and pathogenesis of the BCC associated with CF infection

To date, molecular-level understanding of BCC pathogenesis remains limited. We currently know that

successful CF infections are established by BCC bacteria through attachment to epithelial cells (Leitao
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et al. 2010). The thick mucus layer in the CF lung enhances microbial ability for colonization due to a
reduction in antimicrobial peptide efficacy and an enhanced inflammatory response (Boucher 2007).
Invasion of the lung epithelia allows the BCC bacteria to evade the host immune response, providing
an environment where the bacteria can replicate. Both in vitro and in vivo modelling of B. multivorans

strains have shown successful epithelial invasion (Cieri et al. 2002).

There are several virulence factors which the BCC use during host infection, but their association with
pathogenesis remains unclear. Multiple virulence factors have been identified in the BCC species and
those also associated with B. multivorans (Table 2). These factors include the secretion of extracellular
lipases and proteases (McClean and Callaghan 2009). Multiple lipases are secreted by BCC bacteria
(Allan et al. 2003), and are thought to help with invasion (Mullen et al. 2007). In fact, Burkholderia are
regarded as a highly important lipase-producing genus, although there is sparse information regarding
lipases and virulence, particularly amongst the BCC (Mullen et al. 2007). Burkholderia secreted lipases
can actually alter the cell morphology of macrophages, reducing phagocytic ability (Straus et al. 1992).

Initial CF lung infection by the BCC is driven through colonization of the upper respiratory tract (URT),
aided by phenotypic traits such as motility, adhesion, biofilm formation, and tissue damage
(Mahenthiralingam and Vandamme 2005). Motility and adherence to host cells is mostly driven through
flagella, pili and adhesins (Leitdo et al. 2010). Motility is key for establishment of infection and for
movement through liquid environments. Studies have shown a reduction in virulence of BCC pathogens
when flagella biosynthesis is impaired (Tomich ef al. 2002). Pili and their use for mucin and cell
adhesion in CF have been studied in B. cenocepacia (Sajjan et al. 1995; Sajjan et al. 2002). For instance,
the cable pilus, found in the B. cenocepacia ET12 lineage, has been widely studied (Sajjan et al. 2002).
The CblA pilin subunit (cblA gene) of the B. cenocepacia cable pilus was used as a genetic marker to
identify virulent isolates (Sun ef al. 1995a). Whilst pili have been found in B. cenocepacia, their
presence and requirement for virulence in B. multivorans lung infection is uninvestigated. Post-
establishment of infection, bacteria then build biofilm structures in the CF airways and sputum over the
course of chronic infection (Mahenthiralingam and Vandamme 2005). In vitro biofilm-forming abilities
are widespread amongst BCC bacteria, with species such as B. multivorans and B. cenocepacia

generally being good biofilm formers (Conway et al. 2002).

The Gram-negative lipopolysaccharide (LPS), also known as endotoxin, comprises around 75% of the
outer membrane of bacterial cells. This cellular component is necessary for bacterial growth, survival,
and pathogenesis (Silipo et al. 2007). The BCC LPS is very interesting, particularly as it is unlike other
Gram-negative bacteria in several ways. This virulence factor not only helps confer antibiotic
resistance, but also induces cell damage through cytokines (De Soyza et al. 2004; Sengyee et al. 2019).
LPS is comprised of O-antigen repeats and conserved lipid A structure. Not all Gram-negative bacteria

have the O-antigen component, whereby BCC have a ‘rough LPS’ (Silipo et al. 2007). The LPS has
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been shown to modify during chronic Gram-negative infection (Maldonado et al. 2016), such as cases
like P. aeruginosa (Pier 2007; Faure et al. 2018). This modification protects the bacterium against the
host innate immune response (Maldonado et al. 2016). The lipid A part of the LPS is altered by adding
chemical groups, adjusting overall outer membrane charge (Ortega et al. 2009). These lipid A
modifications suppress recognition by host immune receptors (Di Lorenzo et al. 2015) and can also
increase resistance to antimicrobials through reduced membrane permeability (Needham and Trent

2013).

The presence of the O-antigen (OAg) is the most important phenotypic modification of the BCC LPS.
Loss of OAg has been correlated with chronic infection of B. multivorans and B. cenocepacia, where
loss was most seen in longer infection periods (Hassan ef al. 2019). Interestingly, OAg loss also is
frequently associated with more virulent lineages. For instance, B. cenocepacia recA IIIA lineage
strains have a greater loss of OAg when compared to other lineages (Hassan et al. 2019). OAg loss in
B. multivorans has been attributed to three mutations in the wbi gene cluster (Silva et al. 2016). Whilst
the presence of O-antigen has been shown to help Gram-negative bacteria evade the immune response
(Murray et al. 2006), there may be increased survival of BCC in host macrophages when OAg is absent
(Hassan et al. 2019).

Multiple BCC virulence factors are regulated by quorum sensing (QS) systems, and all BCC bacteria
harbour at least one QS system, such as well-documented CepIR (Table 2) (Leitdo et al. 2010) which
is conserved amongst the BCC (Suppiger et al. 2013). The CeplIR system (Table 2) is dependent on acyl
homoserine lactone (AHL) autoinducer molecules to activate or repress gene expression (Suppiger et
al. 2013). QS systems regulate BCC virulence factor expression (Leitdo et al. 2010) such as motility
and biofilm formation (Venturi et al. 2004). Biofilm formation is not always under QS control, and is
also dependent on growth conditions, with further research required to better understand important BCC
phenotypes (Conway et al. 2002). B. multivorans has been shown to benefit from a functioning QS
system during CF infection (McKeon ef al. 2011). BCC bacteria can also interact and communicate
with QS molecules produced by P. aeruginosa, such as within mixed biofilm interactions (Riedel et al.
2001). This highlights the importance of QS in BCC pathogenicity both alone and in mixed microbial

communities.
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Table 2 | Virulence factors previously found in the BCC

Virulence factor

Description

References

Flagella BCC bacteria have either a single flagellum  (Mahenthiralingam and Vandamme 2005)
or cluster of polar flagella for swimming
motility.

Lipases B. multivorans has been shown to produce  (Mullen ez al. 2007)

high levels of lipase. These lipases may also

contribute to lung epithelial invasion.

Fimbrial and afimbrial adhesins

Fimbrial adhesins have been found in the
genome sequences of clinical and
environmental B. multivorans. Afimbrial
adhesins, however, are more common in

clinical B. multivorans strains.

(Denman and Brown 2013)

Outer Membrane Proteins (OMPs)

OmpW has been found in B. multivorans
and B. cenocepacia. This OMP contributes
to  host-cell attachment’.  However,
immunization of murine models with
OmpW have shown to effectively protect

against B. multivorans infection?®.

OmpR has been shown in B. multivorans to
help with switching from mucoid-to-
nonmucoid in the CF lung® This response
regulator makes changes to the B.
multivorans  cell wall under stress

conditions®

4(McClean et al. 2016)
b(Silva er al. 2018)

Lipoprotein

SlyB is an outer membrane integrity protein

found in B. multivorans and B. cenocepacia.

(Plesa et al. 2006)

Lipopolysaccharide (LPS)

The LPS of BCC bacteria inflicts a host

immune response, including

proinflammatory  cytokine  induction,

damaging host cells in the process.

The LPS of BCC species, including B.
multivorans has lipid A which may have

links to successful human infection®

4(De Soyza et al. 2004)
b(Sengyee et al. 2019)

O-antigen

Presence of O-antigen may prevent
phagocytosis, but loss of O-antigen repeats
were linked to chronic infection with B.
multivorans. As O-antigen may interfere
with adhesion and stimulation of an
immune response, loss of the O-antigen

may be beneficial for the bacterium.

(Saldias et al. 2009)

Siderophores

B. multivorans was shown to have several
secondary siderophores (ornibactin and
cepaciachelin). These help with iron

acquisition by the bacterium.

(Butt and Thomas 2017)
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Exopolysaccharide B. multivorans was shown to produce two  (Herasimenka et al. 2007)
types of EPS: cepacin and PS1. The former
is more abundant in B. multivorans and the

BCC.

Biofilms Multiple members of the BCC was shown  (Caraher et al. 2007)
to form biofilms. These structures enhance
antibiotic resistance of the bacterium,
making eradication more difficult. Biofilms
directly correlate with clinical virulence of
the pathogen, including chronic
colonization of  the CF lung

microenvironment.

There is currently little understanding about the virulence factors which aid chronic colonization of B.
multivorans in CF lung infection (Silva et al. 2016; Diaz Caballero et al. 2018). It has been proposed
that adaptation of B. multivorans to the CF lung microenvironment is like that of P. aeruginosa (Smith
et al. 2006) and Burkholderia dolosa (Lieberman et al. 2011), due to the similarity in genomic mutation
rate over long-term infection (Silva et al. 2016). Genotypic alterations in chronic B. multivorans
infection have been observed in lipid metabolism and gene expression (Silva ef al. 2016). In terms of
phenotypic adaptations, there were changes to antimicrobial resistance, biofilm formation, and

presentation of the lipopolysaccharide (LPS) O-antigen (Silva et al. 2016).

As the BCC cause a range of infection in humans, animals and plants, several infection models have
been evaluated (Uehlinger et al. 2009): Galleria mellonella (Seed and Dennis 2008), Caenorhabditis
elegans (Cardona et al. 2005), murine infection, onions, and the alfalfa plant (Uehlinger et al. 2009)
(Table 3). One issue faced by the research community is that there is not a ‘one model fits all’ approach
for using these strategies to characterize infection. All the infection models have their advantages as
well as limitations, and a fully indicative ‘true’ CF model remains elusive (Leitdo et al. 2010). Certain
investigations have been performed to examine the overlap of BCC virulence factors within different
infection models, but there is evidence that these factors are frequently host-specific (Uehlinger et al.

2009).
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Table 3 | Infection models used to assess the virulence and pathogenicity of different BCC bacteria. Studies

include both vertebrates and invertebrates. Table adapted from Leitdo ef al. (2010).

Infection model

Description of study

Reference

Vertebrates

Murine agar bead model

(Cash et al. 1979)

Swiss mice were used to model chronic pulmonary BCC infection using pneumonia. This used
agar beads to initiate infection via intratracheal inoculation. The result compared the
morphology and histopathology of the simultaneous BCC infections. Whilst there is a
limitation that this model accurate, natural progression of BCC infection, the immune response

and tissue damage in this model was like that observed in CF patients.

(Starke et al. 1987)

Male Sprague-Dawley rats were inoculated with BCC strains using the agar bead model. Lungs
from each rat were homogenized on infection days 7 and 21. BCC members, including B.
multivorans, were able to establish chronic infection. This was used to compare virulence in
the rats compared to alfalfa models, where B. multivorans was not suitable in this plant

infection model.

(Bernier et al. 2003)

C57/Black 6 mice were used for the agar bead infection using B. cepacia strains. Lungs and
spleens were homogenized after 72-hours of infection. Genomovars containing B. multivorans
and B. cenocepacia showed strains were invasive and noninvasive in each species. This

indicated that the assay was strain specific.

(Cieri et al. 2002)

C57Bl/6 Mice were used to assess B. cenocepacia airway infection using the agar bead
intratracheally infected model. Infection in the murine lung, liver and spleens were assessed at
1, 7, 14 and 28-days post-infection. Histological analysis was also performed on the infected
murine lungs. The results showed that pathogenicity was not influenced by B. cenocepacia

isolate origin.

(Pirone et al. 2008)

Murine agar bead models were used to assess the role of type 3 secretion system (T3SS) gene
bscN in the BCC. B57BL/6 mice were infected with B. cenocepacia J2315 WT and a mutant
strain of CM56. Infection was measured at 3- and 7-days post-infection, analyzing the spleen
and lungs of each mouse using histopathology. The results showed that BCC strains lacking
bscN had a lower recovery of viable bacteria compared to the WT, supporting the requirement

of T3SS in the BCC for full virulence.

(Tomich et al. 2003)

Female C57/BL6 mice were inoculated with agar beads containing B. cenocepacia with and
without the major flagellin subunit (f/iCII). The mice were assessed for mortality over a 72-
hour period. The aim was to assess whether the presence of flagella contributed to bacterial
virulence and pathogenicity. No mortality was described in B. cenocepacia strains with a fliCII
mutant. However, 40% of strains which had the full major flagellin subunit was observed.

Therefore, flagella are likely to contribute to in vivo virulence.

(Urban et al. 2004)

This project assessed B. cenocepacia virulence genes. Male Sprague-Dawley rats were used
for the agar bead chronic lung infection models for a 10-day period. Genes were screened to

identify those necessary for in vivo survival.

(Hunt et al. 2004)

Male Sprague-Dawley rats infected with a clinical isolate of B. cepacia were used for this
experiment. Rats were assessed at given time points over a 24-hour period for the effect of
liposomal tobramycin on the lung infection. The results showed that inhalation of tobramycin

improved drug effectiveness and longevity.

(Marier et al. 2002)

B. cenocepacia K56-2 was used to infect male Sprague-Dawley rats using the agar bead model.
The rat lungs were assessed for infection burden at 3 and 10-days post-infection. To ensure the
cepl and cepR phenotype was present during infection, viable colonies were tested for protease

production. Extracellular protease activity is regulated by the CeplR system, and therefore lack

(Sokol et al. 2003a)
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of protease production would indicate that the phenotype had been lost. The results found that

the zmpA metalloprotease gene, regulated by CepR, may account of bacterial virulence.

Mice with CF

Mice (between 2-17 months old) with CFTR knock-out mutations were used for this
experiment. Mice lungs were removed and histologically examined for infection. A reduction
in the clearance of BCC bacteria (B. cenocepacia J2315) and S. aureus was observed in this
CF mouse model. As the models could not clear the infection, this model was deemed

appropriate for bacterial pathogen study in the CF lung.

(Davidson et al. 1995)

CFTR knock-out mice and respective WT CFTR mice comparisons (aged 6-8 weeks) were
used in this experiment. The infectivity of B. cenocepacia BC7 (CF sputum isolate) from the
ET12 lineage and environmental isolate ATCC 25416 were assessed. The results showed that
the B. cenocepacia CF sputum isolate (BC7) was better at causing excessive inflammation and
lung infection, over the course of 9 days, compared to environmental isolate ATCC 25416 in
the CFTR knock-out mice. By comparing the CFTR mutated mice to the respective mouse

WTs, it can be said this model may reflect what happens in human CF lung infection.

(Sajjan et al. 2001)

CFTR knock-out mice and their respective WTs (age 10-12 weeks) were used for this
experiment. B. cenocepacia K56-2 was assessed for infectivity in the CF and WT mice over a
5-day-period. The lungs and spleens of each mouse were assessed, using histopathology, after
the infection period. B. cenocepacia K56-2 mutant strains (lacking either cepl or cepR) had a
lower overall virulence compared to the K56-2 WT strain, irrespective of whether the mouse
had the CFTR mutation or not. This model was useful in showing that the CepIR QS system of

B. cenocepacia is required for full virulence in mice.

(Sokol et al. 2003a)

Mice with CGD

BCC bacteria were used in X-CGD mice for this experimental injection model. Murine
infection was monitored over the course of 72-hours. Mice injected with epidemic B.
cenocepacia J2315 all died of sepsis within the 3-day timeframe. The other BCC strains proved
to be less virulent than B. cenocepacia J2315. A limitation of this experiment is how mice with
CGD would translate to CF infection, particularly in terms of mucus clearance. However, it is

a good model for assessing virulence of different BCC members in a vertebrate model.

(Sousa et al. 2007)

Leukopenic mice

(leukocyte-deficiency)

Female BAL/c mice (age 6-8 weeks) were used for this experiment. They were treated with
cyclophosphamide to create a leukocyte deficiency. The study used several BCC species for
experimentation (B. multivorans, B. cepacia, B. stabalis, B. vietnamensis, and B. cenocepacia).
Of the strains tested, B. multivorans appeared to be most persistent in the 16-day murine
infection, with 5 of 6 strains infecting the mice over the whole period. The varying
pathogenicity of each of the BCC strains could be assessed in this model, with differences in

clinical outcome. This model is good for assessing B. multivorans persistence during infection.

(Chu et al. 2002)

B. cenocepacia strain C1394 (CF isolate) was used to infect BAL/c mice (age 6-8 weeks).
Immunosuppression of the mice to cause leukocyte deficiency was performed using
cyclophosphamide. The results showed that this model was good for understanding not only

bacterial persistence, but also implications in phenotype of the BCC.

(Chung et al. 2003)

Zebra fish model (Danio

reiro)

Zebrafish (6-months old) were infected with B. cenocepacia by injection. In vivo survival of
the bacterial strains was assessed at 24-hour time points. The model was used to also understand
the production of a QS-regulated molecule (BDSF) in vivo. This is a molecule shown to be
produced by B. cenocepacia which causes fungal antagonism. BDSF was shown to be

important in B. cenocepacia virulence in the zebrafish model.

(Deng et al. 2009a)

Invertebrates

C. elegens (nematode)

B. cenocepacia H111 (CF isolate) was used for experimentation in the C. elegans model. The
results showed that bacterial growth medium heavily influences C. elegans death, due to
differences in mode of killing. On media which supports nematode growth, killing takes a

longer time (2-3 days) as bacterial load increases in the model lumen. A more rapid killing

(Kothe et al. 2003)
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Limitation: not a viable

model at 37°C

occurs on high-osmolarity medium. Irrespective of bacterial growth medium, the Cep QS
system was required for invasion, but non-essential for overall killing. This contrasts that

observed in vertebrate models.

Several BCC species (B. cepacia, B. multivorans B. cenocepacia, B. stabilis, B. dolosa, B.
ambifaria, B. anthina, B. pyroccinia, and B. vietnamensis) were evaluated. This spanned both
clinical and environmental BCC species and strains. The results showed that infection outcome,
using the standard slow-killing assay, was strain-dependent rather than species-dependent.
Overall, the nematode model was not effective for predicting BCC pathogenicity types based

on their isolation source.

(Cardona et al. 2005)

Panagrellus redivivus

(roundworm)

Both CF-associated and non-CF pathogens were used to assess the P. redivivus infection model.
This included use of several B. multivorans strains. Overall, the model appeared to be more of
a temperature-sensitive one. The P. redivivus model has been proposed as an alternative to the
C. elegans model, due to its viability at 37°C. The results showed that B. multivorans could kill
P. redivivus at 37°C, but this did not occur at 25°C. This gives the indication that a temperature-

mediated virulence mechanism is utilized by B. multivorans in this model.

(Laws et al. 2005)

G. mellonella (wax moth

larvae)

This experiment utilized strains from the BCC panels for infection modelling. This included B.
cepacia, B. cenocepacia, B. multivorans, and B. stabilis. The model showed that B. multivorans
had a higher LDsys than B. cenocepacia and B. cepacia. This supports other studies which
suggest B. multivorans is less virulent than these strains. Virulence was relatively similar
amongst common CF-associated BCC strains (B. cenocepacia and B. multivorans), but
variation was observed in B. vietnamensis and B. dolosa. Overall, this optimized infection

model is a good alternative for rapidly assessing BCC virulence.

(Seed and Dennis 2008)

The G. mellonella model has also been used to assess therapy treatments against B. cenocepacia
CF isolates. In this study, experimentation of bacteriophage therapy was assessed as the first
study in vivo over a 48-hour period. There are various factors which affect phage effectiveness
against the infection, such as antibacterial activity, phage persistence, and lysogenic potential.
Overall, the results show that this model is good for assessing phage therapy against BCC

infection.

(Seed and Dennis 2009)

The G. mellonella model has been used to assess genes required for B. cenocepacia virulence.
The infection experiment was performed for 72-hours. Genes associated with cell adhesion
were identified and tested for their role in B. cenocepacia virulence. Knock-out gene mutants

were used to compare against the WT in the G. mellonella model.

(Holden et al. 2009)

Protozoa

Limitation: Clinical BCC
strains are mostly non-

infective

Amoebas have been used to assess intracellular survival of BCC species. B. vietnamensis and
B. cenocepacia were shown to survive inside A. polyphaga but lacked the ability to replicate.
This study illustrated the importance of amoebae as an environmental survival mechanism., but

its broader clinical relevance needs to be determined.

(Lamothe et al. 2004)
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Figure 4 | An overview of B. multivorans virulence factors. The overview illustrates the organism’s polar flagella, multi-replicon genome harbouring many insertion
elements and fimbrial adhesions. The figure provides a more in-depth perspective of the factors associated with the inner and outer cell membranes, also showing that the
organism can create biofilms through quorum sensing molecules. The image on the right shows the lipopolysaccharide and O-antigen and how this makes B. multivorans
intrinsically resistant to polymyxins, through its modified lipid A structure, and innate resistance to aminoglycosides and gentamicin.
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1.5 Treatment of BCC infection in CF

Antibiotic treatment is used to combat CF lung infection, suppressing coughing, excessive mucus, and
breathlessness symptoms. Understanding of optimal therapies against BCC CF infection is difficult,
with antibiotic combinations dependent on individual circumstances and antibiotic susceptibility
patterns their infecting strain (Lord et al. 2020). As the BCC are multi-drug resistant, including
resistance to many of the front-line antibiotics, it makes infections with these bacteria difficult to
eradicate (EUCAST 2017). Aaron et al. (2000) showed that over 50% of CF individuals with BCC
infection had strains that were resistant to the 10 most used antibiotic therapies. B. multivorans strains,
for example ATCC 17616 (Prince et al. 1988), may also express antibiotic-degrading genes such as
penA (Becka et al. 2018). This inducible class A B-lactamase is ubiquitous amongst Burkholderia
species. The B. multivorans PenA carbapenemase can hydrolyze B-lactamase inhibitors (Becka et al.
2018). This causes broad-spectrum antibiotic resistance, rendering all B-lactam and carbapenems
ineffective (Nordmann and Poirel 2002; Livermore and Woodford 2006). The BCC also have intrinsic
resistance to polymyxins (Loutet and Valvano 2011) and aminoglycosides (Coenye and Vandamme
2007). A modified lipid A confers strong polymyxin resistance in the bacterial genus (Loutet and
Valvano 2011; Olaitan et al. 2014). Aminoglycoside resistance is through resistance nodulation cell
division (RND) efflux pumps in Burkholderia species and the BCC (Podnecky et al. 2015). Whilst
efflux systems in B. multivorans remain uninvestigated, analysis has been performed in B. cenocepacia

strains (Guglierame et al. 2006; Buroni et al. 2009).

Another major problem is the lack of studies evaluating novel therapies for BCC infection in CF
individuals. Studies which do exist have been shown to be inconclusive (Regan and Bhatt 2016), with
no current randomized trials for optimum treatment against BCC infection (Horsley et al. 2016). The
antibiotic susceptibility patterns of the BCC pathogens differ between CF individuals and those infected
with the bacteria but do not suffer from CF. This is because of the continual courses of various
antibiotics given to treat CF lung infections (Zhou et al. 2007; Castellani et al. 2018). These alternating
antibiotic courses are used to prevent lung deterioration before onset of pulmonary exacerbations (Van
de Kerkhove et al. 2016). Treatment lengths for CF infection are also patient specific. Inadequate
eradication of infection may be a problem during short-course treatments. However, long-term
treatment may cause problems with increased probability of allergic reactions (Parmar and Nasser 2005)
or increased toxicity (Prayle and Smyth 2010). Long-term treatment with chloramphenicol may also
cause blood composition imbalances (Lord et al. 2020). As the composition of the CF lung microbiota
and antibiotic susceptibility patterns are very person-specific, better understanding of microbiota
interactions and host-pathogen interactions are required. Tailoring of antibiotic treatment to individuals

and their infecting strain will help improve our management of CF infection.
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1.5.1 Project Aims and objectives

The overall aim of this research study was to define the population biology of B. multivorans as a CF

lung pathogen, characterizing the strain using both genomic and phenotypic strategies as follows:
1) Genome sequencing of a B. multivorans strain collection (Chapter 3)

B. multivorans genomes were sequenced using the Illumina and Pacific Biosciences platforms and
combined into a wider collection using sequences available in the public databases. The B. multivorans
genome collection was then subjected to population structure analysis and construction of a
representative sub-strain panel. Two major genomic lineages within B. multivorans were identified by
this analysis. Model CF B. multivorans strains, to focus future research on, were also identified as part

of this Chapter.
2) Key genomic features of the B. multivorans (Chapter 4)

The key genomic features of the B. multivorans was evaluated in this Chapter. This work identified
virulence and pathogenicity genes, prophages, and plasmids within the sequenced genomes. Unique
lineage genes were also identified and led to the development of PCR primers able to target each new
B. multivorans genomic lineage. Murine infection analysis of the model strains was also performed to

define their mammalian pathogenesis over short term infection.
3) Phenotypic characterisation of the B. multivorans strains (Chapter 5)

In parallel to the genomic analysis, a representative B. multivorans sub-strains collection was subjected
to phenotypic characterisation using a range of conventional assays including colony morphology,
growth rate analysis, motility, biofilm formation, exopolysaccharide production, antibiotic
susceptibility testing and protease production. Phenotypic alterations were also assessed when an
additional CF pathogen was combined in the presence of B. multivorans strains, to begin to model

relevant polymicrobial interactions that may occur within lung infection.
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2 Materials and Methods

2.1 Bacterial strains, growth media, chemicals, and antibiotics

2.1.1 Bacterial strains and incubation conditions

All bacterial strains used in this study were from the collections held by Mahenthiralingam research
group at Cardiff University. All culture suspensions were stored in cryovials containing TSB
supplemented with 8% dimethyl sulfoxide (DMSO) and held at -80 °C for long-term storage. A total of
73 B. multivorans isolates from the collection were sent for whole genome sequencing (Section 2.6.1;
Table 5). A selection of n = 89 (Table 5; footnote a) B. multivorans isolates which have been used for
colony morphology and n = 50 (Table 5; footnote b) B. multivorans isolates phenotypically
characterized beyond colony morphology. The B. multivorans isolates were recovered from multiple
sources denoted as follows: isolates from individuals with cystic fibrosis (CF), clinical infection isolates
from a person without CF (NON), unknown, environmental (ENV), environmental hospital isolate
(ENVH), clinical isolate but unknown if CF or NON (CLIN), and chronic granulomas disease (CGD)
(Table 5). The splits for the strain panels can be found in Table 4. A selected panel of secondary CF

pathogens were also chosen for community interaction analysis (Table 6).

Table 4 | Number of B. multivorans strains used in each panel for this work.

Panel Isolate type

CF ENV CGD ENVH NON CLIN Unknown
Genomic panel (n = 283) 248 23 6 1 8 3 2
Genomic sub-panel (n = 77) 61 7 3 1 5 0 0
Colony morphology panel (n = 89) 77 3 3 1 5 0 0
Phenotypic panel (n = 49) 43 2 1 0 3 0 0

51



Table 5 | B. multivorans strains and genomes used in this study.

Study Strain Name Alternative Name Accession Number Isolate Source  Origin Reference
Genome sequences from this study

BCC0006° 4F/MATLOW ERZ1645180 CF Toronto, Canada This study
BCC0009° LMG 18824 ERZ1645179 CF USA This study and (Speert et al. 1994)
BCC0032°% / ERZ1645178 CF British Colombia, Canada This study
BCC0033° C5568 ERZ1645177 CF California, USA This study and (Schmerk a Valvano 2013)
BCC0043° C1528 ERZ1645176 CF Belfast, UK This study
BCC0047° C1712 ERZ1645175 CF Aberdeen, UK This study
BCC0065° CEP0600 ERZ1645174 CF Oregon, USA This study
BCC0066°" CEP0602 ERZ1645173 CF British Colombia, Canada This study
BCC0068°" CEP0604 ERZ1645172 CF Montreal, Canada This study
BCC0074" HI-2308 ERZ1645170 CF USA This study
BCC0075° C1579 ERZ1645169 CF Glasgow,UK This study
BCC0079° C3430 ERZ1645168 CF British Colombia, Canada This study
BCC0080° C4861 ERZ1645167 CF British Colombia, Canada This study
BCC0082° C6100 ERZ1645166 CF British Colombia, Canada This study
BCC0084° C6398 ERZ1645165 CF British Colombia, Canada This study
BCC0087° C6935 ERZ1645164 CF British Colombia, Canada This study
BCC0093 2 C7363 ERZ1756586 CF British Colombia, Canada This study
BCC0096° C7062 ERZ1645163 CF British Colombia, Canada This study
BCCO0101° C8298 ERZ1645162 CF British Colombia, Canada This study
BCC0134+ CEP0699 ERZ1756605 CF Denmark This study
BCCO0141° CEP074; AU0071 ERZ1645161 CF USA This study
BCCO0181¢? LMG 14273 ERZ1756585 CF Belgium This study
BCCO0188® LMG 14276 ERZ1645171 CF Belgium This study
BCC0225° CEP0837 ERZ1645159 CF Manitoba, Canada This study
BCC0241° CEP0935 ERZ1645160 CF Minnesota, USA This study
BCC0246° NU9366 ERZ1645158 CF New Zealand This study
BCC0247° CEP0949 ERZ1645157 CF New Zealand This study
BCC0255? CEP0966 ERZ1756587 CF Australia This study
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BCC0264°
BCC0266°
BCC0269°
BCC0292+
BCC0293+
BCC0300*
BCC0303°
BCC0317°
BCC0321+®
BCC0375°
BCC0381°
BCC0384°"
BCC0470*
BCC0493"
BCC0497°
BCC0533+
BCC0553*
BCC0583+
BCC0585+
BCC0702°
BCC0704*
BCC0710°
BCC0729+
BCC0737°
BCC0814°
BCCO0865°
BCC0901
BCC0904°
BCC0907*
BCC0915+
BCC0921°
BCC0962+

CEP0992
CEP0995
CEP1000
C1409; CEP0133
C1406; BCC0293
CEP0503
AU0066

BP102

C1664; CEPO181
AU0607

LMG 16665
FC0769

MN (#303)
BELF 1 (#353)
BELF 5 (#357)
C3168

C6558

C9140

C8814

IST453

IST455

Al4

Cl1628

Cl1628

3-454

54-1138
90-N320
93-N331
96-N337
104-455
110-1226
151-454

ERZ1645156
ERZ1645155
ERZ1645154
ERZ1756588
ERZ1756589
ERZ1756590
ERZ1645153
ERZ1645152
ERZ1756591
ERZ1645151
ERZ1645150
ERZ1645149
ERZ1756592
ERZ1645148
ERZ1645147
ERZ1756593
ERZ1756594
ERZ1756595
ERZ1756596
ERZ1645146
ERZ1756597
ERZ1645145
ERZ1756598
ERZ1645144
ERZ1645143
ERZ1645142
ERZ1756599
ERZ1645141
ERZ1756600
ERZ1756601
ERZ1645140
ERZ1756602

CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF

Australia

Australia

Australia

Edinburgh, UK
Oklahoma, USA

France

USA

British Colombia, Canada
Manchester, UK

USA

UK

British Colombia, Canada
Italy

Belfast, UK

Belfast, UK

British Colombia, Canada
British Colombia, Canada
British Colombia, Canada
British Colombia, Canada
Portugal

Portugal

Cardiff, UK

Cardiff, UK

UK

Prague, Czech Republic
Prague, Czech Republic
Prague, Czech Republic
Prague, Czech Republic
Prague, Czech Republic
Prague, Czech Republic
Prague, Czech Republic
Prague, Czech Republic

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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BCC0968*
BCC1147°
BCC1148®
BCC1177°
BCC1185°
BCC1190°
BCC1271+
BCC1272°
BCC1367*
BCC1368°
BCC1384+
BCC1385°"
BCC1421®

157-1226A
C9861
C9862
D0913
D1348
D1442
AU 4543
HI 2229
AU0623
AU1187
AU0508
AU4608
C1576

Genome sequences from public databases

701_BMUL
800_BMUL
ATCC_17616°
ATCC_BAA-247
AU10047
AU10086
AU10398
AU10897
AU11204
AU11233
AU11358
AU11772
AU1185
AU12481
AU13919
AU14328
AU14364
AU14371

/

~ N~ N~ S~ N SN N - - - - - - - - - -

ERZ1756603
ERZ1645139
ERZ1645138
ERZ1645137
ERZ1645136
ERZ1645135
ERZ1756604
ERZ1645134
ERZ1756606
ERZ1645133
ERZ1756607
ERZ1645132
ERZ1756608

GCF_001058025.1
GCF_001058485.1
GCF_000018505.1
GCF_000959525.1
GCF_002980655.1
GCF_002980675.1
GCF_002980695.1
GCF_002980715.1
GCA_002980785.1
GCF_002980775.1
GCF_002981015.1
GCF_002981035.1
GCF_001718755.1
GCF_002981075.1
GCF_002981095.1
GCF_002980825.1
GCF_002980815.1
GCF_002980855.1

CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF

CF
CF
ENV
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF

Prague, Czech Republic
British Colombia, Canada
British Colombia, Canada
British Colombia, Canada
British Colombia, Canada
British Colombia, Canada
USA

USA

USA

USA

USA

USA

Glasgow, UK

Washington, USA
Washington, USA
USA

Brussels, Belgium
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

USA

Unknown
Unknown
Unknown
Unknown

Unknown

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

(Roach et al. 2015)
(Roach et al. 2015)

This study and (Stanier et al. 1966)

(Johnson et al. 2015)
(Becka et al. 2018a)
(Becka et al. 2018a)
(Becka et al. 2018a)
(Becka et al. 2018a)
(Becka et al. 2018a)
(Becka et al. 2018a)
(Becka et al. 2018a)
(Becka et al. 2018a)
(Winsor et al. 2008)
(Becka et al. 2018a)
(Becka et al. 2018a)
(Becka et al. 2018a)
(Becka et al. 2018a)
(Becka et al. 2018a)
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AU14786
AU15814
AU15954
AU16734
AU17135
AU17534
AU17545
AU18096
AU19518
AU19564
AU19659
AU19729
AU20929
AU21015
AU21596
AU21747
AU22436
AU22892
AU23365
AU23668
AU23690
AU23919
AU23995
AU24277
AU25057
AU25543
AU26250
AU27706
AU28069
AU28442
AU29198
AU30050

~ N~ N N N N N N N N N NN NN N N N N N N N N N N N N N N N N~

GCF_002980875.1
GCF_002980895.1
GCF_002980905.1
GCF_002981615.1
GCF_002981135.1
GCF_002980935.1
GCF_002980995.1
GCF_002981145.1
GCF_002981195.1
GCF_002981155.1
GCF_002981255.1
GCF_002981215.1
GCF_002981635.1
GCF_003048355.1
GCF_002981675.1
GCF_002981315.1
GCF_002981695.1
GCF_002981295.1
GCF_002981715.1
GCF_002981725.1
GCF_002981325.1
GCF_002981335.1
GCF_002981755.1
GCF_002981375.1
GCF_002981775.1
GCF_002981815.1
GCF_002981835.1
GCF_002981395.1
GCF_002981845.1
GCF_002981415.1
GCF_002981455.1
GCF_002981485.1

CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF

Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

Unknown

(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.
(Becka et al.

2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
2018a)
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AU30438 / GCF_002981515.1 CF Unknown (Becka et al. 2018a)

AU30441 / GCF_002981535.1 CF Unknown (Becka et al. 2018a)

AU30760 / GCF_002981555.1 CF Unknown (Becka et al. 2018a)

AU4507 / GCF_002981595.1 CF Unknown (Becka et al. 2018a)

BCC0005# LMG 18822; C5393 ERS785011 CF British Colombia, Canada This study and (Mahenthiralingam et al. 1996)
BCC0008 # LMG 16660; C1576 ERS784904 CF Glasgow, UK This study and (Whiteford et al. 1995; Vandamme et al. 1997)
BCC0010® LMG 16665; C1962 ERS784919 CF UK This study and (Hobson et al. 1995)
BCC00312 KEl1; C0514 ERS785002 CF British Colombia, Canada This study and (Schmerk a Valvano 2013)
BCC0037? CEP0178 ERS785053 CF California, USA This study

BCC0050° J0365 ERS785036 CF UK This study

BCC0059° CEP0494 ERS785022 CF Montreal, Canada This study

BCC0067 2 CEP0603 ERS784935 CF Montreal, Canada This study

BCC00893 C7274 ERS785033 CF British Colombia, Canada This study

BCC0099 2 C7510 ERS785069 CF British Colombia, Canada This study

BCC01023 C8467 ERS784954 CF British Colombia, Canada This study

BCCO115° CEP0612 ERS784971 CF Washington, USA This study

BCC0149+° FC0328 ERS785050 CF USA This study

BCCO0175¢2 FC0442 ERS785024 CF Colorado, USA This study

BCC0244+ CEP0938 ERS785004 CF British Colombia, Canada This study

CF170.0a / GCF_003257435.1 CF Toronto, Canada (Diaz Caballero et al. 2018)
CF170.10a / GCA_003256675.1 CF Toronto, Canada (Diaz Caballero et al. 2018)
CF170.10b / GCF_003257315.1 CF Toronto, Canada (Diaz Caballero et al. 2018)
CF170.10c / GCF_003257325.1 CF Toronto, Canada (Diaz Caballero et al. 2018)
CF170.10d / GCF_003258065.1 CF Toronto, Canada (Diaz Caballero et al. 2018)
CF170.10e / GCF_003258115.1 CF Toronto, Canada (Diaz Caballero et al. 2018)
CF170.10f / GCF_003256685.1 CF Toronto, Canada (Diaz Caballero et al. 2018)
CF170.10g / GCF_003256695.1 CF Toronto, Canada (Diaz Caballero et al. 2018)
CF170.10h / GCF_003257345.1 CF Toronto, Canada (Diaz Caballero et al. 2018)
CF170.10i / GCF_003256725.1 CF Toronto, Canada (Diaz Caballero et al. 2018)
CF170.10j / GCF_003258145.1 CF Toronto, Canada (Diaz Caballero et al. 2018)
CF170.11a / GCF_003256735.1 CF Toronto, Canada (Diaz Caballero et al. 2018)
CF170.11b / GCF_003258135.1 CF Toronto, Canada (Diaz Caballero et al. 2018)
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CF170.11c
CF170.11d
CF170.11e
CF170.11f
CF170.11g
CF170.11h
CF170.11i
CF170.11j
CF170.1a
CF170.1b
CF170.1c
CF170.1d
CF170.1e
CF170.1f
CF170.1g
CF170.1h
CF170.1i
CF170.1j
CF170.2a
CF170.2b
CF170.2¢
CF170.2d
CF170.2¢
CF170.2f
CF170.2¢
CF170.2h
CF170.2i
CF170.2j
CF170.3a
CF170.3b
CF170.3¢
CF170.3d

~ N~ N N N N N N N N N NN NN N N N N N N N N N N N N N N N N~

GCF_003256765.1
GCF_003257375.1
GCF_003256805.1
GCF_003258155.1
GCF_003257365.1
GCF_003256775.1
GCF_003257405.1
GCF_003256855.1
GCF_003255945.1
GCF_003257445.1
GCF_003255985.1
GCF_003257475.1
GCF_003256835.1
GCF_003257495.1
GCF_003256865.1
GCF_003255935.1
GCF_003255975.1
GCF_003257515.1
GCF_003256005.1
GCF_003257525.1
GCF_003256015.1
GCF_003256895.1
GCF_003256905.1
GCF_003257545.1
GCF_003256055.1
GCF_003256915.1
GCF_003257575.1
GCF_003256075.1
GCF_003256095.1
GCF_003257595.1
GCF_003257625.1
GCF_003257635.1

CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF

Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada

Toronto, Canada

(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.

2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)

(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)

(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.

2018)
2018)
2018)
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CF170.3e
CF170.3f
CF170.3g
CF170.3h
CF170.3i

CF170.3j

CF170.4a
CF170.4b
CF170.4¢
CF170.4d
CF170.4e
CF170.4f
CF170.4¢
CF170.4h
CF170.4i

CF170.4j

CF170.5a
CF170.5b
CF170.5¢
CF170.5d
CF170.5¢
CF170.5¢
CF170.5¢
CF170.5h
CF170.5i

CF170.5j

CF170.6a
CF170.6b
CF170.6¢
CF170.6d
CF170.6¢
CF170.6f

~ N~ N N N N N N N N N NN NN N N N N N N N N N N N N N N N N~

GCF_003258535.1
GCF_003257615.1
GCF_003256935.1
GCF_003256105.1
GCF_003257665.1
GCF_003257705.1
GCF_003257685.1
GCF_003256115.1
GCF_003257725.1
GCF_003256985.1
GCF_003256145.1
GCF_003256185.1
GCF_003257005.1
GCF_003256175.1
GCF_003257765.1
GCF_003256225.1
GCF_003256975.1
GCF_003256195.1
GCF_003256995.1
GCF_003257075.1
GCF_003257055.1
GCF_003256255.1
GCF_003256275.1
GCF_003256285.1
GCF_003257085.1
GCF_003256305.1
GCF_003257795.1
GCF_003257755.1
GCF_003257805.1
GCF_003256355.1
GCF_003257135.1
GCF_003257825.1

CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF

Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada

Toronto, Canada

(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.
(Diaz Caballero et al.

2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
2018)
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CF170.6g
CF170.6h
CF170.6i

CF170.6j

CF170.7a
CF170.7b
CF170.7¢
CF170.7d
CF170.7¢
CF170.7f
CF170.7g
CF170.7h
CF170.7i

CF170.7j

CF170.8a
CF170.8b
CF170.8¢
CF170.8d
CF170.8¢
CF170.8f
CF170.8¢
CF170.8h
CF170.8i

CF170.8j

CF170.9a
CF170.9b
CF170.9¢
CF170.9d
CF170.9¢
CF170.9f
CF170.9¢
CF170.9h

~ N~ N N N N N N N N N NN NN N N N N N N N N N N N N N N N N~

GCF_003257845.1
GCF_003257095.1
GCF_003256335.1
GCF_003256475.1
GCF_003256525.1
GCF_003257165.1
GCF_003256515.1
GCF_003257155.1
GCF_003256365.1
GCF_003256395.1
GCF_003257865.1
GCF_003256485.1
GCF_003257175.1
GCF_003257885.1
GCF_003256545.1
GCA_003256555.1
GCF_003257915.1
GCF_003257935.1
GCF_003257955.1
GCF_003257205.1
GCF_003257235.1
GCF_003256565.1
GCF_003257255.1
GCF_003257275.1
GCF_003256605.1
GCF_003257975.1
GCF_003257985.1
GCF_003257995.1
GCF_003258005.1
GCF_003257295.1
GCF_003256615.1
GCF_003258055.1

CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CF
CGD
CGD

Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada
Toronto, Canada

Toronto, Canada

(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
(Diaz Caballero et al. 2018)
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CF170.91 / GCF_003258075.1 CGD Toronto, Canada (Diaz Caballero et al. 2018)
CF170.9j / GCF_003256655.1 CGD Toronto, Canada (Diaz Caballero et al. 2018)
CF2 / GCF_000286575.1 CGD Unknown (Varga et al. 2012)
CGDl1 / GCF_000182255.1 CGD Maryland, USA (Varga et al. 2012)
CGD2 / GCF_000182275.1 CLIN Maryland, USA (Varga et al. 2012)
CGD2M / GCF_000182295.1 CLIN Maryland, USA /

D2095 / GCF_000807825.1 CLIN Vancouver, Canada (Silva et al. 2015)
D2214 / GCF_000807815.1 ENV Vancouver, Canada (Silva et al. 2015)
DDS 15A-1 / GCF_000756005.1 ENV Australia (Vandamme et al. 1997)
DSOPR54 / GCA_002222845.1 ENV Singapore /

DSOPR57 / GCA_002222875.1 ENV Singapore /

DWS 42B-1 / GCF_000756965.1 ENV Unknown (Daligault et al. 2014)
FDAARGOS_246 / GCF_003019965.1 ENV Unknown /

FDAARGOS_546 / GCF_003938705.1 ENV Unknown /

FDAARGOS_547 / GCF_003812365.1 ENV USA /

FDAARGOS_548 / GCF_003812585.1 ENV Unknown /

HI3534 / GCF_001528605.1 ENV USA /

MSMB1128WGS / GCF_001529795.1 ENV Australia /

MSMB1272WGS / GCF_001529925.1 ENV Australia /

MSMB1535WGS / GCF_001530485.1 ENV Australia /

MSMB1640WGS / GCF_001718995.1 ENV Australia /

MSMB1641WGS / GCF_001531425.1 ENV Australia /

MSMB1794WGS / GCF_001526715.1 ENV Australia /

MSMBI1916WGS / GCF_001530985.1 ENV Australia /

MSMB2008WGS / GCF_001528045.1 ENV Australia /

MSMB2021WGS / GCF_001528425.1 ENV Australia /

MSMB575WGS / GCF_001534105.1 ENV Australia /

MSMB576WGS / GCF_001531955.1 ENV Australia /

MSMB612WGS / GCF_001532145.1 ENV Australia /

NCTC 13007 / GCF_900446205.1 ENVH / (Segonds et al. 1999)
NKI379 / GCF_001302465.1 NON Taiwan (Lin et al. 2011)
R-20526 / GCF_001267755.1 NON Belgium /
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BCC0033:
BCC0033:
BCC0084:
BCC0084:
BCC1272:
BCC1385:
BCC1385:

:pIN233-mCherry
:pIN301-eGFP
:pIN233-mCherry
:pIN301-eGFP
:pIN301-eGFP
:pIN233-mCherry
:pIN301-eGFP

ATCC 17616::pIN301-eGFP

~ -~ - -~ - -~ -

~

-~ - — - - -~

NON
NON
NON
NON
NON
NON
Unknown

Unknown

~ -~ -~ -~ -~ -~ -~ -

This study
This study
This study
This study
This study
This study
This study
This study

aB. multivorans which have been subjected to colony morphology analysis; ® B. multivorans which have been subjected to phenotypic analysis beyond colony morphology
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Table 6 | Secondary pathogen strains used in the co-culture experiments

Secondary Pathogen

Isolate Source

Experiments used in (Sections)

Reference

aeruginosa LESB58

P
P. aeruginosa PA14

P. aeruginosa PAOL1

P. aeruginosa PAK

P. aeruginosa CHA

P. aeruginosa Mil 62
P. aeruginosa LES 400
P. aeruginosa LES 431
P. aeruginosa AA43

P. aeruginosa C3719
P.
S
A
R
S
B.
B.
B.
B.
P.
P.

aeruginosa LMG 14084

. aureus NCTC 12981

albicans SC5314

. xylosoxidans LMG 1863

. mannitolilytica LMG 18103

. maltophilia LMG 958

. cenocepacia J2315-Pavia

. cenocepacia K56-2

. cenocepacia BCC0019 (LMG 18829)

. ambifaria BCC0207 (AMMD)

. aeruginosa LESB58::pIN233-mCherry
. aeruginosa LESB58::pIN301-eGFP

CF

Clinical Isolate
Clinical Isolate
Clinical Isolate
CF

Clinical Isolate
CF

Non-CF

CF

CF
Environmental
Lab strain
Clinical Isolate
Clinical Isolate
CF (blood)
Type Strain
CF

CF

CF
Environmental
/

/

529.1,5292,5293,5294,5295
529.1,5292,5293,5294

5294

5294

5294

5294

5294

5294

5294

5294

5294

529.1,5292,5293,5294
5292,5293

529.1,529.2,5293
5292,5293,5294
529.1,529.2,5293
529.1,529.2,5293,5294,42.83
529.1,529.2,529.3,5294,42.83
529.1,529.2,5293,5294,42.83
4283

429.2,4293,5294

429.2,4293

(Cheng et al. 1996)
(Lee et al. 2006)
(Stover et al. 2000)
(Cain et al. 2019)
(Toussaint et al. 1993)
(Pirnay et al. 2009)
(Salunkhe et al. 2005)
(Salunkhe et al. 2005)
(Bragonzi et al. 2006)
(Mathee et al. 2008)
(Pirnay et al. 2009)
Antibiotic susceptibility testing reference strain
(Gillum et al. 1984)
(Ridderberg et al. 2015)
(Hogardt et al. 2009)
(Hogardt et al. 2009)
(Holden et al. 2009)
(Garcia-Romero and Valvano 2020)
(LiPuma et al. 1988)
(Coenye et al. 2001a)
This study

This study
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Culture purity was determined by streaking frozen stocks onto Tryptic Soy Agar (TSA) (Oxoid) and
incubating plates for 24 hours at 37 °C. This was performed at each passage to routinely work with fresh

isolate cultures.

Overnight cultures were gown for 18-24 hours in 3ml of Tryptic Soy Broth (TSB) contained in a 15 ml

tube and incubated at 37 °C. Cultures were continually shaken on a rotating platform set to 150 rpm.
2.1.2  Growth media

Unless otherwise stated, all Oxoid (Basingstoke, UK) agar and broth growth media were purchased
from Sigma-Aldrich Company Ltd. (Dorset, UK). All media was dissolved in double-deionized water
and autoclaved at 121 °C for 15 minutes to sterilize. Media was prepared as per instructions from the
manufacturer, unless noted in other methods. TSA and TSB were used for the routine growth of all
Burkholderia isolates. In cases of impure culture, Burkholderia cepacia selective agar (BCSA) (Oxoid)
was used to specifically select for BCC species (Henry et al. 1999). Artificial Sputum Medium (ASM)
was used in phenotypic growth experiments and was made using a modified method by Kirchner et al.
(2012). The modification used all in one protein solution rather than individual protein solutions as per
the original recipe. Other growth media used in this work for specific methods are noted in the

appropriate Sections below.

2.1.3 Total viable counts

Enumeration of all bacterial and fungal cultures used in this work was performed using the Miles and
Misra (Miles et al. 1938) method. All serial dilutions were performed using TSB media before dropping
onto the appropriate culture agar, as stated under each results Section. Dilutions were plated in triplicate
onto the agar plates and incubated for 24-hours at 37°C, unless otherwise stated. Individual colonies

were counted using the naked eye before calculating the colony forming units per ml (CFU/ml).

2.1.4 Chemicals and stains

Like media, chemicals and stains were also purchased from Sigma-Aldrich or Fisher Scientific
(Loughborough, UK) unless stated in the specific Section. Chemicals were made into aqueous solutions
using double-deionized water. If sterile solution was required, sterilization was performed using either
autoclaving (121 °C for 15 minutes) or by filtration through 0.2 um sized pore Minisart® syringe filters
(Sartorius, UK).

2.1.5 Antimicrobial agents

2.1.5.1  Antibiotic stocks

Stock solutions of all antibiotics used in this work were prepared in the appropriate sterile diluent to the

given mg/ml (Table 7). Once prepared, all antibiotic solutions were stored at -20 °C in 1.5 ml
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microtubes. Stock solutions were further diluted for work in this thesis, where the final concentration

is noted in each results Section.

Table 7 | Antibiotic stock solutions and their appropriate diluents used in this thesis.

Antibiotic Abbreviated Name Diluent Stock concentration (mg/ml)
Trimethoprim Tm DMSO 50

Polymyxin B PB1 Sterile water 50

Tetracycline Tet Ethanol 5

Ampicillin Amp Sterile water 50

Chloramphenicol Cm Sterile water 25

2.2 Statistical analysis
2.2.1 RStudio

All experiments were performed as a minimum of 3 biological replicates unless otherwise stated. This
was to enable statistical testing. Multiple experiments also included technical replicates, noted where

appropriate.

All statistical analysis in this thesis used R (R-Core-Team 2013), performed in Rstudio (RStudio-Team
2020). Data was checked for normality by plotting the mean data as histograms. This was then
confirmed or rejected by checking with the Shapiro test and analysis of standard residuals. An ANOVA
was performed in the first instance, to provide initial insight into the dataset. The standard residuals of
the ANOVA were found using Pearson correlations. The standard residuals were plotted using qgnorm
with qqline. If data was non-normal, it was transformed to ensure that normality could not be achieved
before analysis. All statistical analysis in this thesis was non-parametric using a Kruskal-Wallis with
post-hoc Dunn Test and Benjamini-Hochberg correction. The standard 95% confidence limit was
applied throughout. Significance values were either noted as p = < 0.05 or fully stated for the analysis

made. Plots were drawn in Rstudio using ggplot2, unless otherwise stated.
2.3 DNA extraction from bacterial cultures

2.3.1 Chelex® 100 resin for rapid DNA extraction

Rapid DNA extraction was performed using 5% (w/v) Chelex 100 resin (Sigma, UK) and basic protocol
described by Mahenthiralingam et al. (2009). This was performed either on the solid-surface bacterial
colony growth from agar plates or from overnight broth culture. For agar growth, multiple colonies
were picked from the surface using a 200 pul sterile pipette tip and resuspended in 50 pl of sterile 5%
(w/v) Chelex 100 resin in a 200 ul PCR tube. For growth in broth, 10 ul of sample was added to 40 ul
sterile 5% Chelex 100 resin. The PCR tubes containing each sample were cycled through two rounds

of heating to 95 °C using a Bio-rad DNA Engine Dyad Peltier Thermal Cycler then cooling on an ice
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block at 5 minutes per turn. After the freeze-thaw process was completed, the tubes were briefly left at
room temperature to settle the resin before moving 2 ul of clear supernatant into fresh PCR tubes
containing the reaction volumes as described previously. Chelex DNA extractions were always used

fresh and not held for further storage, reducing the chance of DNA degradation.

2.3.2  The Promega Maxwell® 16 system for automated DNA extraction

Preparation of total bacterial genomic DNA was prepared using an automated DNA extraction system
as follows. Overnight cultures were centrifuged for 10 minutes at 2,879 x g. The supernatant was
carefully discarded, leaving the remaining pellet. The pellet was re-suspended in 500 ul sterile TSB. To
each sample, 500 ul of Guanidine isothiocyanate (Promega, UK) was added and vigorously vortexed
for 10 seconds. Using the Maxwell® 16 tissue DNA purification kit (Promega, UK), 300 ul of each
sample was added into well 7 of the cartridges. One elution tube containing 300 ul of elution buffer was
prepared for each cartridge. Samples were loaded into the Maxwell instrument, and the tissue DNA
protocol was selected. This program takes approximately 45 minutes to complete extraction and
purification of the DNA samples. Upon completion, each DNA sample was transferred into non-stick

microtubes and stored at -20 °C.

2.3.3 Promega Wizard® Genomic DNA purification kit

For long-read sequencing, the Wizard Genomic DNA purification kit (Promega, UK) was used,
following the Gram-negative bacterial DNA extraction method. 1 ml of overnight culture was placed
into a sterile 1.5 ml microtube. The culture was centrifuged at 16,000 x g for 2 minutes to create a pellet.
The supernatant was carefully removed and discarded. 600 pl of Nuclei Lysis Solution was added to
the microtube containing the pelleted cells. A pipette was used to re-suspend the pellet. The re-
suspended cells were immediately placed in a heat block set at 80 °C. This was incubated for 5 minutes
to cause cell lysis before cooling for 12-15 minutes at room temperature. Once the suspension was at
room temperature, 3 ul of RNase Solution was added to the tube and mixed by inverting 2-5 times. The
tube containing the cell lysate was incubated at 37 °C for 1 hour before cooling to room temperature.
200 pl of Protein Precipitation Solution was added to the room temperature cell lysate before vortex
mixing for 20 seconds. The sample was immediately placed on ice for 5 minutes before spinning in a
centrifuge for 3 minutes at 16,000 x g. The tube hinges were placed outward so that the protein
precipitate would form at the bottom of the tube. 600 ul of room temperature molecular grade
isopropanol was placed into a second sterile 1.5 ml microtube. The supernatant containing the bacterial
DNA was carefully transferred into the new microtube. Residual liquid which was close to the protein
precipitate was left to reduce the chance of contaminating the DNA. The microtube containing the
supernatant and isopropanol was gently inverted until a visible thread-like mass was observed. This
indicated that the DNA was present. The tube was then spun in a centrifuge again at 16,000 x g for 2

minutes. The supernatant was aspirated, and the tube was blotted onto clean, adsorbent Kimberly
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Clark™ KIMCARE® medical wipes before leaving to air-dry for 10 minutes. 100 ul of DNA
Rehydration Solution was added to the tube, flicking the bottom to ensure the pellet was dislodged from
the tube side and suspended in the solution. The DNA was rehydrated by incubating at 65 °C for 1 hour,
flicking the tube after the first 10 minutes to ensure mixing. The tube was then left overnight in the

fridge at 4 °C before QC checks and sequencing.
2.4 Quality control of DNA extractions

2.4.1 Quantification using Qubit

Genomic DNA was quantified using a Qubit™ fluorometer (Invitrogen, Massachusetts, USA).
Standards were used to set the standard curve. Neat DNA extraction products were set up and quantified
as per manufacturer’s instructions. If the DNA concentration was too high, nuclease free water (Severn

Biotech Ltd) was used to dilute the sample 1:10 (v/v) and a second read was taken.

2.4.2 Quality assessment using NanoDrop

A NanoDrop Spectrophotometer (Thermo Fisher, USA) was used to measure the absorbance at 260/280
nm and 260/230 nm. High quality DNA is indicated with a ratio ~1.8 for the former absorbance and

between 2.0 and 2.2 is considered pure for the latter.

2.4.3 16S ribosomal RNA gene sequencing to confirm bacterial purity

In any cases where bacterial purity was questioned, samples were sent for 16S rRNA gene sequencing
to obtain a preliminary identification of the bacterial genera. This was also performed before complete
PacBio DNA sequencing of B. multivorans strains. DNA was extracted as previously described (see
Sections 2.3) before performing a 16S rRNA gene PCR. Universal primers 27F and 907R (Lane et al.
1985) (Table 8) were used for the amplification. Products and the forward primer were then sent in
together in two vials via the Eurofins Genomics LightRun service for product clean-up and sequencing.
The returned results included a text file which was opened in Notepad++. This short sequence(s) was
copied and pasted into the NCBI BLASTn web server, with the 16S ribosomal RNA sequence database
selected as the search database. All other parameters were left on default. The output file detailed
sequence similarity, gaps, and e-value of the top BLAST hits in the database, giving an initial bacterial

identification.
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Table 8 | Primers and PCR conditions used to amplify the 16S rRNA gene for bacterial identification

Target gene Primer name Primer sequence (5’ to 3°) Product size (bp) Reference

16s 27F AGAGTTTGATCCTGGCTCAG ~1400 (Lane et al. 1985)
PCR Stage Temperature (°C) Number of cycles Time (mins)
Initial heating step 95 1 2

Amplification 94 0.5

Annealing 52 35 0.5

Extension 72 1.5

Final extension 72 1 5

2.5 DNA amplification and visualization

2.5.1 Polymerase Chain Reaction (PCR)

A DNA thermal cycler (Dyad®) was used for PCR analysis of the B. multivorans DNA. Amplification
of the recA 1,040bp gene was used to ensure samples were B. multivorans. Optimized B. multivorans-
specific primer sequences from Mahenthiralingam ef al. (2000) were used, including the applicable
annealing temperatures and times (Table 4). A 1kb ladder was used for molecular size comparison.
Final reaction volumes were 50 ul per PCR tube. Each reaction consisted of 25 ul DreamTaq Green
PCR Master Mix (2x) (Thermo Fisher Scientific, UK), 2ul of primer mixture (1 pl forward primer and

1ul reverse primer), 2 ul template DNA and 21 pl nuclease free water.

Table 9 | Primers and PCR conditions used to amplify the B. multivorans-specific recA gene

Target gene Primer name Primer sequence (5’ to 3°) Product size (bp) Reference
BCRBM1 CGGCTCAACGTGCCGGAT (Mahenthiralingam

rech BCRBM2 TCCATCGCCTCGGCTTCGT 7 et al. 2000)

PCR Stage Temperature (°C) Number of cycles Time (mins)

Initial heating step 96 1 3

Amplification 96 1

Annealing 56 35 1

Extension 72 1.5

Final extension 72 1 10

2.5.2 DNA visualisation using gel electrophoresis

Gel electrophoresis was used to visualize PCR products. A 1.5% (w/v) agarose gel was prepared with
Tris-Acetate-EDTA (TAE) buffer. The solution was heated, swirling at regular intervals, in a conical
flask until clear. Add 10ul SYBRSafe DNA stain per 100ml gel. The gel was poured into the mould,
with an appropriately sized comb, whilst in a liquid state. The gel was then left to set for at least 30
minutes. The comb was carefully removed, ensuring the wells had properly formed. The gel was then

placed into the electrophoresis tank before submerging with TAE buffer. Each well had 5 pl of sample
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which were run at 70V to 80V. Gels were run until the samples were around three-quarters of the way
down the gel. Once complete, the gel was removed from the instrument and placed into the visualization

chamber and the gel image captured.
2.6 Genome sequencing, assembly, and annotation

2.6.1 Short-read DNA sequencing and assembly

The 73 B. multivorans from the collection at Cardiff University (Table 5) were subject to short-read
Whole Genome Sequencing (WGS) using the Illumina MiSeq platform (Ravi et al. 2018). Genomic
reads were assembled and annotated using the shared Cloud Infrastructure for Microbial Genomics
(CLIMB) computing facility (Connor ef al. 2016). Illumina reads were subjected to the Trim Galore
v0.4.4 (Krueger 2017) wrapper script. This utilises Cutadapt v1.9.1 (Martin 2009) for automated quality
and adapter trimming and FastQC v0.11.4 (Andrews 2009) for quality control. MultiQC v1.7 (Ewels et
al. 2016) Python package was used to compile a single file report and interactive report for the samples,
helping to streamline quality control screening. To assemble the bacterial genomes, we used the
Unicycler v0.4.7 (Wick et al. 2017) assembly pipeline. This tool acts as a SPAdes (Bankevich et al.

2012) optimizer for streamlining de novo assembly of the genome contigs.

In addition to the 73 genomes sequenced as part of this thesis, a further 210 sequences were downloaded
from the publicly accessible databases (NCBI) on 2" November 2019 (Table 5). A final strain panel (n
= 77) was constructed based on ST and phylogenomic analysis (Table 5). The specific strains used for

each experiment are noted in the relevant Sections.

2.6.2 Long-read DNA sequencing and assembly

Three model B. multivorans strains (CF strains BCC0033, BCC0084 and BCC1272) were selected for
long-read genome sequencing using the PacBio Sequel System (Pacific Biosciences). This complete
genome sequencing was performed through the sequencing company Novogene (Cambridge, UK).
Genomic DNA (see Section 2.3.3) was provided for each strain. After analysis, three output files were
provided from the sequencing run: .bam, .pbi and .xml files. Genomic reads were processed using
CLIMB (Section 2.6.1) (Connor et al. 2016). The Binary Alignment Map (BAM) file contains the raw
genome sequencing data, therefore was the one to be processed. The BAM file was converted to a
FASTAQ file using bedtools bamtofastq (v2.30.0) (Quinlan and Hall 2010). PacBio FASTQ reads were
then subjected to the Trycycler pipeline (v0.4.1) (Wick et al. 2021). A light read QC was performed on
all genomic sequences using filtlong v0.2.0 (Wick 2017). Reads less than 1kb and the worst 5% of reads
were discarded. The quality checked reads were subsampled to create multiple maximally independent
read sets, based on the genome length. The --genome_size flag was used for a more rapid subsampling,
as miniasm (v0.3-r179) (Li 2016) is not required. Read depths were noted for all three genomes. The

subreads were then subjected to three different assemblers, creating 4 assemblies from each, to produce
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a total of 12 FASTA files. The assemblers used were Flye v2.8.3(Kolmogorov et al. 2019),
miniasm_and_minpolish.sh (minimap2 v2.21-r1071 (Li 2018); miniasm v v0.3-r179 (Li 2016) and
minipolish v0.1.3 (Wick and Holt 2019)) and raven v1.5.1 (Wang et al. 2018).

2.6.3 Annotation of DNA sequences

Prokka v1.14.0 (Seemann 2014) was used to rapidly annotate the sequences and specifically identify
putative coding sequences (CDS). This was performed on all the B. multivorans strain genomes used in
this thesis (Table 5) including re-annotation of sequences obtained from the databases. The standard
bacterial annotation database was used unless otherwise stated. Prokka highlighted CDS through the
use of BLAST+ (Camacho et al. 2009) against well-known bacteria, and will also identify other basic
genomic features such as the number of rRNAs, tRNAs and tmRNAs (Seemann 2014). It also produced
several output files, such as .gff, which were then used for further analysis. RASTk (Aziz et al. 2008)
was used to supplement the B. multivorans annotations, providing the number of RN As and subsystems
(playing functional roles) represented in each genome. The subsystems are identified from a manually

curated database (Overbeek et al. 2005) and protein-encoding families (Overbeek et al. 2014).

2.6.4 Mapping of reads to a reference genome

Read mapping was performed on the B. multivorans short-read genomes against appropriate complete
genome references (B. multivorans strains ATCC 17616, BCC0033, BCC0084, and BCC1272). This
was used to check the percentage of reads which both matched and misaligned. Mapping was performed
using Minimap2 (Li 2018). The misaligned reads were subjected to BLAST to identify any

contamination in the sequences.

2.6.5 Scaffolding of genomic contigs to a reference genome

To add genomic context and approximate locations to the B. multivorans draft genomes,
CONTIGuator2 (Galardini et al. 2011) online software was used to scaffold the genomic contigs to 4
B. multivorans complete genome references. The reference genomes used were B. multivorans strains
ATCC 17616, BCC0033, BCC0084, and BCC1272. The reference genome which provided the smallest
number of contigs and simultaneously the greatest scaffolded alignment was used to generate final
consensus sequence for each draft genome sequence. Scaffolded replicons were subject to Prokka

v1.14.0 (Seemann 2014) annotation as per Section 2.6.3.

2.6.6  Checking for contamination using Kraken2

To confirm the identity of the sequenced DNA, and thus any contaminating reads, the Minikraken
database from Kraken2 v2.08-beta (Wood et al. 2019) was used. This taxonomically classifies the
sequence reads by assigning k-mers which are then compared to the database (Wood et al. 2019). Any

sequence reads which fell outside the Burkholderiaceae genus were discarded.
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2.6.7 CheckM to analyse the long-read sequence data

All PacBio long-read genome sequences were subjected to CheckM (Parks et al. 2015) quality control.
This consisted of the consensus FASTA files produced by Trycycler and B. multivorans ATCC 17616
complete sequence downloaded from NCBI. CheckM v1.0.18 (Parks et al. 2015) was used via the
KBase online web server (Allen et al. 2017; Arkin et al. 2018) to screen the assemblies for taxonomic
rank, genome completeness, contamination percentage and strain heterogeneity. The output also details
the number of reference genomes used to infer the lineage, the markers and sets of genes that inferred

the taxonomy, as well as the number of times the specific marker provides a hit.

2.6.8 QUAST quality control

QUAST v5.0.2 (Gurevich et al. 2013) was used to assess the quality statistics for the genomic
assemblies. This was run using default settings without a reference genome. QUAST provided the

genome size (bp), number of contigs, GC content, longest contig size, .50 and N50 values.
2.7 BLAST analysis for identification of DNA and genome sequences
2.7.1 NCBI BLAST

The Basic Local Alignment Search Tool (BLAST; (Altschul ef al. 1990; Camacho et al. 2009)) was
used to identify similarities between DNA sequences. The online NCBI BLAST server was used to
compare DNA sequences obtained in this thesis to the RefSeq (Pruitt er al. 2006) genome databases.
Query sequences were uploaded in FASTA format. The search was set to standard databases and
optimised to megablast. Where applicable, the ‘organism’ search was imputed as B. multivorans. In

cases where a general search was required, this was left blank.
2.7.2  Local BLAST

To compare DNA sequences to a personalised, custom database, local BLAST searches were used.
Local BLAST compared unpublished sequences which were not publicly available. This work was
performed in CLIMB (Connor et al. 2016) (Section 2.6.1). The local BLAST database was created
using a single multiFASTA file, with the nucleotide BLAST type option chosen. The query sequences
were then run against the local BLASTn database with -max_hsps set to 1 and -outfmt to 6. This

provided an output in a comma separated tabulated format, with only one hit per query.
2.8 Average Nucleotide Identity and genome alignments

2.8.1 Species-level identification and relationships using Average Nucleotide Identity (ANI)

Two methods were used to confirm species validity of the B. multivorans strains: PyANI (Pritchard
2014) and FastANI (Jain et al. 2018). PyANI v0.2.9 (Pritchard 2014) was used as the initial species-

level identification of the B. multivorans strains. This used pairwise alignments to illustrate the genomic
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relationships within the bacterial species. The application was used with the MUMer algorithm It
outputted several graphical heatmaps covering the percentage identity, alignment coverage, alignment

length and similarity errors.

FastANI v1.32 (Jain et al. 2018) was used as a secondary, alignment-free method for whole-genome
ANI analysis of the B. multivorans strains. This was performed using the many to many arguments,
where a query list was compared to a reference list. The reference genomes used in the analysis were
the B. multivorans complete genome model strains ATCC 17616, BCC0033, BCC0084, and BCC1272.
The reference genome which most closely reflected the genomic lineage and had the closest similarity

selected to compare against draft genomes and confirm their ANI grouping.

2.8.2 Roary pan genome analysis and core-gene alignment tool

The Roary (v3.13.0) pipeline (Page et al. 2015) was used for a pan-genome analysis and core-gene
alignment of 283 B. multivorans genomes (Table 5). Prokka-annotated GFF files (Section 2.6.3) were
used as the input. The -e parameter were used to create a MAFFT multi-FASTA core-gene alignment

(Katoh ef al. 2002; Page et al. 2015) and -r to create R plots.
2.9 Phylogenomic analysis of the whole genome and MLST sequences

2.9.1 FastTree and RAXML

The GFF annotated-file outputs from Prokka (Seemann 2014) (Section 2.6.3) were used in the Roary
v3.12.0 (Page et al. 2015) pan genome pipeline to assess the core and accessory genome of the strain
panel. The command was performed using the default settings (95% minimum percentage ANI for
blastp) (Page et al. 2015). The core gene alignment output file produced by Roary (Page ef al. 2015)
was created using the MAFFT alignment algorithm. This was then used to create a double-precision
maximum-likelihood phylogeny using FastTree v2.0.2.9 (Price et al. 2009), utilizing the Generalized
Time-Reversible (GTR) evolutionary model (Lanave ef al. 1984). After determining the root branch
point for a phylogeny, a final phylogenetic tree was constructed using maximum likelihood
(GTRGAMMA model) Randomized Accelerated Maximum Likelihood (RAXML v8) (Stamatakis
2014), supported by 100 bootstraps.

2.9.2 Determining sequence type and creating phylogenies

Sequence Types (STs) were also determined for the B. multivorans strains using the MLST v2.18.1
script by Torsten Seemann (Seemann), performed by matching against the pre-defined Bcc database. A
secondary MLST was performed using PubMLST blast schemes, using MLSTcheck (Page et al.
2016b), on the final 77 B. multivorans panel strains. This uses a nucleotide BLAST of the query

genomes against public MLST databases, creating multiFASTA output files for each of the strains. For
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comparison to the core gene alignment phylogeny, the multiFASTA file outputs were concatenated into

a single alignment file and an MLST tree was drawn using FastTree (Price et al. 2009) (Section 2.9.1).

2.9.3 Phyloviz online

The MLST data provided by Section 2.9.2 (Seemann ; Page et al. 2016b) was used for analysis using
Phyloviz Online (Francisco et al. 2012; Ribeiro-Gongalves et al. 2016). A manually curated table of
all B. multivorans STs, and related strain information (isolate type and country of origin), found in the
pubMLST database, and the genomes used in this thesis (Table 5) were compiled and submitted
privately to the online interface. Various MLST-based phylogenetic trees were drawn, based on the
strain information, to understand the distribution and epidemiology of the B. multivorans strains. N
Locus Variant (NLV) thresholds were then used to investigate the genomic relatedness of the B.
multivorans strains. Tree cut-off and NLV graph thresholds were adjusted to identify the closely related
nodes (Ribeiro-Gongalves et al. 2016).

2.9.4  Visualisation and editing of phylogenomic trees

All phylogenetic trees were visualized using FigTree v1.4.4 (Rambaut 2009) graphical software. These
were then edited using Inkscape v0.92.1 (Project 2020).

2.10 Variant analysis

2.10.1 Use of Snippy to identify variants and create core-SNP phylogenies

Haploid variant calling and core genome alignment was performed using Snippy v3.2-dev (Seemann
2018) Nucleotide polymorphisms were predicted via Snippy by aligning NGS reads to a reference
genome using BWA MEM. The complete genomes of B. multivorans ATCC 17616 (downloaded from
NCBI), BCC0084 and BCC1272 (PacBio sequences) were used as the reference genomes. BCC0084
and BCC1272 were used as the lineage representatives when creating SNP core gene alignments and
analysis of the two lineages individually. Resultant variant validity is assessed using Freebayes prior to
employing SnpEff to determine SNP effects on the genome. The variants were noted as follows: SNP
= Single Nucleotide Polymorphism (only one base change), MNP = Multiple Nucleotide Polymorphism
(two or more sequential bases change), INS = Insertion of a base within the string, DEL = Deletion of

a base within the string and COMPLEX (a combination of SNPs and MNPs).

2.10.2 Gubbins to address recombination in the variant analysis

To address recombination in the snippy aligned (Section 2.10.1) B. multivorans genomes, the
Genealogies Unbiased By recomBinations In Nucleotide Sequences (Gubbins) (Croucher et al. 2015)
algorithm was used. The Snippy clean full alignment was subjected to Gubbins (Croucher et al. 2015)
using the -p flag. The SNP-sites tool (Page et al. 2016a) was next performed on the Gubbins (Croucher
et al. 2015) filtered polymorphic sites FASTA file to create a clean core SNP alignment. The outputted
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alignment was passed through phylogenetic tree building software as above (Section 2.9.1) to give the

final Gubbins-filtered core-SNP phylogenies.
2.11 Identification of B. multivorans genes of interest using a pan-GWAS approach

2.11.1 Pan-GWAS scoring of key genes

Scoary was used as a pan-GWAS approach to assign genes identified in the B. multivorans genomes to
a given ‘trait’. The algorithm used the Roary (Page et al. 2015) gene presence absence output file and
an associated binary trait file assigned manually. The trait files used in this work were to identify a)
lineage-specific genes (Section 4.2.7), and b) genes associated with phenotype (Section 5.2.10). For the
phenotype analysis, a positive trait was defined as ‘motile’, ‘biofilm forming’, ‘exopolysaccharide
producing’, and ‘normal growing’. If the strain could exhibit any motility, biofilm, or
exopolysaccharide, irrespective of the amount, it was noted as positive. Negative traits were given to
‘non-motile’, ‘non-biofilm forming’, ‘no exopolysaccharide production’, and ‘slow growing’. Positive
traits were scored ‘1’ and negative traits as ‘0’ in the matrix. Scoary was run using default parameters

(p-value <0.05).

2.11.2 Use of a semi-automated shell script to sort the data

A semi-automated approach was used to analyse the lineage-specific gene data. The output of Scoary
(Brynildsrud et al. 2016) (Section 2.11.1) provided a spreadsheet of genes and their relative number of
hits to each lineage. The spreadsheet was manually filtered for genes which were only present in one
lineage, acquiring a list of genes unique to both lineages individually. A local BLASTn (Section 2.7.2)
was used to check the uniqueness of the list when the B. multivorans genes tested increased to all 283
genomes (Table 5). Any hits which were no longer lineage-specific were manually checked for and
discarded. The final BLAST spreadsheet was then subjected to a customised shell script (available via
Github) which ensured the data was in the correct format for processing, removed any duplicates, sorted
the data using parallel (Tange 2018), counted the number of gene hits for each lineage, then outputted

the results in a .csv file.

2.11.3 Identification of the lineage-specific gene locations and its stability

The Artemis viewer (Berriman and Rutherford 2003) was used to identify the gene location of the
unique lineage genes of interest on the B. multivorans complete genomes. The region was checked for
stability. This ensured there was no skewed GC content, indicating genomic changes such as horizontal
gene transfer. The gene was only considered if it was found on replicons 1 or 2 as these are present in

all BCC bacteria.

Once the genomic location was identified and parameters accepted, Bedtools was used to extract the

FASTA sequence of the gene from the respective B. multivorans complete genome. The gene was then
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subject to BLAST against the scaffolded B. multivorans strain panel, to ensure that the gene location
was consistent across all the genomes. Bedtools (Quinlan and Hall 2010) was used to extract the FASTA

sequences for the gene in the B. multivorans scaffolds using the BLAST output.
2.12 PCR primer design

2.12.1 In silico design to identify mismatches in the sequences

Four primers were designed in total, targeting 4 different B. multivorans genes (ghrB_I, naiP_3, and
viaJ_1 against lineage 1 genomes and ginM_2 against the lineage 2 genomes). The Bedtools (Quinlan
and Hall 2010) extracted gene sequences were aligned using MAFFT (Katoh et al. 2002) to reveal the
conserved and unique nucleotide sequence regions. Manual analysis of the aligned sequences was used
to pinpoint the unique regions as possible primers. At least one primer of the pair was designed to have
at least 2 mismatches on the 3’ end. Primer lengths were kept within a range of 18-22 bases. Primer
pairs were checked using both the NCBI primer designing tool and the Eurofins Genomics Oligo
Analysis Tool for suitability. BLAST was then used to check primer cross-reactivity with other closely
related Burkholderia species. An additional check was performed using the online OligoAnalyzer Tool
by Integrated DNA Technologies to ensure the primers did not cause hairpin structures and were
appropriate for PCR. Successfully designed primer sequences were sent to Eurofins Genomics for

synthesis.

2.12.2 Use of SnapGene for in silico visualisation of the PCR primers and products

To visualize the forward and reverse primers in the B. multivorans complete genomes, SnapGene
software (Insightful-Science) was used. The primer pair targeting ghrB_I was analyzed in the B.
multivorans BCC0084 genome. Primers targeting glnM_2 were analyzed using the B. multivorans
ATCC 17616 genome. DNA files for the two B. multivorans strains were loaded into the software,
indicating that the sequence was circular. The designed forward and reverse primers were manually
mapped in the software against the respective DNA file. The output provided the genomic location of
the forward and reverse primers, as well as annotation of surrounding features. SnapGene was also used
to simulate a 1.2% agarose gel in silico. The primer pairs were added into the gel lanes, a 1 kb DNA

ladder selected, and Taq DNA polymerase chosen.

2.12.3 PCR protocol optimisation

PCR optimization was based around the melting temperature of the primers, and a gradient PCR
protocol was used to identify an optimal annealing temperature. The annealing temperature ranged from
48 °C to 65 °C. PCR reactions were set up in 200 pl microtubes and the number of cycles used was 35.

This cycle number was recommended for DreamTaq DNA polymerases.
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2.12.4 Testing of the lineage-specific primers

The PCR primers were initially tested using the B. multivorans phenotypic strain panel of 48 strains
(Table 5). Negative controls consisted of the opposing B. multivorans lineage and DNAse-free H,O.
The PCR reactions were performed using final reaction volumes of 25 ul. Each reaction consisted of
12.5 pl DreamTaq Green PCR Master Mix (2X) (Thermo Fisher Scientific, UK), 1ul of each primer (1
ul forward primer and 1ul reverse primer), 1 ul template DNA and 9.5 ul nuclease free water. Final
PCR primers and the associated protocols can be found in results Section 4.2.8. To confirm there was
no cross-reactivity in the primers, a second PCR was performed using 2 closely related B. cenocepacia
strains (K56-2 and BCC0019) and a B. ambifaria AMMD strain. PCR products were visualized using
a 1.2% agarose gel electrophoresis gel, submerged in TAE buffer, and run at 80V. Gels were then

visualized in a gel imager.
2.13 Genetic manipulation of the model B. multivorans strains

2.13.1 Triparental mating of pMLBAD into the B. multivorans strains

pMLBAD (Lefebre and Valvano 2002), a well-characterized B. multivorans cloning vector, was used
to see if the four model B. multivorans strains (ATCC 17616, BCC0033, BCC0084, and BCC1272)
could take up DNA via conjugal transfer. Conjugative plasmid transfer into B. multivorans was
achieved using a triparental mating method (Craig et al. 1989). This used helper E. coli strain HB101
containing the pRK2013 plasmid (Figurski and Helinski 1979; Ditta et al. 1980) and E. coli DH5a
donor (Grant ef al. 1990). For the initial growth, B. multivorans strains ATCC 17616, BCC0033,
BCC0084 and BCC1272 and E. coli strains were grown in Sml of TSB and Luria-Bertani (LB) broth,

respectively.

Overnight cultures were centrifuged for 10 minutes at 4,000 rpm. The supernatant was carefully
discarded, leaving the remaining pellet. The pelleted cells were resuspended in Sml modified LB broth
(supplemented with 10 mM MgCl») and the centrifugation washing step was repeated. After discarding
the supernatant, the E. coli cells and B. multivorans cells were resuspended in 4 ml and 3ml of modified
LB respectively. Each bacterium alone, as a culture, acted as the negative control. Aliquots of 50 pl of
each bacterium were plated directly onto LB agar supplemented with 10 mM MgCl,. For the
conjugation, the E. coli HB101 helper, E. coli DH5a donor and B. multivorans strain was mixed equally
in 50 pl volumes in a 1.5ml microtube. This was mixed using a vortex for 20 seconds before aliquoting
50 pl of each strain mixture onto modified LB agar. The plated drops were allowed to dry completely

and incubated at 37 °C for 24 hours to enable conjugation.

Sterile plastic loops were used to take scrapings and resuspend the growth from the modified mating
mixtures into 1ml of sterile TSB. Selective media of TSA containing 600 units of polymyxin B (PB1)

and 50 pg/ml of trimethoprim (Tm) were used for plating the single bacterium controls and conjugants.

75



Suspensions were plated in 100 pl volumes and spread evenly using a sterile spreader. Plates were
incubated for 72 hours at 37 °C. Multiple colonies were individually picked from the mixed conjugation
plates and were replated onto selective TSA plates. Plates were incubated overnight at 37 °C to obtain

fresh cultures of transconjugants.

2.13.2 Electroporation of fluorescent reporter gene plasmids into the B. multivorans model strains

The fluorescent reporter gene plasmids pIN301 (pIN301-eGFP) (Mesureur et al. 2017) and pIN233
(pIN233-mCherry) (Gomes et al. 2018) were used as additional tests to see if B. multivorans would
take up DNA by electroporation and express recombinant proteins. B. multivorans cultures were grown
in TSB for 18-24 hours before being diluted to ODsoonm 0.1 in 3ml TSB. These were then incubated at
37 °C, shaking at 150 rpm for around 4 hours. This allowed the B. multivorans model strains to reach
an ODgoonm of 1. Cultures were checked for the correct ODgoonm by sampling and screening using a
spectrophotometer. The remaining 2 ml aliquot was spun down in a centrifuge for 5 minutes at 4000
rpm and washed with an equal volume of room temperature sterile ddH->O. This was repeated two times
in total. Cultures were subject to a final resuspension in 30 ul of sterile room temperature ddH-O. 10
ng of room temperature vector DNA was added to the suspension. The mix was transferred to
electroporation cuvettes and electroporated using 2500V and 2 mm setting. The field capacity was 12.5
kV/cm. Electroporated cell were recovered for 1 hour in 1 ml sterile TSB at 37 °C, shaking at 150 rpm.
The neat cultures were plated on TSA containing 50 pg/ml chloramphenicol (Cm). Plates were
incubated statically at 37 °C overnight before confirming pIN301-eGFP or pIN233-mCherry uptake
using blue light. Electroporated strains were captured using a Biospace Lab Photon Imager Optima.
This used excitation of 488 nm and emission of 522 nm for pIN301-eGFP. For pIN233-mCherry
electroporated strains, an excitation wavelength of 580 nm and emission of 610 nm was used for the
imaging. Both pIN301-eGFP and pIN233-mCherry colonies were transferred into cryovials containing
TSB supplemented with 8% DMSO at -80 °C for long-term storage. The same procedure was used to

introduce both plasmids into P. aeruginosa strain LESB58 using a selection of 50 pg/ml Cm.

2.13.3 PCR to confirm genetically manipulated strains were B. multivorans

To confirm that the pMLBAD (Section 2.13.1) pIN301-eGFP and pIN233-mCherry (Section 2.13.2) B.
multivorans genetically manipulated strains were from the expected parent, a rapid DNA extraction was
performed using the Chelex method (Section 2.3.1). This picked a colony from a 50 pg/ml Cm
supplemented selective TSA agar plate. Random Amplification of Polymorphic DNA (RAPD) was used
to compare the pmIBAD, pIN301-eGFP, and pIN233-mCherry genetically manipulated B. multivorans
to their respective wild type strains using primer sequences and PCR settings noted in Table 10. The
negative experimental control was the nuclease free water alone. A 1.5% agarose gel was used to

visualize the amplified DNA products. Banding patterns of the wild type and respective pmlBAD,
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pIN301-eGFP or pIN233-mCherry products should be identical as the plasmid should not affect the
banding pattern.

Table 10 | Primers and PCR cycles used for RAPD-PCR amplification

Target gene Primer name Primer sequence (5’ to 3”) Reference

/ RAPD 272 AGCGGGCCAA (Mahenthiralingam et al. 1996)
PCR Stage Temperature (°C) Number of cycles Time (mins)
Initial heating step 95 1 2
Amplification 95 1

Annealing 36 45 1

Extension 72 2

Final extension 72 1 4

2.13.4 M13 PCR to confirm plasmid uptake

Plasmid uptake into the B. multivorans strains was also checked using an M13 PCR on the pIN301-
eGFP and pIN233-mCherry electroporated bacterial strains (Table 11). Colonies were picked from the
50 pug/ml Cm supplemented selective TSA agar plates and subjected to rapid Chelex DNA extraction
as above (Section 2.3.1). The M13 primers were used to amplify the plasmid inserts into the B.
multivorans genomes. A 1.5% agarose gel was used to visualize the amplified DNA products. Banding
patterns of the genetically manipulated B. multivorans strains were compared to the negative control

parent strains.
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Table 11 | Primers and PCR cycles used for M13 amplification

Target gene Primer name Primer sequence (5’ to 3°) Product size (bp) Reference
GTA AAA CGA CGG CCA GT
/ pUC/M13 1152 /
GGA AAC AGC TAT GAC CAT G
PCR Stage Temperature (°C) Number of cycles Time (mins)
Initial heating step 93 1 5
Amplification 94 0.5
Annealing 56 35 0.5
Extension 72 1.5
Final extension 72 1 5

2.13.5 Stability of the pIN301-eGFP and pIN233-mCherry plasmids in the B. multivorans model

strains

Genetic stability of the pIN301-eGFP and pIN233-mCherry plasmids in the B. multivorans model
strains and P. aeruginosa LESB58 strain were performed using week-long growth passage experiment
as follows. Freezer stocks (Section 2.1.1) of each strain were revived on TSA supplemented with 50
pug/ml Cm, grown up to 48-hours at 37 °C. A few colonies were picked from the revived plates and
transferred into BSM-G broth with 50 ug/ml Cm and incubated at 37 °C (150 rpm) for 18 hours. This
was known as the ‘revival culture’. Dilution of each culture was prepared in 3 ml BSM-G broth with
50 ug/ml Cm to a final count of 10° CFU/ml per strain. This was used as the ‘day 0’ culture and thus
the start point for the assay. The day O culture was incubated at 37 °C shaking at 150 rpm for 24 hours
before diluting in a 1 ml microtube to around 10’ CFU/ml in BSM-G broth. 200 ul of each diluted strain
was placed into a 96-well plate, with 4 technical repeats per strain. The 96-well plate was placed into a
Tecan plate reader and held for 5-minutes in darkness before reading. The cultures were measured for
optical density (ODsoonm) and fluorescence of either pIN301-eGFP (excitation: 488, emission: 522y)
or pIN233-mCherry (excitation: 550y, emission: 610,m). Each of the strains were enumerated for
viability at each time point as per Section 2.1.3. The day O culture was further diluted to a final count
of 10° CFU/ml for each strain, without antibiotic, in 3 ml BSM-G broth. This gave the day 1 culture
which was then incubated at 37 °C shaking at 150 rpm for 24 hours. The dilution passages without
antibiotic selection and OD/fluorescence readings were performed each day for a total of 5 days. Three

biological replicates were performed for each strain in total.

The data was normalized by first subtracting the media blank from each reading, then dividing the
fluorescent reading by the corresponding OD ¢oonm measurement. To confirm that the cells harboured

the plasmid over the course of the experiment, the following equation was used:
% on TSA with antibiotic

% on TSA plate

x 100
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2.14 Comparative genomics of the B. multivorans strains

2.14.1 Identification key virulence and pathogenicity genes

Two approaches were used to identify the putative virulence and pathogenicity genes in the B.
multivorans strain panel. Firstly, the gene presence absence matrix from Roary (Page et al. 2015) was
manually investigated to group the genes into the following categories: ABC transporters, biocide and
chemical resistance, biofilm and adhesion, cation efflux, drug resistance, haemolysins, hypermutators,
invasion/flagella, LPS & O-antigen, metabolism, metal and mineral resistance, metalloprotease, OMPs,
prophage and IS elements, QS genes, stress proteins, T2SS genes, T3SS genes, T4SS genes, T6SS

genes, and Toxin-antitoxin systems.

A second approach utilised the Abricate (Seemann 2017) v1.0.0and multiple databases implemented
within this as follows: CARD (Jia ef al. 2017), Resfinder (Zankari et al. 2012), PlasmidFinder (Carattoli
et al. 2014), VFDB (Chen et al. 2016), NCBI AMRFinder (Feldgarden et al. 2019), ARG-ANNOT
(Gupta et al. 2014) and MEGARES (Doster et al. 2020). The prokka-annotated scaffolded B.
multivorans contigs were used for these gene prediction analyses. The virulence and pathogenicity
genes in each of the B. multivorans contigs were predicted using each of the Abricate (Seemann 2017)
databases using default parameters. Outputs were combined, with duplicate hits from multiple databases
noted. Abricate (Seemann 2017) was then re-run on the B. multivorans complete genomes to identify
the exact location of the virulence and pathogenicity genes. Circa software was used to develop Circos
(Krzywinski et al. 2009) circular graphics plots of the complete genomes which illustrated the virulence

and pathogenicity genes of interest, their respective categories, and genomic locations.

2.14.2 Identification of Low Oxygen Locus associated genes in the B. multivorans genomes

To identify the genes homologous to the B. cenocepacia Low Oxygen Locus Activated (Ixa) locus in
the B. multivorans strain panel, a custom Abricate database was created using the /xa genes from the B.

cenocepacia J2315 genome (www.Burkholderia.com) described by (Sass et al. 2013). This was run

against the Prokka-annotated unscaffolded B. multivorans genomes. The custom I[xa database was
executed in the command line using a cut-off of 80% identity and 80% coverage. The BLAST output

was manually adapted to a gene presence-absence matrix for reporting the results.

2.14.3 Identification of prophages

All 77 B. multivorans strain panel genomes were subjected to prophage sequence prediction using the
PHAge Search Tool Enhanced Release (PHASTER) (Zhou et al. 2011; Arndt et al. 2016). The Prokka
annotated FASTA files were used to compare against the PHASTER database. Phage region were
scored as incomplete (< 70), questionable (70-90) and complete (> 90). Results were illustrated as box
plots for overall phage metrics and as a graph comparing phage region size and B. multivorans genome

size.
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2.14.4 Insertion Sequence identification

ISEScan v1.7.2.3 (Xie and Tang 2017) was used to identify insertion sequence (IS) elements in the B.
multivorans panel strains. This used the Prokka-annotated, unscaffolded B. multivorans contigs and was

run using default settings. The .csv file outputs were used for analysis.

2.14.5 Identification of plasmids

RFPlasmid v0.0.18 (van der Graaf-van Bloois et al. 2021) was used to predict plasmid contigs within
the Prokka-annotated B. multivorans strain panel. This was performed on both the model strain
complete genomes and the un-scaffolded contigs. RFPlasmid was used with default parameters,
flagging the species as Burkholderia. BLAST was then used to look at the similarity between the C4
replicons identified in the scaffolded B. multivorans contigs compared to the B. multivorans model
strains using a local BLAST search (Section 2.7.2). ACT was finally used to compare the predicted
replicon 4 (C4) regions of the B. multivorans complete genomes. ATCC 17616 C4 region was used as

the main comparator against the C4 region of BCC1272, BCC0084, and BCC0033.

2.14.6 EggNOG to identify COGs within the B. multivorans genomes

COG functional categories were assigned using the online EggNOG-mapper online tool v2 (Jensen et
al. 2008) using database v5 (Huerta-Cepas et al. 2019). This was performed on the complete B.
multivorans genomes (Section 4.2.5). All parameters were left at default. Inputs were amino acid
translated coding sequences (CDS) .faa files produced by Prokka. The DIAMOND based homology
search was used to assign functional orthologs. This used the bacterial database. The output table was
used to extract COG categories and their respective accessions. The well-known categories were split
into (i) information storage and processing, (ii) cellular processes and signalling, (iii) metabolism. If a

COG category was unknown, the CDSs was noted ‘poorly categorized’.

2.14.7 SNP Variant analysis

Snippy (Seemann 2018) v4.6.0 was used to perform variant calling of the B. multivorans strains
compared to a respective reference. For the lineage analysis, ATCC 17616 and BCC0084 complete
genomes were used as the references. When performing variant analysis of the murine modelling
infection isolates, the respective BCC0084::pIN301-eGFP, BCC0033::pIN301-eGFP, BCC0033 WT
and ATCC 17616 WT insertion sequence short-read references were used. The core SNP outputs were

used to create phylogenetic trees (Section 2.9.1) which was visualised and edited as per Section 2.9.4.
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2.15 In vivo modelling of the B. multivorans model strains

2.15.1 Ethics statement

All murine modelling experiments were performed at University of Liverpool under project licence
PP2072053 (home office approved). All experiments were performed using 6- to 8-week-old BALB/c
female mice. The mice were purchased from Charles River (Margate, UK). An independent member of
staff randomly assigned the mice into cages of 4. The mice were left to acclimatise for 7-days in the
cages before infection. Most procedures and specifically those involving animals were carried out by
Angharad Green and Daniel Neill as the licence holders. A group size of 8 mice per time point (1, 3,
and 5 days), with a total of 24 mice for each B. multivorans strain analysed, was used as standard
parameters sufficient for initial statistical power analysis as shown in previous studies (Green et al.

2021)

2.15.2 Experimental evolution in murine infection models

B. multivorans strains ATCC 17616 WT, BCCO0084::pIN301-eGFP, BCC0033 WT, and
BCC0033::pIN301-eGFP were grown as overnight cultures (16-18 hours growth) in TSB from single
colonies. The overnight cultures were then sub-cultures in TSA with 20% foetal bovine serum (FBS).
The sub-cultured bacteria were grown for ~6 hours to mid-exponential phase, before creating -80 °C
freezer stocks suspensions (Section 2.1.1). The murine infections were performed based on the protocol
by Green et al. (2021). The freezer stocks acted as the initial infection stocks for the experiments.
Infection stocks were gently thawed before use at room temperature. Bacteria were harvested by
centrifugation. The bacteria were suspended in Phosphate Buffered Saline (PBS). Twenty-four mice,
per B. multivorans strain, were infected intranasally with ~107 CFU/50 ul bacterial cells. Mice were
under light anaesthesia of mixed oxygen and isoflurane during the infection. Mice were monitored for
pain scores and their weight every 24-hours of infection. This was performed until the time point where
the mouse was due to be culled to ensure there were no breaches of ethics in terms of animal suffering.
Groups of 8 mice, per B. multivorans infection strain, were culled at 1-, 3- and 5-days post-infection.
The nasopharynx and lungs were removed from each of the culled mice and were homogenised in 2 ml
sterile PBS. Serial dilutions of the homogenised murine tissues were serially diluted and plated on B.
cepacia selective agar (BCSA) (Oxoid, UK). Viable cell counts were performed after 48-hours growth
at 37 °C. The bacterial isolates were pooled for each group of 8 mice. This gave one stock for the
nasopharynx and one stock for the lung, per time point, for each B. multivorans infection strain. Original

murine infection and time point stocks were frozen and stored at -80 °C at Liverpool University.

Each stock was sent to Cardiff University on a charcoal swab. These were revived within 48-hours of
receipt on BCSA media. DNA extraction and quality control of each revived stock were performed as

per Sections 2.3.1, 2.3.3, and 2.4.1. Extracted DNA was sent to Novogene (Cambridge, UK) for whole
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genome sequencing using the [llumina platform. Genome sequences were assembled and checked for
quality as per Sections 2.6.1 and 2.6.6. Snippy (Seemann 2018) v3.2-dev was used to perform the

variant analysis (Section 2.10.1).
2.16 Phenotypic characterization of the B. multivorans strains

2.16.1 Colony morphology

Bacterial strains were revived, using quadrant streaks, from the -80 °C freezer stocks on TSA and grown
for 48-hours at 37 °C for colony morphology analysis. Results were interpretated by size (small,
medium, or large), form (circular or irregular), and appearance (dull or shiny). All colony morphologies
were performed on 89 B. multivorans strains. This was performed on the 73 B. multivorans strains
sequenced as part of this thesis (Table 5), as well as a further 16 B. multivorans strains which are

epidemiologically relevant (Table 5).

TSA supplemented with 0.01% (w/v) congo red dye (Chung et al. 2003) was used to identify cell surface
differences of 89 B. multivorans strains. The B. multivorans strains were quadrant streaked onto the
plates. The strains were scored for colour between pink, orange, and red. This indicated the amount of
congo red dye uptake by the strains after 48-hours growth at 37 °C. The scale of congo red dye uptake

by the B. multivorans strains ranged from pink to orange to red.

Exopolysaccharide production of the 89 B. multivorans strains, to evaluate their mucoid status, was
performed using yeast extract-mannitol (YEM) agar. The composition of the agar was 0.05% (w/v)
yeast extract, 0.4% (w/v) mannitol, and 1.5% (w/v) agar as described by (Sage 1990). B. multivorans
were quadrant streaked onto the YEM agar and incubated for 48-hours at 37 °C. After incubation, the
exopolysaccharide (EPS) production of the B. multivorans strains was measured using categorisation

33

by the naked eye. Scoring of the EPS production was as follows: = non-EPS producing, ‘+’ =

partially mucoid, ‘++’ = frankly mucoid, ‘+++’ = mucoid, ‘++++’ = highly mucoid.

2.16.2 Growth rates using a Bioscreen C instrument

Growth analysis of the B. multivorans and other CF strains was carried out essentially as previously
described (Rushton et al. 2020). An automated Bioscreen C instrument was used to determine the
bacterial growth dynamics of B. multivorans isolates. Microtitre plates comprised of 100 wells in a
honeycomb shape. Wells contained 200 pl of bacterial overnight culture, diluted to approximately 10°
B. multivorans CFU/ml in either TSB or Artificial Sputum Medium (ASM). The Bioscreen C was set
to the following conditions: wideband filter (450-580nm), 37°C incubation and medium shaking 10
seconds before read. Well readings were taken every 15 minutes for a 48-hour duration. Each
experiment was performed in triplicate, with 4 technical replicates. Data collected was manipulated
using Microsoft Excel. The technical replicates for each experiment were averaged, subtracting the

broth only control from each value. The data was then logarithmically transformed (logo).
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The growth rates of the pIN301-eGFP and pIN233-mCherry electroporated bacterial strains were
determined using the above method. The strains were grown both with and without Cm (50 pg/ul)
antibiotic selection to see whether any differences occur. Comparisons were made to the growth of the

wild type (WT) strains.

To examine the growth rates of co-culture interactions, 10° CFU/ml of B. multivorans was mixed 1:1
with 10° CFU/ml of secondary pathogen (Table 6) in TSB. A total of 200 ul of mixed bacterial culture
was placed into each Bioscreen C well, with 4 replicates per interaction. Growth interactions were

measured in the same way as the B. multivorans monocultures above.

2.16.3 Data analysis of B. multivorans growth parameters

Growth parameters of all mono- and co-culture growth rates were estimated using the Grofit statistical
package designed by Kahm ez al. (2010). This package is compatible with use in R software. The GcFit
function was used to estimate the following: I) maximum growth rate, II) length of the lag phase and
II) maximum growth density. Measurements were created through parametric models. Any strains that

were modelled using non-parametric tools were excluded.

2.16.4 Swimming and swarming motility assays

Motility of B. multivorans was measured using a modified method from (Rashid and Kornberg 2000).
Agar plates were prepared 24 hours before use to ensure consistent moisture content. Agar was
measured using a falcon tube, with each Petri dish containing 20 ml, and dried on an even surface in a
laminar flow cabinet for 30 minutes. Varying concentrations were achieved by adding purified agar
powder (Oxoid) to either LB broth (Sigma-Aldrich) or Basal Salts Medium (prepared in-house)
supplemented with 0.4% glucose (w/v). Swimming plates were prepared to 0.3% agar with LB, with
the inoculum through the agar to the base of the Petri dish. Swarming plates were prepared using 0.5%
agar in both media types, with the inoculum on the surface only. Plates were wrapped in petri-dish bags
to prevent drying. Each experiment was performed in triplicate, with 2 technical replicates per assay.
Plates were incubated for 37 °C and zones were measured at 24-hours, averaging two perpendicular
measurements. To ensure the data is robust, all biological replicates must be within a 15mm range. Each
isolate was assigned a category: non-motile <5 mm, low motility 5.1-25 mm, intermediate motility 25.1-

50 mm, high motility >50.1 mm.

For the mixed motility assays, the primary B. multivorans pathogen was mixed with a secondary
pathogen from the CF secondary pathogen panel (Table 6). An aliquot of 500 pul overnight culture of
each pathogen was placed into a sterile 2 ml microtube and mixed using a vortex for 10 seconds. The

motility of the combined pathogens was assessed using the same method as above.
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2.16.5 Agar plugs from the edge of swimming motility zones

A 6 mm sterile corkborer was used to recover the CF pathogens from the outside of the swimming
motility interaction. The cork borer was placed on the outer edge of the motility zone, after incubation.
The agar plugs were vortexed for 20 seconds in 1 ml sterile PBS for DNA extraction (Section 2.3.1).

This ensured re-suspension of bacteria from the agar plug.

2.16.6 RISA PCR profiling

To identify the presence of a secondary pathogen in the mixed swimming motility, RISA PCR
fingerprinting (Flight e al. 2015) was used to visualise banding patterns of the bacteria isolated from
the agar plugs (Section 2.16.5). The RISA primers used were those defined by Borneman and Triplett
(1997). PCR cycle steps and DNA amplification can be found in Table 12. Amplified PCR products

were visualized using a 1.2% agarose gel electrophoresis (Section 2.5.2).

Table 12 | RISA PCR fingerprinting primers and PCR stages

Target gene Primer name Primer sequence (5’ to 3”) Reference
1406F TGYACACACCGCCCGT

/ (Borneman and Triplett 1997; Flight et al. 2015)
23SR GGGTTBCCCCATTCRG

PCR Stage Temperature (°C) Number of cycles Time (mins)

Initial heating step 94 1 2

Amplification 94 0.25

Annealing 55 30 0.25

Extension 72 0.75

Final extension 72 1 2

2.16.7 Disk diffusion for antibiotic susceptibility testing

Disk diffusion assays (Bauer et al. 1966) were performed using MASTRING-S® M26/NCE antibiotic
rings (Mast Group). Assays were performed as per the European Committee of Antimicrobial Testing
(EUCAST) guidelines. Mueller-Hinton agar (Oxoid) was used as the base for all bacterial strains tested.
Bacterial strains were diluted to approximately 10® CFU/ml (OD 0.5 McFarland standard) in Mueller-
Hinton broth (Oxoid). A single cotton swab of diluted bacteria was plated onto the agar in two
directions, creating a continuous lawn. Plates were left to partially dry for around 30 seconds before the
MASTRING-S® M26/NCE antibiotic rings were added to the centre of each plate using sterile forceps.
Once placed, the antibiotic rings were not moved. Each antibiotic disc was gently pressed onto the agar
with the sterile forceps to ensure contact. Plates were incubated for 24-hours at 37°C before reading.
After incubation, two perpendicular measurements were manually taken, using a ruler, for each
antibiotic disc, noting the average. The disc diffusion assay was performed using 2 technical and 3

biological replicates per bacterial strain.
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2.16.8 Biofilm formation in a 96-well microtitre plate

A crystal violet assay binding plastic plates (O'Toole 2011) was used to determine the mass biofilm
formation of B. multivorans isolates. Overnight cultures were diluted to an ODO0.001 at 600nm
(approximately 10° cfu/ml) as a starting inoculum. Aliquots of 100 ul suspension were placed into the
96-well plates into columns 2 to 10, rows B to G. This was performed in columns, giving 6 technical
replicates. The broth control was put into column 11. The wells on the outer edge of the plate did not
contain any suspension or control to avoid evaporation when incubating. Plates were incubated
statically for 24-hours at 37°C. After incubation, the medium was shaken out of the plate and washed
three times with autoclaved, ultra-pure H20. The H20 was shaken out after each wash. A final washing
step was performed where the plate was submerged in H20 and shaken out. Using a multichannel
pipette, 200 ul of 0.1% crystal violet was added into each well and left at room temperature for 20
minutes so that the dye is absorbed. The crystal violet was then washed from the wells using the same
method as before. Plates were inverted and dried overnight. To quantify the biofilm mass, 200 ul of
70% absolute ethanol was added to each well and left at room temperature for 15 minutes to solubilise
the crystal violet. The plates were shaken at room temperature for 1 minute at 500rpm using a Grant-
Bio PHMT Thermoshaker. A Tecan plate reader was used to read the absorbance of the wells at 570
nm. A final absorbance reading was determined by subtracting the average of the broth blanks from all
other wells on that plate. The absorbance value was taken as the approximation of the biomass present

in each well as described (O'Toole 2011).

For the mixed biofilm assays, the above crystal violet biofilm protocol was also used. In the case of a
mixed interaction, a B. multivorans strain was mixed in a 1:1 (CFU/ml) ratio with a secondary pathogen
from the cystic fibrosis community panel. This would be approximately 10° CFU/ml of each pathogen
as the starting inoculum. 50 ul suspensions of each pathogen was placed into the 96-well plates to give

a 100 pl total volume. Staining and quantification of the biofilms were performed as above.

2.16.9 Protease production on agar

Protease production in the B. multivorans isolates was assessed using a modified protocol from Morris

et al. (2012). Lactose-free skimmed milk powder was obtained from Valio (https://www.valio.com).

TSA and the lactose-free skimmed milk were made separately for sterilization. TSA was prepared as
per manufacturer’s instructions. For the lactose-free skimmed milk, a 10% (w/v) solution was prepared
in ultrapure deionized water. Both components were autoclaved for 15 minutes at 121 °C and then
placed in a water bath at 55 °C until combining. Protease agar was made by mixing the two components

to give a final volume of 1% (w/v) lactose-free skimmed milk.

Overnight cultures were diluted to 10’ CFU/ml in TSB. Aliquots of 10 ul diluted culture were placed
onto the lactose-free skimmed milk agar in triplicate. Plates were left on a flat surface to dry before

incubating for 18-hours at 37 °C. Protease activity was determined by taking the average of two
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perpendicular measurements for each technical replicate. Assays were performed in at least three

biological replicates for all bacterial strains.

An additional protease production agar assay was performed with the B. multivorans model strains
(ATCC 17616, BCC0084, BCC0033, and BCC1272) and P. aeruginosa LESB58. This used brain-heart
infusion (BHI) agar (Oxoid) in place of TSA. The lactose-free skimmed-milk supplement was added as

above. The assay was performed and assessed in the same way as the TSA-based assay.

To assess the protease production of the secondary CF pathogens (Table 6) when interacted with B.
multivorans strains, the TSA and BHI agar media was prepared as above. All cultures were grown
individually overnight (16-18 hours) and then diluted to 10° CFU/ml. 500 ul aliquots of P. aeruginosa
strain was placed into a sterile 1.5ml microtube. 500 ul of either B. multivorans or B. cenocepacia was
then added to the microtube, mixing the two pathogens in a co-culture, creating a total volume of 1 ml.

The mono- and co-cultures were inoculated onto the protease agar, incubated, and assessed as above.

Enumeration of viable cells was performed (Section 2.1.3) on the TSA with 1% lactose-free skimmed-
milk agar when B. multivorans was interacted with P. aeruginosa LESB58. After incubation, one of the
inoculated spots per plate was scraped, using a sterile spreader, and re-suspended in 1 ml sterile TSB.
Serial dilutions were performed down to 10 and plated onto (i) TSA for total viable counts, (ii) using
TSA with 50 pug/ml of PB1 to select for B. multivorans, and (iii) using TSA with 50 pg/ml of Tm to
select for P. aeruginosa. Plates were incubated for 48-hours at 37 °C before calculating the CFU/ml

from each inoculation.

2.16.10 Use of fluorescent reporter strains for viability assessment in co-culture

Bacterial cultures (B. multivorans BCC0084::pIN301-eGFP and P. aeruginosa LESB58::pIN233-
mCherry) were grown overnight (16-18 hours) at 37 °C (150 rpm) in BSM-G broth supplemented with
50 pg/ml Cm to ensure plasmid stability. The bacteria were diluted to a starting culture of ~10° CFU/ml
in BSM-G broth. A 1:1 suspension of diluted B. multivorans BCC0084::pIN301-eGFP and P.
aeruginosa LESB58::pIN233-mCherry was performed in an microtube. The bacterial cultures, both
alone and in co-culture, were placed into a microtitre plate, giving 200 ul per well. The microtitre plate
was covered with a sterile transparent lid and placed in a Tecan plate reader. Plates were held for 5
minutes in the dark before the first reading was taken. Growth was measured every 30 minutes for a 24-
hour period. The plate was subject to shaking before each reading was taken. OD ¢oonm readings were
taken at each time point, immediately followed by a fluorescence reading for both pIN301-eGFP
(excitation: 488y, emission: 522,,) and pIN233-mCherry (excitation: 550,m, emission: 610m). This
experiment was performed with 4 technical replicates per plate and 3 biological replicates. The mean
was calculated for each time point from the 4 technical replicates. Data was normalized to give the RFU

as per Section 2.13.2. The normalization was performed against both monocultures individually.
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Enumeration of viable counts was performed using TSA with and without antibiotic selection (50 pug

/ml Cm) at time point 0 and 24-hours (Section 2.1.3).

2.16.11 Quorum Sensing

E. coli bioreporter strains (Winson et al. 1998) harbouring [ux-based bioluminescence were used to
detect AHLs in the bacterial strains. The reporter plasmid pSB406 was used to measure C4-HSL and
Cs-HSLs and pSB1142 was used to measure 3-oxo-Ci2-HSLs through the emission of light. Overnight
cultures (16-18 hours growth at 37 °C with 150 rpm shaking) of E. coli pSB406 (supplemented with 50
pg/ml ampicillin), E. coli pSB1142 (supplemented with 5 pug/ml tetracycline), and the experimental
bacterial strains (without supplement) were grown. The cultures were then diluted to ~10° CFU/ml in
BSM-G. For single bacterial cultures, 100 ul of each strain was mixed 1:1 with 100 ul of appropriate
E. coli bioreporter strain. For the B. multivorans and P. aeruginosa mixed culture analysis, 100 ul of E.
coli bioreporter strain was mixed with 50 ul of B. multivorans and 50 ul of P. aeruginosa. Total volumes
of 200 pl mixed, incubated bacterial culture were loaded into a 96-well black walled, clear-bottom plate
(Greiner Bio-one). Plates were incubated at 37 °C (150 rpm) for 30 minutes before reading. A Tecan
plate reader was used to measure the OD ¢oonm and RLU of each well. Technical replicates were averaged
to find the mean for each of the 3 biological repeats. Luminescence of the strains was recorded as RLU
by normalising against the OD soonm reading. The E. coli bioluminescence reporter strains were used as
a negative control, but the overall RLU readings were not subtracted from the experimental B.

multivorans and P. aeruginosa strains.
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3 Genome sequencing and phylogenomic characterization of a B.

multivorans strain collection

3.1 Introduction

For certain pathogens there is great variation and genetic diversity in their genomes due to their nature
of existing in complex populations. Genetic differences within the population are largely due to
recombination in non-clonal groups (Spratt and Maiden 1999). For instance, P. aeruginosa has been
observed to be highly recombinant in genetic structure causing population diversity (Darch et al. 2015).
However, clonal microbial populations may still differ in phenotype and genotype (Coutinho et al.
2011b; Andam 2019). This diversification can be through means of allelic and genome content,

including horizontal gene transfer (Croucher et al. 2014).

Genome evolution and population biology within the BCC has been characterized in several studies.
Clonality has been observed in B. multivorans (Baldwin et al. 2008; Hassan et al. 2020), with observed
clonal complex changes largely due to intra- and interspecies recombination (Baldwin et al. 2008).
There is also causation of lineage diversification with evidence of clonal B. multivorans mutation due
to enhanced selective pressures in the CF lung (Hassan et al. 2020). Positive selection pressures on the
BCC genomes can arise due to the stressful CF lung environment, causing clonal variants with varying

phenotypic traits (Madeira et al. 2013).

Several clonal complexes have been observed in B. multivorans and other Burkholderia species.
Grouping of STs into clonal complexes is defined as having 5 or more shared MLST loci (Baldwin et
al. 2008). B. multivorans is widespread globally, with examples of 4 clonal complexes (CC1, CC4, CC5
and CC6) found amongst various countries and continents. These include the United Kingdom, USA,
France, Portugal, Belgium, New Zealand, and Australia. CC3 is a clinically associated clonal complex,

with outbreaks found in the Czech Republic and France (Baldwin et al. 2008).

Furthermore, phylogenomic and clonal correlations of other significant CF pathogens, B. cenocepacia
and P. aeruginosa have been documented. B. cenocepacia has two defined lineages (IIIA and IIIB)
originally found via sequence analysis of the single recA gene (Mahenthiralingam et al. 2000;
Vandamme et al. 2003). The biggest difference between these two B. cenocepacia genomic lineages is
that ITIIA holds multiple MLST types associated with clinical sources and epidemic spread of CF strains,
with environmental strains being rare (Drevinek and Mahenthiralingam 2010). This IIIA lineage has
also shown to cause more virulent CF infections compared to other members of the BCC
(Mahenthiralingam et al. 2001; Zlosnik et al. 2015; Scoffone et al. 2017), including multiple epidemic
outbreaks (Jones et al. 2004; Drevinek et al. 2005). In analogous fashion, P. aeruginosa has also adapted

and evolved to form two distinct genomic groups (Ozer et al. 2019; Weiser et al. 2019), with at least
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two sub-groups and various clonal lineages (Freschi et al. 2019). These two bacteria are comparable to

B. multivorans since they all cause chronic CF lung infections.

Four lineages (genomovars IIIA, IIIB, IIIC and IIID) comprise the B. cenocepacia population (Wallner
et al. 2019; Hassan et al. 2020; Jin et al. 2020), which are thought to correspond to genetic and
phenotypic adaptations in the CF lung (Coutinho et al. 2011a). IIIA was one of the most common and
virulent of the B. cenocepacia lineages, accounting for several epidemic outbreaks (Drevinek and
Mabhenthiralingam 2010) and isolation bias from clinical samples (Baldwin et al. 2007). Outbreaks of
cluster IIIA in Canada (Speert et al. 2002) and Europe are often associated with the so-called ET-12
lineage (Sun et al. 1995b; Chen et al. 2001; Mahenthiralingam et al. 2005), an d other epidemic strains
such as RAPD types 01, 04 and 06 and the CZ1 clone (Drevinek ef al. 2005; Drevinek et al. 2010). The
ET-12 lineage is a widely studied and characterised strain (Chen et al. 2001). Studies have identified
its epidemic strain marker (Mahenthiralingam et al. 1997), type II cable pili (cblA) expression for use
in epithelial cell attachment (Sajjan ef al. 1995), and association of the ET-12 lineage and prophages
(Bodilis et al. 2018). Like IIIA, IIIB also harbours mostly clinical isolates (Drevinek and
Mabhenthiralingam 2010) which has epidemic clones within the USA (Midwest clone) (Coenye and
LiPuma 2002) and Europe (PHDC strain) (Chen et al. 2001). In contrast to lineage IIIA, B. multivorans
was associated with a reduced rate of transmission between CF individuals and decreased mortality rate

(Mahenthiralingam et al. 2001).

Initially, PCR assays were developed to identify “B. cepacia” using reference culture collection DNA
sequences, unknowingly ignoring the multitude of species which comprise the BCC (O'Callaghan et al.
1994; Campbell et al. 1995; Karpati and Jonasson 1996). Methods have since developed, and the
species-specific recA gene is now used for PCR-based identification of the BCC (Coenye et al. 2001b).
Research found that there were higher similarities when comparing different members of the BCC using
the 16S rRNA gene in comparison to comparisons against other Burkholderia species. (Coenye et al.
2001b). Using both the 16S rRNA and recA genes, Mahenthiralingam et al. (2000) developed novel

diagnostic approaches for several of the BCC, creating species-specific PCR primers for B. multivorans.

To further evolve Burkholderia species identification methods, MLST can be used as a more effective
method than recA gene analysis. MLST typing is an established way of determining bacterial population
structures and epidemiology in the BCC (Baldwin et al. 2005; Spilker et al. 2009). A study by Cesarini
et al. (2009) showed that recA gene identification of BCC isolates was around 64.5%, increasing to
88.5% identification using MLST. The latter method uses amplification of 7 BCC housekeeping genes
(atpD, gltB, gyrB, recA, lepA and phaC) (Baldwin et al. 2005; Spilker et al. 2009) which determines
the allelic profile and MLST type of the strain (Jolley and Maiden 2010). These genes are reliable in
the BCC for sequence typing due to their low mutation rates (Waine et al. 2007). MLST analysis was
also further developed into ribosomal MLST (rMLST) and whole genome MLST (wgMLST).
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Ribosomal MLST uses the 53 genes which encode the bacterial ribosomal subunit, useful for identifying
gene variants (Jolley et al. 2012) and drawing phylogenetic relationships to better analyze clades across
multiple bacterial species compared to the standard MLST scheme (Depoorter et al. 2016). One step
further uses wgMLST (Maiden et al. 2013), taking whole genome sequence data and translating the
bases into genes with character data, which can be performed in silico (Jolley and Maiden 2010). This
method not only confirms the bacterial species ST, but can also identify clonality and SNPs in the

population (Hassan et al. 2020).

As science is progressing, next generation sequencing is now more cost-effective for many research
studies, and genome sequences are becoming more publicly available. This allows large scale genomic
analyses as well as high throughput bioinformatic analyses to characterize multiple strains and
collections of bacteria. The use of DNA-DNA hybridization (DDH) performed on extracted bacterial
DNA was the determinator for the novel species B. multivorans, differentiating from the original B.
cepacia genomovar Il name in 1997 (Vandamme et al. 1997). For the determination of a single bacterial
species, ANI has been proposed as an in silico method to replace DDH (Rossell6-Mora 2005). To
determine a bacterial species, DDH has a cut-off at 70% relatedness, whereas ANI has a threshold of
95% (Goris et al. 2007). BLAST was originally used a the method of determining ANI, however
multiple bioinformatics tools have advanced analyses through packages such as PyANI (Pritchard et al.

2016) and FASTANI (Jain et al. 2018).

As of April 2022, there are 678 B. multivorans genome sequences publicly available on NCBI. Soil
isolate B. multivorans ATCC 17616 (Stanier et al. 1966) was the first publicly available B. multivorans
complete genome released in 2007 and is now used as the well-characterized reference strain. Of the
public B. multivorans sequences, there are 42 complete genomes, 8 chromosome assemblies, 244
scaffolded assemblies and 384 contig assemblies. Draft genomes are ‘open’ with sequence gaps, and
incomplete in terms of organism genomic content. Contigs and scaffolded assemblies are known as
draft genomes (Land et al. 2015). Complete genomes, on the other hand, do not have sequence gaps in
the genome, representing all genomic content in the organism. This is also referred to as a ‘closed’
genome (Mardis et al. 2002). The median total length (Mb) of the available B. multivorans genomes is
6.44681 Mb, median protein count is 5,750 and median GC content is 67.1%.

The BCC also has a unique multi-replicon structure, between two and four circular replicons (Sousa et
al. 2017). There are three primary replicons (C1, C2 and C3) as well as plasmids (Lessie et al. 1996).
WGS can be used to identify genes associated with the pan, core, and accessory genomes (Costa et al.
2020) in the BCC bacteria, also link how these genetic components are associated with specific
replicons. The core genome represents the genes in which are present in all strains examined, with the
accessory genome only present in few strains or groups (Tettelin ef al. 2005). The large multi-replicon

genomic content and genetic plasticity of the BCC (Madeira et al. 2013) essentially underpins their
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ability to adapt to stressful environments such as the CF lung (Harrison 2007; Coutinho ef al. 2011b;
Doring et al. 2011).

3.1.1 Aims and objectives

This overall aim of this Chapter was to gain genomic insights into the population biology of

Burkholderia multivorans through the following objectives:

1) To select a genetically diverse collection of B. multivorans strains for short-read Illumina whole
genome sequencing, with the predominant focus of the collection being strains from CF lung
infections

2) To assemble, perform quality control and verify the B. multivorans genomes

3) To define the population biology of B. multivorans using phylogenomic analyses

4) To identify model CF B. multivorans strains for use in further analyses
Hypothesis 1: The population of B. multivorans will split into multiple groups
Hypothesis 2: Model CF B. multivorans strains can be identified through their phylogenomic placement
3.2 Results

3.2.1 Short-read DNA extraction, sequencing, and genome assembly

74 B. multivorans strains were revived from freezer stocks held at Cardiff University. DNA extraction
was performed using either a Maxwell® automated instrument or the Promega Wizard Kit described in
Section 2.3.3. DNA extractions were subjected to short-read sequencing either internally at the Cardiff
University genome hub or externally via commercial sequencing by Novogene (Cambridge, UK). Strain
BCCO0302 did not sequence correctly and was removed from the analyses prior to genome quality
control and assembly. The remaining 73 B. multivorans strains were processed through adapter
trimming, genome assembly using Unicycler and annotation via Prokka (Section 2.6.3), before being

used in the genomic and phylogenomic analyses.

3.2.2 Basic features of the 73 B. multivorans genomes

3.22.1 Genome quality metrics

The full QC statistics of the 73 B. multivorans genomes sequenced as part of this thesis are shown in
Appendix Table 43. The QUAST assembled contigs (Section 2.6.8) provided genomes which were
between 6.02-7.1 Mb in size, with an average of 6.5 MB. Mean GC content was 67.2%. RASTk
predicted between 5975 and 7374 CDS (mean = 5848.7), 359 and 375 subsystems (mean = 466), 56
and 74 tRNAs (mean = 68.7), and 43 and 67 RNAs per genome (mean = 3.0) (Appendix Table 43).
Figure 5 details the genome size (bp), GC content (%) and number of CDS for each genomic lineage of

B. multivorans as defined in Sections 3.2.4.1, 3.2.4.2 and 3.2.5. Lineage 1 B. multivorans isolates had
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a significantly (p = 0.0002) smaller mean genome size (6.4 Mb) and significantly lower (p = 0.0163)
number of CDS (5743.6) compared to lineage 2a (6.7 Mb; 6050.4 CDS) and 2b (6.6 Mb; 5854.5 CDS)
(Figure 5). In terms of GC content, all three lineages had approximately the same percentage as the
entire dataset (all non-significant comparisons). Lineage 1, sub-lineage 2a and sub-lineage 2b have a
GC content (%) of 67.1%, 67.07% and 67.2% respectively (Figure 5, Appendix Table 43). The mean
number of contigs in the 73 genomes was 107, ranging from 52 to 305 contigs. The N50 values for the
genomes varied from 92055 (BCC0082) to 640560 (BCC0225), with a mean of 269407 (Appendix
Table 43). These figures were comparable to the master B. multivorans set of 283 genomes, which
included those downloaded from public databases (Section 2.1.1; Table 5). In the 283-genome panel,
the mean GC content was 67.04%, mean sequence length 6.5 Mb, and mean N50 value was 338304.
For the 283 B. multivorans annotations, the mean number of CDS was 5814.7, mean rRNAs was 4.3,
and mean tRNAs was 64.6. This provided confidence that the 73 genomes sequenced as part of this
work were representative of standard B. multivorans genomes, including those already publicly

available.

The genome statistics were also analysed based on the isolate source (Table 13). There was the largest
variation in sequence size (bp) when analysing the CF isolates, with a range from 6.2 Mb to 7.1 MB.
Non-CF infection isolates had a similar mean sequence size (6.4 Mb) compared to CF isolates (6.5 Mb),
with a difference of 0.1 MB. The isolate source with the smallest sequence size were environmental
strains isolated from a clinical/hospital environment (ENVH) with a mean size of 6.2 MB. The mean
GC content (%) of all groups was relatively similar, around 67%. This ranged from 67.1% in the CF
isolate group to 67.5% in the environmental group. Greater variation between the groups was seen in
the number of CDS. CF isolates had the highest number of CDS with a mean of 5872.4. The group with
the smallest mean average of CDS was the clinical environmental isolates at 5579.0 CDS. The dataset
contains a greater number of CF isolates compared to other types and therefore must be taken at face

value for these results.
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Figure 5 | The genomic properties of the 73 B. multivorans genomes sequenced as part of this thesis. (A) B.
multivorans genome sequence size (bp), (B) GC Content (%) and (C) Number of CDS. All box plots are split by
genomic lineage. Error bars show the 95% confidence intervals. The middle line for each plot represents the
median average. Outliers in the dataset are represented by single, round points. The red point on each box plot
represents the mean average of each lineage. The ‘other’ lineage contains single strain B. multivorans BCC1368.
Lineage 1 comprised of 25 genomes and lineage 2 comprised of 47 (2a: n = 18, 2b: n = 29) genomes. Statistical
significance was observed for the genome size (bp) between lineage 1 and lineage 2a (p = 0.005) and lineage 1
and lineage 2b (p = 0.0051). There was also significance in the number of CDS between lineage 1 and lineage 2a

(p = 0.0049).
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Table 13 | Genome quality statistics of the B. multivorans strains (n = 73) separated by isolate type.

Isolate Type Minimum 1 Quartile Median Mean 3" Quartile Maximum

Genome Sequence Size (bp)

CF 6.2 6.4 6.5 6.5 6.6 7.1
CGD 6.3 6.3 6.3 6.3 6.3 6.3
NON 6.0 6.2 6.5 6.4 6.7 6.7
ENV 6.4 6.4 6.4 6.4 6.4 6.4
ENVH 6.2 6.2 6.2 6.2 6.2 6.2
GC Content (%)

CF 66.58 67.10 67.17 67.13 67.30 67.50
CGD 67.20 67.20 67.20 67.20 67.20 67.20
NON 66.93 67.10 67.30 67.23 67.40 67.40
ENV 67.50 67.50 67.50 67.50 67.50 67.50
ENVH 67.32 67.32 67.32 67.32 67.32 67.32
Number of CDS

CF 5472 5677 5830 58724 5975 7246
CGD 5618 5618 5618 5618.0 5618 5618
NON 5338 5531 5793 5689.8 5889 5898
ENV 5606 5606 5606 5606.0 5606 5606
ENVH 5579 5579 5579 5579.0 5579 5579

CF = cystic fibrosis, CGD = chronic granulomas disease, NON = non-CF infection, ENV = environmental,

ENVH = environmental from a clinical setting. Statistics performed in R Studio using summary function.

3.2.3 Improving genomic resolution by mapping of sequence reads to a reference genome

3.2.3.1 Mapping of reads to a complete reference genome

Minimap2 (Li 2018) was used to map the 73 B. multivorans reads to the well characterised ATCC
17616 strain (FASTA sequence obtained from NCBI). This was to verify the contigs sequenced in all
individual genomes assigned correctly to B. multivorans. An adapted script was used to provide outputs
of both mapped and unmapped short reads. Mapped reads were then converted to .bam files for
statistical analysis (Appendix Table 44). Outputs detailed the total reads, mapped reads, the number of
reads on the forward and reverse strands, duplicates, failed QC reads, proper paired end reads, cases
where both pairs mapped to the reference, and singletons (Appendix Table 44). No reads failed QC or

were duplicated in the analysis.

On average 86.23% mapped to the B. multivorans ATCC 17616 reference, ranging from 80.16%
(BCC0921) to 98.53% (BCC1272; an isolate of the same MLST sequence type, ST-21, as the reference
genome). Six strains had >90% contigs mapped to ATCC 17616. The number of ‘proper paired’ reads
and both paired reads being mapped was 82.12% and 84.44%, respectively. There was variation in the
number of singletons, from 0.40% to 2.90%, with a mean of 1.79%. The strain with the greatest
similarity was BCC1271 at 96.55% mapped reads, 95.12% proper paired reads and 0.40% singletons.
Strain BCC1271 also possessed the same MLST (ST-21) as the reference genome (Table 16). Only 70-
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90% of reads were observed to align to the reference genome meaning that unmapped reads could be
either contaminants, sequence differences between strains, or low-quality reads (Sangiovanni et al.

2019).
3.2.3.2  Highlighting unmapped reads in the B. multivorans genomes

Unmapped reads (Section 3.2.3) from Minimap2 (Li 2018) were subjected to further analysis to identify
whether they were of B. multivorans origin. This was performed using a similar script for identification
of the mapped reads. Samtools view was used for this with the -h flag to indicate a header in the output
as well as -f 4 to give the unmapped reads only (Li e al. 2009). The same process was applied to the
unmapped reads, giving a final output in FASTA format. PyANI (Section 2.8.1) was performed to
quickly check the unmapped reads against the complete B. multivorans ATCC 17616 genome.

The Minikraken database from Kraken2 (Wood et al. 2019) (Section 2.6.6) was used to identify any
contamination of the unmapped reads. Unmapped reads which were identified by Kraken to be of
Burkholderia multivorans origin were noted to be either genomic sequence differences or low-quality
reads, which caused a ‘misalignment’ to the reference genome (Schbath er al. 2012). Studies have
shown that genomes with <5% contamination are suitable for processing (Bowers et al. 2017). All

genomes in this study met the threshold requirements.

The average number of unmapped reads allocated to the Burkholderia genus was 508680.6 (53.4%).
When looking at B. multivorans species level, the average number of unmapped reads decreased to
342101.1 (35.8%). They are both lower than the average number of unclassified reads (380425.8;
42.4%) and hits to other Burkholderia species (57339.0; 5.8%). The unmapped reads which were not
of B. multivorans origin were largely hits against closely related B. cenocepacia, as well as B.
vietnamensis, B. ubonensis, B. pseudomultivorans and B. cepacia. As the results of these hits were
relatively minimal, these were regarded as incorrect species classification. When there is a high
percentage of genomic identity between bacterial species, Kraken 2 may only output correct

classification to genus level (Wood et al. 2019).

3.2.4 Confirmation that B. multivorans is a single genomic species

324.1 PyANI

The Minikraken database (Section 2.6.6) was also used on the assembled draft genomes (n = 73). This
confirmed that all genomes sequenced in this project were B. multivorans and suitable for analysis.
Further to the 73 B. multivorans genomes sequenced in this thesis, a further 210 B. multivorans genomes
were downloaded from NCBI to create a ‘master’ panel of 283 genomes. Each of the additional 210

genomes were checked to ensure they were B. multivorans, and overall, this additional collection had
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genomic metrics of size (mean = 6.47 Mb), GC content (mean = 67.04%), tRNAs (mean = 64.6), IRNAs
(mean = 4.3), and predicted CDS (mean = 51814.7) that match the 73 strain sequences obtained in this
study (see Section 3.2.2). Overall, this analysis gave confidence in both the collection of isolates

sequenced in this study and those that they were compared to from NCBI.

The total collection of 283 B. multivorans genomes were subjected to ANI analysis using alignment-
based PyANI (Section 2.8.1) (Pritchard et al. 2016). The comparative percentage identity output of the
283 genomes gave a strong indication of at least two genomic ANI groups (Figure 65), which were
defined as group 1 and group 2. It was clear that lineage 2 could be further broken into at least two sub-
groups. The data was skewed by the CF170 strain, which comprised 111 CF isolate genomes from a
single infection in Canada (Diaz Caballero et al. 2018). PyANI was subsequently applied to the 77-
genome strain panel (Section 3.2.5.2), which once again gave a clear picture of the two genomic groups.
With the absence of the 111 CF170 strains, and only one representation in place, the two groups with
sub-groups 2a and 2b were also more clearly defined (Figure 6). The numerical output of PyANI was
investigated for isogenic isolates, highlighting a percentage identity of 0.999% between BCC1147 and
BCC1148, and between ATCC 17616 and BCC1272. These two sets of genomes also sat on the same
phylogenetic branch in as described below (Section 3.2.5) and hence from now onwards will be

described as genomic lineages.
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Figure 6 | Average Nucleotide Identity (ANI) of the B. multivorans strain panel (n = 77). PyANI (Pritchard
et al. 2016) was used to create the heatmap. The scale of red represents the genomic relatedness of the B.
multivorans strains. The higher the ANI, the darker the red colour on the heatmap figure. PyANI calculates
ANI based on a pairwise analysis between the genomes. No reference genome has been used to create this
figure. The two genomic groups have been highlighted on the heatmap using black outlines. Group 1 can be
seen in the bottom left of the figure and group 2, with respective sub-groups 2a and 2b highlighted in the top
right of the figure. Since the phylogenomic analysis also supported these ANI genomic groups, the two B.
multivorans lineages have also been noted on the right-hand side of the figure, encompassing the genomes

within that specific group. Inkscape was used to edit the figure to add the details.
3.24.2  FastANI

FastANI (Jain et al. 2018) was used as an alignment-free computational approach to both confirm B.
multivorans classification of the sequenced isolates and performed species-level comparison between
the B. multivorans genomes (Section 2.8.1). FastANI was first performed on all 283 B. multivorans

compared to the ATCC 17616 strain. All genomes had an average ANI 97.8% using this approach, with
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a range from 96.8% to 100% identity. This suggested that all the genomes were from the same bacterial
species, well above the 95% ANI cut-off defined by Jain ef al. (2018), and fitting in with recent analysis
of 4,000 Burkholderia sensu lato genomes (Mullins and Mahenthiralingam 2021).

A secondary analysis was performed on the smaller B. multivorans strain panel (n = 77) (Section
3.2.5.2) using the complete PacBio genomes of the identified model strains BCC0033, BCC0084 and
BCC1272 (Section 3.2.8) as comparators. Table 14 details the closest reference genome to each query
strain and its respective lineage. All strains had a mean ANI of 98.59%, ranging from 97.24% to
100.00%. Query genomes represented in lineage 1 all had the closest ANI to BCC0084, the lineage 1
representative model strain. The average ANI for lineage 1 was 98.90%, ranging from BCCO0080 at
98.6% to BCC1177 at 100%. BCC1368, which represents a potential 3" lineage, denoted ‘other’, also
has the closest match to BCC0084 with 98.1% ANI. All lineage 2 genomes matched closest with one
of the lineage 2 model strains: BCC0033, ATCC 17616 and BCC1272. The only difference was that
two genomes (BCC0047 and CGD1), which reside in sub-lineage 2a had a slightly higher ANI to the
BCCO0033 reference for sub-lineage 2b (2 of 48 cases (4.2%)) (Table 14). The average ANI for the
whole of lineage 2 is 98.43%, 0.47% lower than the average for lineage 1. When separating lineage 2
into sub-lineages, the mean ANI of lineage 2a decreased to 98.24% whilst lineage 2b slightly increased
to 98.54% (Table 14). This indicates a closer genomic ANI relatedness of lineage 1 in comparison to

lineage 2, with sub-lineage 2a being the most distantly related in terms of their evolution.
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Table 14 | FastANI analysis of the 77 B. multivorans genomes against the reference genome with the closest
ANI value.

Query Genome Query Lineage Reference Genome Reference Lineage ANI value
ATCC BAA-247 1 BCC0084 1 98.8461
AU10047 1 BCC0084 1 98.8781
AU11358 1 BCC0084 1 98.8431
AU1185 1 BCC0084 1 98.8149
AU28442 1 BCC0084 1 99.0271
BCC0006 1 BCC0084 1 98.871
BCC0009 1 BCC0084 1 98.8858
BCC0080 1 BCC0084 1 98.5715
BCC0084 1 BCC0084 1 99.9994
BCC0101 1 BCC0084 1 98.8802
BCCO0141 1 BCC0084 1 98.8901
BCC0303 1 BCC0084 1 98.8422
BCC0375 1 BCC0084 1 98.8465
BCC0381 1 BCC0084 1 98.9797
BCC0702 1 BCC0084 1 98.947
BCC0737 1 BCC0084 1 98.9285
BCC0814 1 BCC0084 1 98.9406
BCC0865 1 BCC0084 1 98.796
BCC0904 1 BCC0084 1 98.9555
BCC0921 1 BCC0084 1 98.7793
BCC1177 1 BCC0084 1 99.9951
BCC1190 1 BCC0084 1 98.7956
BCC1385 1 BCC0084 1 98.7605
CGD2 1 BCC0084 1 98.7675
FDAARGOS_546 1 BCC0084 1 98.7088
HI3534 1 BCC0084 1 98.8621
R-20526 1 BCC0084 1 98.9732
AU10398 2a ATCC 17616 2a 98.3835
AU15814 2a ATCC 17616 2a 98.1344
AU17545 2a ATCC 17616 2a 98.3403
AU18096 2a ATCC 17616 2a 98.3027
AU28069 2a ATCC 17616 2a 98.4635
BCC0074 2a ATCC 17616 2a 98.1891
BCC0188 2a ATCC 17616 2a 98.3647
BCC0225 2a ATCC 17616 2a 98.112
BCC0264 2a ATCC 17616 2a 98.4597
MSMBI1272WGS 2a ATCC 17616 2a 98.3724
BCC0066 2a BCC1272 2a 98.3289
BCC0317 2a BCC1272 2a 98.1395
BCC1272 2a BCC1272 2a 99.9987
CF2 2a BCC1272 2a 98.1115
DWS_42B-1 2a BCC1272 2a 98.1534
MSMB1640WGS 2a BCC1272 2a 98.4075
NKI379 2a BCC1272 2a 98.1411
BCC0266 2a BCC1272 2a 98.1612
BCC0047 2a BCC0033 2b 97.8901
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CGD1 2a BCC0033 2b 98.1077

AU20929 2b BCC0033 2b 98.3281
AU21015 2b BCC0033 2b 98.426

AU22892 2b BCC0033 2b 98.2999
AU24277 2b BCC0033 2b 98.4523
AU4507 2b BCC0033 2b 98.271

BCC0032 2b BCC0033 2b 98.1766
BCC0033 2b BCC0033 2b 99.9955
BCC0043 2b BCC0033 2b 98.3437
BCC0065 2b BCC0033 2b 99.9759
BCC0068 2b BCC0033 2b 97.9929
BCCO0075 2b BCC0033 2b 98.3374
BCC0079 2b BCC0033 2b 98.2695
BCC0082 2b BCC0033 2b 98.3136
BCC0087 2b BCC0033 2b 98.447

BCC0096 2b BCC0033 2b 98.3197
BCC0241 2b BCC0033 2b 98.3153
BCC0246 2b BCC0033 2b 98.4302
BCC0247 2b BCC0033 2b 99.9567
BCC0269 2b BCC0033 2b 98.5281
BCC0384 2b BCC0033 2b 99.5843
BCC0493 2b BCC0033 2b 98.3415
BCC0497 2b BCC0033 2b 98.3633
BCC0710 2b BCC0033 2b 99.5928
BCC1147 2b BCC0033 2b 98.2909
BCC1148 2b BCC0033 2b 98.2589
BCC1185 2b BCC0033 2b 98.4796
CF170.0a 2b BCC0033 2b 98.3007
D2214 2b BCC0033 2b 99.9934
BCC1368 Other BCC0084 1 98.1373

3.24.3  ANI statistical comparisons between the B. multivorans lineages

To confirm the two-lineage split ANI findings, the mean and median ANIs were calculated for the
lineages separately using R Studio. The data from the FastANI output was used, taking ANI values of
the B. multivorans panel strains when compared to the respective reference genomes. BCC1368 and the
reference genomes were excluded in the ANI comparisons. This is because BCC1368 does not reside
within one of the two defined lineages, and thus has been noted as ‘other’. The reference genomes were
also excluded from the comparison as they would skew the dataset, having an ANI of 100% with
themselves. Therefore, a final panel of 73 genomes have been used as part of the analysis. Statistical
analysis comparing the two lineage ANI groupings provided a chi-squared test result of 30.5762.
Lineage 1 had a significant difference of p = <0.0001 when comparing ANI to both sub-lineages 2a and
2B. There was a significance level of p = 0.0202 when the ANI of sub-lineage 2a was compared to the
ANI of 2B. Overall, this highlights the significance of the B. multivorans ANI lineage groupings,

affirming the idea of at least two secondary groups within lineage 2.
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Table 15 | Summary statistics of the Average Nucleotide Identity (%) of the B. multivorans lineages (all
strains: n=73). Lineage 1: n=25, Lineage 2: n= 47 (Lineage 2a: n=18, Lineage 2b: n=29).

Lineage Minimum Maximum Median Mean 1 Quartile 3 Quartile
All strains 97.24 100.00 98.43 98.59 98.30 98.85
Main Lineage 1 98.57 100.00 98.86 98.90 98.80 98.93
Lineages Lineage 2 97.24 99.99 98.32 98.43 98.19 98.43
Lineage 2a 97.87 98.47 98.25 98.24 98.15 98.34
Sub-lineages
Lineage 2b 97.24 99.99 98.34 98.54 98.29 98.45

*BCC1368 from ‘other’ lineage not included in main or sub-lineage statistics

** ANI was assessed based on comparison to the most appropriate reference genome

3.24.4  Orthologous gene hits

The output of FastANI (Jain et al. 2018) gave the number of orthologous gene hits compared to the
total number of genes scanned (Appendix Table 45). These ortholog genes are paramount in
understanding genomic evolution, related by speciation events, where a gene has descended from a
common ancestor (Koonin, 2005). The average percentage of orthologous genes, when comparing the
draft genomes to all the reference genomes, was 90.1% (Appendix Table 45). The results were then
filtered to only show the highest scoring ortholog match between the draft genome and one respective
reference genome. For lineage 1, the percentage of ortholog matches ranged from 88.0% to 99.5%. 25
of 27 (92.6%). B. multivorans genomes in lineage 1 had the highest number of orthologous matches to
the respective BCCO0084 reference. BCC0080 and BCCO0384, instead, had the highest number of
matches to BCC1272 and ATCC 17616 from lineage 2a, respectively. Regarding lineage 2, five (R-
20526, BCC0082, CF170.0a, CGD1 and AU4507) of 51 strains (9.8%) had the highest ortholog
similarity to lineage 1. Lineage 2 had a similar ortholog match distribution to lineage 1, ranging from
85.1% to 100% similarity. This showed there was a high percentage of orthologous matches to the total
number of sequence fragments, indicating that B. multivorans has multiple evolutionary conserved
genes. Further analysis on clusters of orthologous groups (COGs) are discussed in Section 4.2.5 of this

thesis.

3.2.5 Core-gene phylogenies

3.2.5.1  Master phylogenomic trees

An initial RAXML core-gene phylogeny was created on the 283-genome master panel, aligning a total
of 2,998 conserved genes identified using the Roary pipeline (Figure 7). This analysis further illustrated
the two-lineage B. multivorans population structure, consistent with the previous ANI findings (Section
3.2.4.1 and 3.2.4.2). Lineage 1 harboured 58 of 283 (20.5%) B. multivorans strains whilst lineage 2
harboured 221 of 283 (78.1%) of strains. A 3" potential lineage, currently noted as ‘other’, was observed
with 4 of 283 strains (1.4%). This held genome BCC1368 sequenced in this thesis and 3 other strain

genomes obtained from the databases. When dividing lineage 2 into sub-lineages, 2a had 47 of 221
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strains (21.3%) and 2b held the other 174 (78.7%). Within sub-lineage 2b, 111 of 174 strains (63.8%)
were part of the isogenic CF170 group.

n=111*

Ll

Figure 7 | Master core gene phylogenomic tree of the 283 B. mulfivorans genomes. RAXML phylogenomic
tree created by aligning 2,998 core-genes with 100 bootstraps. Genome relatedness is represented by the scale
bar on the bottom of the figure, illustrating the evolutionary distance between the B. multivorans strains.
Lineages have been highlighted by different colours. Lineage 1 =red, lineage 2a = green and lineage eb = blue.
Model CF strains characterised in this thesis are noted (BCC0033, BCC0084, BCC1272 and ATCC 17616).
The n numbers for each lineage/group are also noted at the end of the tip clusters. The asterix next ton =111
represents CF170 (Canadian strain) which is a single B. multivorans chronic infection of sequential isolates.

Scale bar represents the phylogenetic distance of 0.02 nucleotide substitutions.

Looking at strain isolation source, lineage 1 had 46 (79.3%) CF, 4 (6.9%) CGD, 1 (1.7%) ENV, 2
(3.4%) ENVH and 4 (6.9%) NON isolates. Lineage 2 had 193 (87.3%) CF, 2 (0.9%) CGD, 2 (0.9%)
CLIN, 20 (9.0%) ENV, 2 (0.9%) unknown and 3 (1.4%) NON isolates. Of the environmental isolates
in lineage 2, 16 were from lineage 2a whilst the other 4 were lineage 2B. Overall, it appeared that the
majority environmental isolates were found within lineage 2 within the collection of genomes

examined. All 4 isolates in the ‘other’ lineage were of CF origin.
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3.2.5.2  Construction of a B. multivorans strain panel

Once the master phylogenomic tree was drawn, a representative strain panel of 77 B. multivorans
genomes was selected for all further analysis in this thesis. They were selected based on ST (Section
3.2.6.1), isolation source (Section 2.1.1, Table 4) and phylogenomic placement (Figure 7). In addition,
50 isolates, representative of the total genomic diversity were investigated for differential phenotypic
traits as described in Chapter 5. A secondary phylogenomic tree was drawn of the strain panel (Figure
8). B. dolosa AU0158 was included in the preliminary construction of the RAXML phylogenomic tree
(Appendix Figure 66) as a close-neighbour outgroup. This analysis identified BCC1368 as the nearest
B. multivorans genome outgroup for rooting of the secondary strain panel phylogenomic tree which
used 3,251 core genes. The well-characterised environmental isolate genome, ATCC 17616, placed

adjacent to CF isolate BCC1272, providing further evidence that they were isogenic.
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Figure 8 | Phylogenomic analysis of the B. multivorans strain panel (n = 77). RAXML tree built using the
alignment of 3,251 core-genes and 100 bootstraps. Strain genomic relatedness is indicated by the scale bar (0.008).
Rooting of the tree was done using BCC1368 as an outgroup. Nodes have been allocated either a filled or hollow
circle to represent the bootstrap confidence levels. Filled circles represent a bootstrap of >80% and a hollow
(white) circle means confidence of <80%. Lineages have been marked on the right-hand side. This shows Lineages
1 and 2 as well as ‘other’. Colours denote the isolate type for each strain. Black = CF, green = ENV, blue = ENVH,
purple = NON, red = CGD. The asterix next to the genome names represents the genomes sequenced as part of

this thesis. Scale bar represents the phylogenetic distance of 0.008 nucleotide substitutions.
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Core gene phylogenies were then created for the two lineages independently (Figure 8). ATCC 17616
was used as the root for lineage 2 and BCC0084 was used as the root for lineage 1 (Figure 10). The
lineage 1 phylogeny showed BCC0084 was most closely related to BCC1177. Lineage 1 diverged into
at least three clades, with BCC0702 and R-20526 closely related (clade 3), but more divergent from the
rest of lineage 1. BCC0375 (clade 1) was also found on a single divergent branch. The remainder of

lineage 1 then separated into at least four further clades (2a-f) (Figure 10).

Lineage 2 had a very clear divergence into the two sub-lineages, further dividing into 3 clades per sub-
lineage (clades 1a-c and 2a-c) (Figure 10). The most complex divergence was in clade 2b of lineage 2B.
Two single B. multivorans strains, BCC0079 and BCC0264 in lineage 2b were separated into their own

two unique clades 2a and 2c, respectively.
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Figure 9 | Phylogenetic tree and lineage 1 using RAXML with 100 bootstraps. The phylogenetic tree used
an alignment of 4,124 core-genes from 27 B. multivorans strains. The scale bar represents the phylogenetic
distance of 0.002 nucleotide substitutions. BCC1368 was left out of the lineage analysis as it was noted to be
in an undefined ‘other’ lineage. Colours on the phylogenetic trees represent the clades in which the B.
multivorans strains belong. A full black circle on the node division indicates a confidence of >80% and a
hollow (white) circle means confidence of <80%.
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Figure 10 | Phylogenetic tree and lineage 2 using RAXML with 100 bootstraps. The phylogenetic tree
used an alignment of 3,793 core-genes from 49 strains. The scale bar represents the phylogenetic distance of
0.004 nucleotide substitutions. BCC1368 was left out of the lineage analysis as it was noted to be in an
undefined ‘other’ lineage. Colours on the phylogenetic trees represent the clades in which the B. multivorans
strains belong. A full black circle on the node division indicates a confidence of >80% and a hollow (white)
circle means confidence of <80%.

3.2.5.3 Comparison of the replicon phylogenies

Questions arose as to whether there would be clear genomic differences between the lineages when
looking at each replicon. The analysis aimed to observe whether the two-lineage divergence seen at
whole genome level also occurred at replicon level within the multi replicon BCC genome
(Mahenthiralingam et al. 2005). Species level conservation within replicon specific partition (parAB)
and replication genes repA had been observed for the BCC (Drevinek et al. 2008a). Core gene
phylogenies were drawn using RAXML for each genomic replicon separately, rooting all trees with
outgroup BCC1368 (Figure 11). This used the scaffolded replicons from Section 3.2.9.1. Replicon C4
could not be processed via Roary due to the differences in sequences, including short sequence lengths.
2,205, 565 and 115 core genes were found in replicons C1, C2 and C3, respectively. Detailed analysis

of the virulence and pathogenicity genes on each replicon can be found in Section 1.1.1.3.

The core gene phylogenies for replicons C1, C2 and C3 were similar when comparing against each

other. Groupings for lineage 1 and lineage 2 remained consistent. Replicon 1 showed that the lineage 1
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C1 was more closely related to the BCC1368 C1 outgroup. Lineage 2 C1 diverged from lineage 1 C1,
with the closest neighbours BCC0865 and BCC0921. CGD1 was the outgroup of the diverged lineage

2, but the rest of the sub-lineage formation remained consistent.

Replicon C3 showed a similar evolution to that of C1, where lineage 2 evolved from lineage 1, where
the latter was diverse. BCC0009 and AU11358 were the closest common lineage 1 C3 strains compared
to lineage 2 C3. Interestingly, most lineage 1 strains did group together, however, BCC0080 from
lineage 1 was observed within the lineage 2 cluster. This indicated that the C3 replicon of BCC0080
had a common association with the lineage 2 C3 replicon. Whilst lineage 2 C3 did split into two groups,
it was not consistent in terms of sub-lineage with the whole genome core gene phylogeny (Section
3.2.5.2). Instead, it showed that lineage 2 sub-lineages were mixed amongst the two diverging groups
in the C3 phylogeny. This meant that the C3 replicon, in terms of lineage 2, was evolutionarily diverse
amongst the sub-lineages observed via phylogenomics on the total genomic content (Figure 11).
Replicon 2 showed the potential divergence from a common ancestor for all B. multivorans strains.
Interestingly, for C3 there was an initial divergence, with lineage 1 branching off from lineage 2,

contrasting the other replicons.
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Figure 11 | Core-gene phylogenies of replicons C1, C2 and C3 in the B. multivorans strain panel (n = 77). RAXML with 100 bootstraps was used to construct the
phylogenetic trees. 2,205, 565, and 115 core-genes were used to draw the trees for C1 (top), C2 (middle) and C3 (bottom), respectively. All phylogenetic trees were rooted
using outgroup B. multivorans BCC1368. The branch divergence of lineage 2 from lineage 1 in the replicon C1 and C3 phylogenies is highlighted by a bold black arrow.

Replicon C1 and C2 scale bars represent 0.008 nucleotide substitutions per site and the replicon C3 scale bar represents 0.007 nucleotide substitutions.
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3.2.6 Multi-locus sequence typing

After gaining insight on the two-lineage split of B. multivorans at whole genome level, the next aim
was to see whether this could be observed at 7 gene base MLST level (Baldwin et al. 2005). Whilst this
is a less powerful phylogenetic analysis tool in comparison to WGS, the greatest diversity of B.
multivorans isolates (n = 4149 isolates; June 2021) are present on the MLST global epidemiological
database. Here the MLST-based phylogeny was compared with the high resolution phylogenomic

analysis of B. multivorans.
3.2.6.1 Identification of STs

An initial ST identification was performed on all the B. multivorans strains (n = 283), using the
pubMLST (Jolley et al. 2018) typing scheme to scan contig FASTA files. This checked both unknown
STs as well as those previously defined for any errors. There were 63 unique STs found amongst the
283 genomes tested. Strains with unknown STs had the sequences for each housekeeping gene extracted
into FASTA files. These were inputted to the pubMLST database (Jolley et al. 2018) to cross-check
any gaps in the dataset before noting a ST or allele number as ‘novel’. From the analyses, there were a
total of 7 unique STs after checking. There were also 8 novel alleles within 7 B. multivorans strains
(Table 16). Four of these alleles were within 3 (BCC0082, BCC0266, and BCC0737) strains in the B.
multivorans 77 strain panel. STs of the B. multivorans strain panel are shown in Table 16. There were
43 unique STs in the strain panel, representing 68.3% of all STs identified in the master dataset.
Epidemic STs 16 and 21 (Baldwin ef al. 2008) were present within both the full master dataset as well

as the strain panel.

112



Table 16 | STs, Isolation source, MLST loci and clonal complexes of the B. multivorans strain panel (n =

77). Novel alleles are observed by a ~ before the number and the ST is identified as ‘novel’.

Strain Isolation MLST loci ST Clonal
source atpD gltB gyrB recA lepA phaC trpB Complex
ATCC 17616 ENV 13 78 100 94 92 96 6 21 -
BCC0006 CF 11 60 251 81 37 96 5 650 -
BCC0009 CGD 9 223 445 81 137 35 215 1530 -
BCC0032 CF 13 151 168 139 142 100 132 191 -
BCC0033 CF 8 5 5 7 7 42 105 16 1
BCC0043 CF 13 9 83 12 7 42 391 806 -
BCC0047 CF 13 62 695 110 45 14 452 1077 -
BCC0065 NON 8 5 5 7 7 42 105 16 1
BCC0066 CF 336 61 97 11 64 96 104 880
BCC0068 CF 168 220 303 133 7 96 4 329*
BCC0074 CF 14 8 55 11 46 96 281 618 -
BCC0075 CF 13 7 6 10 224 42 415 899 -
BCC0079 CF 13 150 166 88 7 42 6 1792*
BCC0080 CF 3 50 4 81 7 35 57 1964
BCC0082 CF 13 188 ~611 165 200 96 ~220 Novel
BCC0084 CF 9 50 53 81 63 96 133 195 5
BCC0087 CF 13 5 172 133 145 96 137 199 7
BCC0096 CF 168 190 259 133 7 96 132 317 8
BCC0101 CF 9 205 285 141 63 35 5 304 -
BCC0141 CF 9 50 84 141 37 96 7 1023 -
BCC0188 CF 125 154 171 140 144 14 136 196 -
BCC0241 NON 14 8 55 11 46 96 281 618 -
BCC0225 CF 13 329 261 7 7 42 132 605 -
BCC0246 CF 13 5 262 188 203 42 132 273 -
BCC0247 CF 8 5 5 7 7 42 105 16 1
BCC0264 CF 13 61 264 184 144 42 6 274 -
BCC0266 CF 13 152 ~695 196 143 96 135 Novel
BCC0269 CF 13 196 265 189 201 96 195 354"
BCC0303 CF 10 60 4 77 37 35 5 25 -
BCC0317 ENV 13 63 53 80 61 96 56 22 -
BCCO0375 CF 76 50 99 93 37 35 111 117 -
BCC0381 NON 9 75 54 93 63 35 66 18 -
BCC0384 CF 8 5 5 7 7 42 5 15 1
BCC0493 CF 13 9 83 12 7 42 391 806 -
BCC0497 CF 13 9 83 12 7 42 7 26 2
BCC0702 CF 9 50 169 81 409 96 133 836 -
BCC0710 CF 8 5 5 7 7 42 5 15 1
BCC0737 CF 123 50 170 81 ~37 35 5 Novel -
BCC0814 CF 118 50 158 6 37 96 5 180 -
BCC0865 CF 9 142 161 81 137 96 66 181 -
BCC0904 NON 118 50 158 6 37 96 5 180
BCC0921 CF 9 142 161 81 137 96 66 181
BCC1147 CF 168 190 259 133 7 96 132 317 8
BCC1148 CF 168 190 259 133 7 96 132 317 8
BCC1177 CF 9 50 53 81 63 96 133 195 5
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BCC1185 CF 13 5 172 133 145 96 137 199
BCC1190 CF 9 75 54 93 63 35 66 18
BCC1272 CF 13 78 100 94 92 96 6 21
BCC1368 CF 211 205 170 93 37 35 251 179
BCC1385 CF 7 270 4 81 137 35 5 847
ATCCBAA-247  CF 13 236 354 133 231 42 4 650
AU1185 NON 9 75 54 93 63 35 66 18
AU4507 CF 13 61 620 133 424 42 6 891
AU10047 CF 9 50 84 289 37 96 5 564
AU10398 CF 13 397 283 135 623 42 340 1512
AU11358 CF 9 223 445 81 37 35 215 646
AU15814 CF 9 75 54 93 63 35 66 18
AU17545 CF 193 234 325 185 239 42 256 623
AU18096 CF 13 334 483 309 355 42 340 603
AU20929 CF 13 328 475 7 239 96 334 715
AU21015 CF 13 329 259 133 46 96 132 622
AU22892 CF 13 333 482 133 10 96 4 190
AU24277 CF 121 138 167 138 141 42 132 625
AU28069 CF 13 9 484 7 64 266 195 630
AU28442 CF 13 145 488 135 10 96 104 645
BMUL CF170.0a  CF 13 236 354 133 231 42 4 783
CF2 CF 193 453 695 207 461 343 4 1079
CGDI CGD 12 6 118 9 63 100 6 1762°
CGD2 CGD 11 75 251 141 37 35 7 442
D2214 CF 8 5 5 7 7 42 105 16
DWS 42B-1 ENV 122 373 98 7 230 96 376 809
FDAARGOS 546  ND 10 153 315 93 37 96 66 355
HI3534 Other* 7 332 170 81 63 35 5 620
MSMBI1272WGS ~ ENV 122 148 164 80 10 45 302 1088
MSMB1640WGS ~ ENV 158 371 98 11 230 96 251 802
NKI379 ENV 13 786 166 11 239 42 715 1771
R-20526 ENV 9 50 169 81 409 96 133 836

3.2.6.2  Identification of clonal complexes

The MLST data also provided insight into the B. multivorans clonal complexes which had been

observed (Baldwin et al. 2008). Within the B. multivorans strain panel, 6 clonal complexes (CC1, CC2,
CC4, CC5, CC7 and CC8 (Baldwin et al. 2008)) were identified (Table 16). To look further into this,

the 283 genomes in the master dataset were subjected to BURST analysis on pubMLST (Jolley et al.

2018), grouping the strains based on their allelic profile. The default profile match of n-2 loci was used,

identifying 11 groups (Appendix Table 46). No central STs were found for any of the groups at this

profile match level. 72 of the STs were also identified as singletons, with frequencies ranging from 1 to

6 (Appendix Table 46).
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3.26.3 MLST phylogeny

Using the B. multivorans strain panel (n =77), a phylogeny was created (Figure 12) using the MLST
types extracted from the whole genome sequences through the Page er al. (2016b) get_sequence_type
(Section 2.9.2). This confirmed the robustness of the core-gene phylogenies previously presented. There
were no differences regarding two-lineage split of the MLST-tree (Figure 12) compared to the core-
gene tree (Figure 8). However, there were differences observed in the tree in terms of phylogenomic
places of the strains within the lineages, particularly between lineages 2a and 2b (Figure 12). AU21015,
AU20929, BCC0068, BCCO096, BCC1148, BCC1147 were observed in lineage 2a in the MLST
phylogeny (Figure 12), whereas they were found to be in lineage 2b of the core-gene phylogeny (Figure
8). Whereas NKI379, AU28069, AU17545, AU10398 and BCC0264 were flipped from lineage 2a in
the core-gene phylogeny into lineage 2b of the MLST phylogeny. Another main difference noted was
the deep branch lengths in both lineages, with particular attention to a group within lineage 1, which

were noted as having shorter branch lengths in the core gene phylogeny (Section 3.2.5.2).

The bootstrap values of the MLST phylogeny (Figure 12) were also comparatively lower overall, with
many less than 80% confidence, compared to the core gene phylogeny (Figure 8). There was over an
80% bootstrap value for the splitting of the two lineages at MLST-level (Figure 12). However, many
branches within the lineages, particularly in lineage 2, had a bootstrap value of less than 10%, and 0%
in certain cases. This demonstrated the lack of resolution using a phylogenetic analysis of DNA from

just 7 genes in MLST.
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Figure 12 | MLST-gene phylogeny of the 77 genome B. multivorans strain panel. The RAxML (100
bootstraps) phylogenetic tree was created by extracting the MLST sequences from the sequenced whole genomes
using MLST check (Page et al. 2016b). Bootstrap values are indicated using the key. Filled circles represent a
bootstrap of >80% and a hollow (white) circle means confidence of <80%. Lineages are shown on the right hand
side of the figure, with colour coding illustrating the lineages and sub-lineages. Lineage 1 = red, lineage 2a =
green, lineage 2b = blue. The red asterix next to strain names represents the flipped genomes in lineage 2. Scale

bar represents the phylogenetic distance of 0.004 nucleotide substitutions.

3.2.6.4  B. multivorans MLST clusters and lineage thresholds

Phyloviz (Francisco et al. 2012; Ribeiro-Gongalves et al. 2016) was used as a tool to identify the
following features of the B. multivorans population structure : 1) whether those of the same isolation
source or country grouped together, 2) to see whether those with the same ST clustered together and 3)
if ST is lineage-specific. All the available B. multivorans MLST types from pubMLST (Jolley et al.
2018) were downloaded (October 2020) and combined with the STs identified in the genomes both
sequenced in this thesis and downloaded from NCBI (Section 2.1). This provided a net total of 581 B.
multivorans with 221 unique STs. Any duplicate strains were removed from the analysis, providing a
total of 566 unique strains. No correlations or clusters were observed when looking at isolation source,

country of isolate origin or ST in the dataset.
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Phyloviz (Francisco et al. 2012; Ribeiro-Gongalves et al. 2016) was also used to analyse the two defined
lineages (Section 3.2.4.1Error! Reference source not found., 3.2.4.2 and 3.2.5.1) in greater detail.
The ‘tree cut-off” option was utilised to look at the relatedness of the lineages (Figure 13). As shown
by the phylogenomic analysis (Figure 13), lineage 1 was more closely related than lineage 2 in all
instances where differing distance levels were used, with lineage 1 clusters forming at difference level
4 compared to lineage 2’s distance level 5. Initial phylogenetic tree joining was observed at cut-off level
3. There were then 29 strain clusters which formed at cut-off level 5, with lineage 1 and 2 remaining
separate, spanning various STs, isolation sources and countries (Figure 13A). This indicates that the
groups are due to recombination. The joining of lineage 1 and lineage 2 was then observed at cut-off
level 6 (Figure 13B), and the whole phylogenetic tree formed at cut-off level 8. At cut off level 7, 4
isolates were independent of any groups (AU0485, QLD023, CF2 and an unknown isolate).

N Locus Variant (NLV) graphs were used to identify locus variants through link creation between
nodes. The most appropriate links included those with differences of up to and including NLV 3 and 4.
Like previously, lineage 1 has a tighter grouping at NLV 3, with lineage 2 at NLV 4 (Figure 14). Less
connections are observed in lineage 2a at NLV 4 compared to lineage 2b, confirming it is more distantly

related.

117



A 5
L .
fis Lineage 1 Lineage 1
\ / ’
-3/
G 2 - /
7
8 I et
AN
S J
.
X
7
Lineage 2
a F Lineage 2
N/
!
A
. ,
t ‘/\
.
.
v

Figure 13 | Tree cut-off graphs for levels 5 and 6. Figures created using Phyloviz online (Ribeiro-Gongalves et al. 2016) using the combined STs from the 77 B. multivorans
strain panel and the STs available in pubMLST (October 2020). A total of 221 STs from 566 genomes was used for the analysis. (A) Tree cut-off level of 5, showing the
lineages remaining separate but some attachment of nodes within lineage 1. (B) Tree cut-off level 6, with both lineage 1 and lineage 2 attached yet some isolates still independent

of any group.
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Figure 14 | N Locus Variant (NLV) graphs illustrating tree cut-off thresholds in 581 B. multivorans genomes. Analysis combined the 77 B. multivorans strain panel with
all the available STs from PubMLST (October 2020). This provided a total of 221 unique STs for analysis. (A) NLV cut-off of 3 and (B) NLV cut-off of 4. The figure illustrates
the links between nodes, showing the number of differences up to and including the defined thresholds. This type of graph is used to show clustering of phylogenomic groups.

Figure created using Phyloviz online web tool (Ribeiro-Gongalves et al. 2016).
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3.2.7 Genomic features and basic gene content

3.2.7.1  Basic genomic content

Roary and R studio was used to provide statistics on predicted gene counts. Overall, 449,846 genes
were analysed for the strain panel (n = 77), which had an average gene count of 5,811 genes, of which
112 (1.9%) was the average number of unique genes. There were 22,751 orthologous groups in the
dataset and 8,728 unique genes overall. BCC0904 was the strain which harboured the least number of
predicted genes (5,329 genes). Of the 77 genomes, BCC0047 has the greatest number of unique genes
(~500) (Figure 15). Whilst BCC1147 and BCC1148 appear identical on the phylogenetic tree (Figure
8), BCC1148 has a higher overall gene content (5,842 genes) than BCC1147 (5,836 genes). Whilst it is
hard to confirm whether these two strains are 100% identical, they are still very closely related and may
have partial genes present without full predictions. Therefore, it is likely that the strains are still

isogenic.

120



Genomes

BCCOS04 -

(ML |
| |

o
1
]
©
g-
=
g-
“
8-

0 0 '
2000 4000 400

“‘||||‘|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||§

Count

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||§

0
1000

©

6000

4000

Count

2000

Average gene count
X

Average core genes Average unigue genes

Total number of genomes:
77

Number of analyzed genes:
449846

Total orthologous groups
22751

Total unique genes
8728

0
3000

1
8
B
&
g

Figure 15 | Basic genomic content for the 77-genome B. multivorans strain panel. The horizontal bar plots show the total, unique and core genes present in each of the

genomes. The vertical bar plot (right-hand side) shows the overall counts for the average core genes, gene count and unique genes in the pan-genome. Total numbers of genes

are noted on the bottom right. R studio tutorial by Thomas Lesley Sitter.
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3.2.8 Long-read sequence DNA extraction and assembly

4 model CF B. multivorans strains were identified as part of this thesis, based on their genotypic
placement (Section 3.2.5.1), ST (Section 3.2.6.1) and phenotypic characterisation (Chapter 5). Strains
BCC0033, BCC0084, and BCC1272 were chosen alongside the well-characterized ATCC 17616 strain.
Full details for each strain can be found in Table 5. BCC0033, also known as C5568, is an isolate from
California, USA. BCC0033 has previously been used in the literature to explore mucoid phenotype
(Zlosnik et al. 2011) and intracellular survival inside macrophages (Chu et al. 2004; Schmerk and
Valvano 2013). BCC0084 (commonly known as strain C6398) has been subjected to research on
antibiotic susceptibility and the use of targeting bacterial hopanoids as CF treatment (Malott et al. 2014).
BCC1272, also known as strain HI 2229, is the isogenic CF isolate of ATCC 17616. BCC1272 has been

subject to experimentation for antibiotic susceptibility (Veloira et al. 2003).
3.2.8.1  Assembling the B. multivorans PacBio reads

The PacBio genomes were subject to two long-read assemblers: Flye (Kolmogorov et al. 2019) and
Trycycler (Wick et al. 2021). The results and statistics of the two assemblers can be found in Table 17.
Trycycler proved to be the more robust long-read assembler due to the nature of using three independent
assembly tools, reducing the risk of misassembles, and providing a more reliable consensus sequence
(Wick et al. 2021). Both assemblers gave an output of 4 contigs for BCC0084 and BCC1272, with
BCCO0033 originally having 7 contigs (Table 17). Kraken2 (Wood et al. 2019) was used to check for
contamination of the assembled contigs (Section 2.6.6), whereby contigs 5-7 from BCC0033 were
omitted as non-Burkholderia origin, leaving 4 contigs in total. This is in-line with the multi-replicon

structure of the Bcc (Mahenthiralingam et al. 2005).

Table 17 | Comparing the genome statistics of the complete B. multivorans genome bacterial assemblies (r

=4). Assemblies include Flye, Trycyler and Trycyler with read polishing.

Longest Shortest

Strain Assembly Type Genome Size (Mb) Contigs >1000bp  >500000bp
Contig Contig
Flye 6.84 7 3544223 19070 6839546 6798590
Trycycler 6.83 7 6828606 6798593  66.55 3544238
BCC0033
Trycycler with
6.74 4 6736607 6736607  67.03 3544234
Read Polishing
Flye 6.67 5 3345187 13705 6670087 6656382
Trycycler 6.66 4 6656391 6656391 67 3345190
BCC0084
Trycycler with
6.66 4 6656395 6656395  66.55 3345195
Read Polishing
Flye 7.01 4 3448462 167422 7008814 7008814
Trycycler 7.01 4 7008831 7008831 66.69 2473136
BCC1272
Trycycler with
7.01 4 7008829 7008829  66.69 2473135

Read Polishing
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3.2.9 Processing of strain panel genomic contigs using the model strains

3.29.1  Scaffolding of strain panel contigs

Four complete B. multivorans genomes (BCC0033; lineage 2b, BCC0084; lineage 1, BCC1272 and
ATCC 17616; lineage 2a) were used for scaffolding of the short-read contig assemblies. ATCC 17616
was sourced and downloaded from NCBI. The BCC numbered genomes were produced in this thesis
from PacBio long-read sequencing (Section 2.6.2). The remaining strain panel (n = 73) (Section 3.2.5.2)
were scaffolded onto all four complete genomes (BCC0033, BCC0084, BCC1272 and ATCC 17616)

one-by-one using CONTIGuator which is a single-reference based scaffolder.

The outputs of CONTIGuator were manually checked for each scaffold to identify the reference which
provided the fewest scaffolds and greatest overall alignment (bp). This was then used as the reference
replicon structure for that specific B. multivorans strain. In a case where multiple structures were

identical, the well-documented B. multivorans ATCC 17616 strain was used.

On average, 98.2% of each B. multivorans whole genome was scaffolded to a reference (Table 18).
Two B. multivorans (BCC0921 and BCC0865) had 93-94% of the genomes scaffolded at the lowest
percentage. 18, 15 and 39 B. multivorans genomes scaffolded to 95-97%, 98-99% and >99% of the
chosen reference genome, respectively (Table 18). Of this, 4 genomes (FDAARGOS 546, DWS 421-
B, AU1185 and MSMB1640WGS) completely scaffolded (100%) to the reference ATCC 17616
genome. Therefore, the scaffolded genomes outputted from the CONTIGuator tool have been used for

further analyses in this thesis.
3.2.9.2 Genome size and statistics of the B. multivorans scaffolds

The CONTIGuator scaffolded genome size across the B. multivorans strain panel (Section 3.2.5.2) was
quite conserved, ranging from 5.95 Mb (BCC0904) to 6.96 Mb (BCC0079). BCC0904 remained the
smallest B. multivorans genome, decreasing by 0.07 Mb after scaffolding. Prior to scaffolding,
BCCO0047 had the longest B. multivorans genome (7.11 Mb), which decreased by 0.17 Mb after
scaffolding (Table 18), making it the second largest B. multivorans scaffolded genome in the strain
panel. It was overtaken by BCCO0079 as the largest scaffolded genome at 6.96 Mb, which only decreased
by 0.03 Mb during genome scaffolding (Table 18).

All the 77 strain panel genomes had at least 3 genomic replicons, illustrated from the genome
scaffolding (Section 3.2.9.1). This is consistent with the multi-replicon structure of Burkholderia
species (Mahenthiralingam et al. 2005). C1 was the largest replicon which has an average length of
3.35 Mb, ranging from 3.70 Mb (BCC0079) to 3.14 Mb (ATCC BAA 247). C2 was next in size with
an average length of 2.43 Mb, ranging from 2.17 Mb (FDAARGOS 546) to 2.53 Mb (AU1185). C3
was the smallest replicon present in all 77 genomes which has an average of 0.65 Mb, spanning 0.24

Mb (HI3534) to 0.92 Mb (ATCC 17616).
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Several B. multivorans strains also possessed a 4™ replicon (C4), and it was observed in all the 4 model
strains with complete genomic sequences. C4 of each B. multivorans panel strain had an average length
of 0.01 Mb with an average GC content of 62.1% (Table 18). This suggested that the C4 was a plasmid
replicon in terms of its smaller size. The genomic content of the C4 replicon is discussed further in

Section 4.2.4.
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Table 18 | Genomic statistics of the B. multivorans scaffolds (n = 77). Table shows the B. multivorans strain, reference scaffolded to, the percentage of genome scaffolded

(%), total length before and after scaffolding, and Mb and GC content of the independent replicons for each B. multivorans genome.

Scaffolded Total length Scaffold length C1 C2 C3 Cc4
Strain Reference

percentage (%) Mb GC (%) (Mb) Mb GC (%) Mb GC (%) Mb GC (%) Mb GC (%)
ATCC 17616 NA NA 7.01 66.7 NA 345 66.9 247 67.1 0.92 65.8 0.08 61.7
ATCC BAA-247 BCC0084 95.99 6.20 67.1 5.95 3.14 66.8 2.29 674 0.52 67.6
AU10047 BCC0084 97.78 6.34 67.2 6.20 3.26 67.2 2.36 67.5 0.57 67.7
AU10398 ATCC 17616 ~ 97.44 6.71 67.0 6.54 3.35 67.1 244 67.5 0.65 67.2 0.01 62.1
AU11358 BCC0084 96.50 6.43 67.1 6.20 3.33 67.1 2.34 67.5 0.53 68.0 0.03 61.5
AU1185 ATCC 17616 100.00 6.62 66.9 6.62 3.53 66.6 2.53 67.1 0.56 67.6
AU15814 BCC0033 99.75 6.33 67.5 6.32 3.27 67.3 2.31 67.8 0.73 674
AU17545 ATCC 17616~ 95.84 6.98 66.6 6.68 3.38 67.1 2.40 67.0 0.84 66.2 0.61 63.1
AU18096 ATCC 17616  95.89 6.59 66.9 6.31 343 67.0 2.18 67.7 0.67 66.7 0.03 65.00
AU20929 ATCC 17616 98.43 6.81 66.9 6.71 3.37 67.1 246 67.3 0.74 67.0 0.01 61.7
AU21015 BCC0084 99.64 6.18 674 6.16 3.28 67.3 2.20 67.6 0.68 67.6
AU22892 ATCC 17616  98.48 6.80 67.1 6.69 3.50 67.1 2.37 67.6 0.83 66.5
AU24277 BCC0033 99.33 6.52 67.3 6.48 3.39 67.2 2.37 67.6 0.71 67.6
AU28069 ATCC 17616 99.34 6.52 67.1 6.47 3.41 66.9 2.29 67.6 0.67 67.3 0.01 63.6
AU28442 BCC0084 96.79 6.24 67.3 6.04 3.20 67.3 2.29 67.6 0.55 68.0 0.03 63.6
AU4507 BCC0084 99.69 6.58 67.1 6.56 345 67.0 245 674 0.65 66.9
BCC0006 BCC0084 99.34 6.27 67.3 6.23 3.37 67.1 2.33 67.6 0.54 68.0
BCC0009 BCC0084 99.10 6.34 67.2 6.29 3.37 67.0 2.38 674 0.53 68.0
BCC0032 BCC0033 96.89 6.51 67.1 6.30 3.46 67.0 2.26 67.8 0.58 67.2
BCC0033 BCC0033 99.61 6.70 67.1 6.67 3.51 66.8 2.37 67.7 0.72 67.5 0.07 57.3
BCC0043 BCC0084 98.96 6.54 67.1 6.48 3.31 67.1 2.52 67.0 0.65 67.8
BCC0047 ATCC 17616  97.60 7.12 66.6 6.94 3.63 66.5 248 67.3 0.83 66.4
BCC0065 BCC0033 99.66 6.51 674 6.48 3.23 67.3 2.41 67.7 0.72 67.5
BCC0066 ATCC 17616 98.17 6.51 67.2 6.39 3.36 67.2 2.35 67.6 0.66 67.5 0.01 62.5
BCC0068 BCC0084 96.86 6.44 67.1 6.24 3.23 67.2 2.37 67.6 0.56 67.8 0.08 62.0
BCC0074 ATCC 17616 99.01 6.54 67.3 6.48 343 67.1 2.29 67.7 0.75 67.5
BCC0075 BCC0033 97.85 6.61 67.2 6.47 3.35 67.2 2.33 67.7 0.78 67.1
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BCC0079 ATCC 17616  99.53 6.99 66.8 6.96 3.70 66.4 2.40 67.7 0.68 67.4 0.02 62.2

BCC0080 ATCC 17616  98.09 6.71 66.8 6.58 3.37 66.8 2.29 67.5 0.81 66.6 0.01 62.2
BCC0082 BCC0033 95.49 6.62 67.2 6.32 3.38 67.1 2.29 68.0 0.66 67.7
BCC0084 BCC0084 98.96 6.60 67.1 6.53 3.28 67.3 2.50 67.3 0.46 66.5 0.03 65.4
BCC0087 BCC0033 99.73 6.45 67.4 6.44 3.27 67.4 2.44 67.6 0.73 67.3
BCC0096 BCC0084 99.09 6.38 67.2 6.32 3.33 67.1 2.30 67.7 0.68 66.7
BCC0101 BCC0084 97.81 6.38 67.1 6.24 3.40 67.0 2.31 67.5 0.54 67.9
BCC0141 ATCC 17616  99.39 6.17 67.4 6.13 3.25 67.1 2.28 67.7 0.60 67.7
BCC0188 BCC0084 94.97 6.65 67.0 6.32 333 67.1 2.35 67.7 0.60 67.7 0.04 60.4
BCC0225 BCC0033 94.76 6.77 67.1 6.42 3.44 67.1 2.44 67.4 0.53 67.8
BCC0241 ATCC 17616  99.66 6.66 67.1 6.63 3.34 67.1 2.44 67.4 0.67 67.5 0.02 62.2
BCC0246 BCC0033 99.35 6.47 67.3 6.43 3.29 67.2 2.43 67.5 0.71 67.6
BCC0247 BCC0033 98.29 6.53 67.3 6.42 3.30 67.3 2.40 67.5 0.72 67.5
BCC0264 ATCC 17616 99.68 6.63 67.1 6.61 3.27 67.3 2.47 67.3 0.88 66.3
BCC0266 BCC0084 96.87 6.53 67.3 6.32 3.29 67.1 2.47 67.6 0.57 68.2
BCC0269 BCC0033 99.66 6.28 67.5 6.26 3.24 67.4 2.33 67.7 0.68 67.6
BCC0303 ATCC 17616 98.43 6.25 67.2 6.15 3.27 67.1 2.31 67.6 0.58 67.4
BCC0317 BCC0084 99.25 6.36 67.5 6.31 3.25 67.3 2.38 67.7 0.68 67.8 0.03 63.2
BCC0375 ATCC 17616 97.74 6.30 67.3 6.15 3.24 67.3 2.29 67.7 0.61 67.7
BCC0381 BCC0084 99.50 6.25 67.3 6.22 333 67.0 2.35 67.6 0.55 67.8
BCC0384 ATCC 17616 98.72 6.38 67.4 6.30 3.24 67.4 2.36 67.7 0.58 67.8 0.01 61.8
BCC0493 BCC0033 98.90 6.53 67.1 6.46 3.30 67.1 251 67.0 0.65 67.7
BCC0497 ATCC 17616 96.10 6.79 66.9 6.52 3.56 66.8 2.38 67.6 0.59 68.0
BCC0702 ATCC 17616  96.98 6.46 67.2 6.26 3.29 67.2 2.38 67.5 0.59 67.6
BCC0710 BCC0033 99.54 6.23 67.5 6.21 3.25 67.4 2.37 67.7 0.59 67.8
BCC0737 ATCC 17616 99.57 6.22 67.3 6.20 3.30 67.0 2.33 67.7 0.56 67.9
BCC0814 ATCC 17616~ 98.84 6.27 67.3 6.20 3.30 67.2 2.32 67.7 0.58 67.4
BCC0865 BCC0084 93.44 6.79 66.6 6.35 3.36 66.9 2.34 67.2 0.54 67.9 0.01 62.6
BCC0904 BCC0084 98.63 6.03 67.4 595 3.26 67.4 2.31 67.7 0.37 67.2
BCC0921 BCC0084 93.15 6.79 66.6 6.32 333 67.0 2.34 67.2 0.54 67.8 0.01 62.6
BCC1147 ATCC 17616 99.21 6.58 67.1 6.52 3.35 67.0 2.31 67.7 0.84 66.4 0.02 65.4
BCC1148 ATCC 17616  97.58 6.57 67.1 6.41 3.37 66.9 2.30 67.7 0.74 67.1
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BCC1177 BCC0084 98.85 6.52 67.1 6.45 3.28 67.3 2.43 67.3 0.60 67.4 0.01 61.0
BCC1185 BCC0033 99.72 6.38 67.4 6.37 322 67.4 2.42 67.6 0.07 67.3
BCC1190 ATCC 17616  97.82 6.37 67.1 6.23 3.37 66.9 2.31 67.7 0.55 67.7
BCC1272 BCC1272 99.21 6.88 66.8 6.83 3.37 67.0 2.43 67.3 0.87 66.1 0.02 61.3
BCC1368 BCC0084 98.19 6.27 67.2 6.16 3.19 67.1 2.38 67.6 0.57 67.5
BCC1385 BCC0084 96.23 6.61 66.9 6.36 3.36 67.1 2.33 67.6 0.59 67.5 0.10 59.7
CF170.0a BCC0084 99.55 6.41 67.1 6.38 3.36 67.0 2.32 67.4 0.70 66.6
CF2 ATCC 17616  95.17 6.50 66.9 6.19 3.29 66.7 2.35 67.0 0.54 67.2
CGD1 ATCC 17616  98.15 6.62 67.0 6.50 3.49 66.9 2.46 67.3 0.56 67.6
CGD2 BCC0033 99.90 6.55 67.0 6.55 3.42 66.9 2.52 67.2 0.60 66.8
D2214 BCC0033 99.98 6.47 67.4 6.46 3.28 67.3 2.38 67.7 0.73 67.4 0.07 57.6
DWS_421-B ATCC 17616 100.00 6.51 67.3 6.51 3.37 67.1 2.38 67.5 0.76 67.4
FDAARGOS_546 ATCC 17616 100.00 6.19 67.1 6.19 3.42 66.8 2.17 67.5 0.58 67.6 0.02 62.2
HI3534 ATCC 17616 96.90 6.16 67.0 5.97 333 67.1 2.39 67.3 0.24 67.0 0.01 63.7
MSMB1272WGS ATCC 17616 95.91 6.84 67.0 6.56 3.36 67.1 2.29 67.6 0.67 67.4 0.02 61.9
MSMB1640WGS ATCC 17616 100.00 6.85 67.0 6.85 3.45 66.9 2.49 67.2 0.90 66.1
NKI379 BCC0033 96.78 6.54 674 6.33 3.30 67.1 2.36 67.6 0.68 67.8
R-20526 BCC0084 96.84 6.44 67.0 6.24 3.30 67.1 2.41 67.4 0.53 67.9
Average NA 98.16 6.52 67.1 6.39 3.35 67.1 2.37 67.5 64.5 67.4 0.01 62.1
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3.2.10 Comparison of the B. multivorans strains to genomic databases and genetic variation between

the strains
3.2.10.1 Pan, core, and accessory genes

Roary (Page et al. 2015) was used to identify the pan, core, and accessory genes in the B. multivorans
genomes, utilising the Roary plots python script which generates a pan genome frequency, gene
presence absence matrix and a pie chart of the gene breakdown. This was performed for all 283
genomes, as well as the later established genome strain panel (n = 77) (Section 3.2.5.2) and the two
lineages individually. The pan-genome illustrates the overall number of genes which are present in all
the population. Core genes are then defined as being present in >95% of the population. The master B.
multivorans pan-genome (n = 283) consists of 37,462 genes, of which 6,724 are part of the core genome
(Figure 16). Of this, strain CF170.8b encoded the greatest number of genes at 6,663 genes whereas stain
AU16734 encoded the least at 5,293 genes. The pan genome decreased to 22,751 genes, of which 6,873
(30.2%) are core genes, when looking at the strain panel (n = 77). When looking at the two lineages,
there were 12,654 pan genes and 6,225 core genes in lineage 1 whereas lineage 2 harboured 17,928 pan
genes and 6,554 core genes. The percentage of core genes decreased in both groups alone, by 12.85%
for lineage 1 and 4.64% for lineage 2, compared to the 77-genome strain panel. This also showed that
the core genome of lineage 2 was around 1.09x larger compared to lineage 1. However, these gene
differences correlate with the greater number of strains examined in lineage 2 compared to lineage 1,

causing a result bias.
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Figure 16 | Pan genome pie chart illustrating the core and accessory genome of the 283 B. multivorans
master panel. The core genome is comprised of the core, soft-core and shell genes. The cloud genes represent

the accessory genome.

The accessory genome, also known as the cloud (Whelan et al. 2021), is comprised by the remaining
genes, present in ~14.8% of the B. multivorans genomes, which is roughly 4.6x the size (30,738 genes)
of the core genome when looking at the 283 B. multivorans genomes. Comparing the accessory genes
of lineage 1 and lineage 2, it was observed that lineage 2 had a greater number of accessory genes
(11,374 genes) then lineage 1 (6,429 genes). This correlates to the phylogenomic analysis in Sections
3.2.5.1 and 3.2.5.2, where lineage 2 has longer genomic branches (Figure 7 and Figure 8), indicating

greater evolutionary diversity.
3.2.10.2 Genomic context of the scaffolded replicons

Gene prediction and pan-genomic analysis was also performed on the reference and scaffolded
replicons (C1, C2 and C3), to provide greater genomic insights into the pan, core, and accessory gene
distribution throughout B. multivorans. All members of the strain panel (n =77) (Section 3.2.5.2)
harboured all three replicons, identified during scaffolding (Section 3.2.9.1). C1, the largest of the three
replicons, harboured the greatest number of 11,461 total genes. Of this, 3,204 were core genes and 8,257
were accessory genes. C2 in turn had 6,794 genes (2,445 core and 6,794 accessory). In contrast, the
smallest replicon C3 encoded 2,390 total genes, with the smallest amount of both core (901 genes) and
accessory genes (1,489 genes). This showed the size of each genomic replicon was relative to the

number of genes it encoded.
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3.2.10.3 GC content of the genomes and replicons

The total average GC content of the strain panel (n = 77) genomes (Section 3.2.5.2) is 67.13%, ranging
from 66.58% (BCC0865) to 67.51% (BCCO0710). Overall, the GC content of the whole genomes was
relatively similar, with only a 0.55% GC difference. When splitting this into replicons, the mean GC
content was relatively consistent at 67.1%, 67.5% and 67.4% for C1, C2 and C3, respectively.

The average GC (%) content for replicon C4, found in around one third of the B. multivorans panel
strains (Section 3.2.5.2), is 62.1% (Table 18). This is slightly lower than that of replicons C1, C2 and
C3 at a difference of, 5.4% and 5.2%, respectively. The GC content of C4 differs between the B.
multivorans strains more so than the other replicons. BCC0033 had the lowest GC of 57.32% for C4,
with ATCC 17616 having the highest at 61.74%, a difference of 4.42%.

3.3 Discussion

This work has enabled us to identify key genotypic features amongst B. multivorans as a species. The
Burkholderia genus has seldom been investigated in terms of in-depth next generation sequencing
phylogenetic analysis and population biology, with MLST-level being the most highly understood
(Baldwin et al. 2008). The work here embraces next generation sequencing techniques to underpin the
B. multivorans population at whole genome level. Short-read Illumina sequencing was used
predominantly in this Chapter, also with complete genomes from public databases, defining the
placement of 283 B. multivorans genomes before curating a representative strain panel of 77 B.
multivorans genomes for further analysis. The population biology of B. multivorans has been
thoroughly investigated in this Chapter, opening the door for exploratory genomic analysis into the two

defined genomic lineages.

3.3.1 Atleast two distinct evolutionary lineages were observed within the B. multivorans population

B. multivorans was confirmed as a single genomic species through use of ANI analysis (n = 283). The
results showed all strains to have >97.24% identity, over the 95% threshold which defines a bacterial
species (Goris et al. 2007). The population split into at least two lineages, now defined as B. multivorans
lineage 1 and lineage 2, with the latter splitting further into sub-lineages 2a and 2b (Sections
3.2.4.1Error! Reference source not found., 3.2.4.2 and 3.2.5.1). These similarities mimic that of
related CF pathogens P. aeruginosa (Ozer et al. 2019; Weiser et al. 2019) and B. cenocepacia (Wallner

et al. 2019), where phylogenomic analysis has also demonstrated the presence of genomic subgroups.

Interestingly, there is a broad placement of non-CF isolates, but it was observed that lineage 2 held the
largest proportion of environmental B. multivorans isolates. These particularly clustered within sub-
lineage 2a. When there is lack of patient-patient strain transmission, the environment is the most likely

source of B. multivorans. Combining our knowledge on this and fact that the BCC are opportunistic
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pathogens where pathogenicity is highly dependent on host vulnerability, the data strongly suggests that

environmental isolates cannot really be split from infection isolates in the context of phylogenomics.

By understanding how the population biology of these related CF bacteria affect phenotype, genotype,
outbreaks, and clinical outcome, we can begin to hypothesise that similar factors may occur in B.
multivorans. There is not enough clinical data at present to create links and identify patterns in the data
compared to B. multivorans lineage, however, this is certainly a topic for further research. Rapid
diagnostics to identify each B. multivorans lineage would greatly assist in perspective analysis of
virulence traits and clinical outcome for CF infections. The genomic data was used to develop PCR

probes to enable this as described in Section 4.2.8.

3.3.2 The two-lineage split is also observed at MLST-level

This work shows clearly that the two-lineage split in the B. multivorans population was not only seen
at whole genome level but could also be observed at MLST-level. However, some differences in
phylogenetic placement were found within lineage 2. The analysis also showed longer, deeper branches
within the population at using MLST, indicating a larger genetic divergence than observed with the core
gene trees. Another main difference was the confidence in bootstrap values between the two analyses.
These “confidence” values were introduced by Felsenstein (1985) to help understand the reliability of
the clades and lineages within a phylogenetic tree. This method is reliable for closely-related bacterial
species (Maiden et al. 2013), but is disadvantageous when looking to analyse multiple species within a
genus, for example. Prior to WGS technologies, isolate identification and typing would require multiple
approaches for accuracy and reliability (Maiden et al. 2013). Therefore, whilst we can see the split using
MLST in this dataset, a core gene phylogeny is required for a more accurate identification of bacterial

populations.

MLST is also useful for understanding the ST of the bacterial isolate and identifying any clonal
complexes in the dataset. Six clonal complexes (CC1, CC2, CC4, CC5, CC7 and CC8) were identified
within the B. multivorans strain panel. CC1, CC4 and CC5 have been found in varies countries and
continents (Baldwin et al. 2008) CC1 contains the South Wales outbreak strain (ST-15) (Millar-Jones
et al. 1998) and the globally disseminated French epidemic clone (ST-16) (Segonds et al. 1997; Baldwin
et al. 2008). Both have caused multiple infections within CF patients. Looking closer into clonal
complexes and the types of infection they cause, such as the human infection by ST-16 from CC1, we
can hypothesise which B. multivorans strains within the dataset could be better adapted to human

infection.

We can also underpin epidemiology and identify any STs which may have links to previous B.
multivorans outbreaks. For instance, ST-16, also known as the French epidemic clone, has been linked

to other global outbreaks (Baldwin e al. 2008). Understanding these STs means that we can create
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probable links to countries and between isolation sources. For instance, Baldwin et al. (2008) showed

that 50% of the environmental B. multivorans isolates examined were indistinguishable to CF isolates.

3.3.3 There are genomic differences between the two lineages

Understanding the core gene phylogeny of the B. multivorans strain panel has helped set indicators for
population evolution. Lineage 1 have short branches whereas lineage 2 contrastingly have deep
evolutionary branches. This presents the idea of lineage 1 being more conserved than lineage 2. This
can be investigated through pan genome analysis. ANI analysis is also very useful here, clearly
distinguishing genomic relatedness both in the overall B. multivorans population as well as within the
lineage groupings. Wallner et al. (2019) showed that ANIb could be used to discriminate between
lineages, as shown by proposing B. cenocepacia I1IB as a separate species to IIIA. ANIm was used
within this work to look at the B. multivorans population. Using ANIm has its limitations compared to
ANIb, especially in effectiveness. ANIm often has a larger number of false positives in genome pairs
compared to ANIb (Yoon et al. 2017). Although, ANIb is very computationally intensive and has a
longer running time than ANIm. To overcome this limitation, and ensure the two-lineage split was
certain, a secondary ANI analysis was performed using FastANI. This removes the requirement for
genome alignment. Instead, orthologous gene pairs are identified when comparing two bacterial
genomes. The percentage ANI (%) was highly comparable to that shown using PyANI, with an overall

mean of 97.8% amongst the B. multivorans strains.

Whilst much is known about evolutionary lineages in bacterial populations, descending from a common
ancestor, little is understood around gene gain and loss within lineages as they evolve over time within
the CF lung (Gabrielaite et al. 2020). SNP diversity analysis could be used to highlight similarities and
differences within the lineages. This could indicate towards any isogenic isolates as well as clusters of
populations. Insertion sequences (IS) have also been shown to shape bacterial lineage evolution in other
Burkholderia species, such as in B. cenocepacia and the emergence of B. mallei from B. pseudomallei
(Graindorge et al. 2012). Niche adaptations occur due to IS elements entering the bacterial genome,

making the organism more specialised to human CF infection.

Peeters et al. (2017) showed the conserved genomic structure of B. multivorans, making links between
ST and genomic lineage in a limited analysis of 8 complete genome sequences, comprising pairs of
environmental versus CF isolates. They showed that genomic lineage is directly linked to ST with high
conservation. Within the thesis genomic dataset, some correlations were observed between ST and
lineage. Lineage 1 harboured all ST-15 and 75% of the ST-16 isolates (CC1). ST-18 (Canada and UK)
and ST-650 (ATCC BAA-247; Belgian clone) were the other two STs found solely in lineage 1. Lineage
2 held ST-21(Canada and USA), ST-802 and ST-618 not found in lineage 1. ST-21 is composed of both
environmental and CF isolates (Baldwin ef al. 2008). From this, suggestions can be made that lineage

1 harbours strains more likely to cause epidemic outbreaks, corresponding to what is seen within the B.
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cenocepacia IlIA lineage (Drevinek and Mahenthiralingam 2010). Further investigations are required
to either prove or disprove this assumption, using genome analysis to pinpoint key genes different

between the lineages.

3.3.4 We have selected at least 3 model CF B. multivorans strains for further analysis

Before this work, there were no defined model B. multivorans for CF infection. Three model CF B.
multivorans strains have now been identified in this Chapter (BCC0033, BCC0084 and BCC1272), as
well as the well-characterized environmental isolate ATCC 17616. These were chosen based on their
consistent phenotypes from Chapter 5 as well as genotypic analysis (Chapters 3 and 4) and phylogenetic
placement. The model strains mirror the key genotype and phenotype seen within the B. multivorans
panel. These model strains will be used later in this thesis to present co-infection modelling with other
CF pathogens, for use in murine inhalation models and for genome analysis. Further understanding all
these characteristics will help with intervention of chronic infection or interference through specific

targets and treatments.
3.4 Conclusions

Following the population biology and pan-genome analysis of the B. multivorans strains, the

following conclusions can be made:

1) B. multivorans has a high genomic diversity between strains, and the novel lineages that have
been identified

2) The population biology of B. multivorans splits into at least two genomic groups, consistent
when using different core-gene phylogenomic analyses as well as MLST phylogeny

3) This work has opened the door for genome analysis of lineage-specific genes and
development of PCR probes to help with rapid identification in future

4) At least 4 model B. multivorans have been identified from the genomic lineages which can be

used for further comparative analysis and genome analysis
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4 Identification of Key Genomic Features Within the B. multivorans Strain

Panel Using Comparative Genomics and Genome Analysis

4.1 Introduction

Complete bacterial genomes provide a foundation for greater analysis depth in terms of genome
analysis. Whilst various long-read sequencing methods exist, one of the most common and accurate is
Single Molecule, Real-Time (SMRT) Pacific Biosciences (PacBio) which can provide reference-
standard assemblies (De Maio et al. 2019). Combined with short-read sequences, identification of key
genes can be determined. Bioinformatic and phylogenetic tools can be used to highlight genes unique
to certain groups of strains or species (Wallner et al. 2019), as well as potential virulence and

pathogenicity genes within a genome.

There are multiple virulence and pathogenicity genes which may confer advantages to a pathogen in
CF infection, particularly for persistence and advancing chronic lung infection. Many virulence
determinants have previously been noted for the BCC (Mahenthiralingam et al. 2005; Loutet and
Valvano 2010). For example, major virulence determinants of B. cenocepacia which have been related
to CF infection include acquisition of foreign DNA encoding novel virulence factors, quorum sensing,
and iron acquisition (Drevinek and Mahenthiralingam 2010). Burkholderia species. are also well-
known for their intrinsic resistance to antibiotics and mediation of inflammation through
polysaccharides on the cell surface and membrane (Drevinek and Mahenthiralingam 2010). Secretion
systems have also been associated with B. cenocepacia infection, showing survival during murine
experimentation (Loutet and Valvano 2010). There are several bioinformatics tools which are useful
for identifying potential virulence and pathogenicity genes within bacterial species. One widely used
example is Abricate, a tool which performs mass contig screening for various genes based on multiple,

compiled virulence and antibiotic resistance databases (Seemann 2017).

Amongst these bioinformatics tools, there are various databases for identifying Clusters of Orthologous
Groups (COGs) (Tatusov et al. 2000). These COGs are annotated genome coding sequences (CDS)
which are conserved in sequence and can be frequently linked to a functional role. Initially,
classification of protein families was performed using COG analysis (Tatusov et al. 2000). However, it
is now used for genome annotations, to identify undetected or missing genes in a bacterial genome, to
predict novel functional systems, analyze pathways, predict enzymes and for comparative COG analysis
between organisms or bacterial species (Galperin et al. 2019). One useful tool COG analysis provides
us with is the ability to prioritize targets for both structural and functional characterization (Galperin et
al. 2019). A useful way of analyzing COGs in genomes is by utilizing the public EggNOG database
(Jensen et al. 2008). In the most recent update (2019), the eggNOG database harbours over 4,445

bacteria as well as 4.4 M orthologous groups overall (Huerta-Cepas et al. 2019).
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As mentioned, Burkholderia species are well-known for their evolution by the acquisition of foreign
DNA and providing considerable genome plasticity. Genomic islands (GIs) are amongst the common
DNA elements which have been extensively found in Burkholderia species, particularly B. cenocepacia
strain J2315 (Guo et al. 2017). GIs are sets of genes acquired via horizontal gene transfer (HGT)
(Gogarten and Townsend 2005), which can be advantageous to bacteria as they can carry genes required
for niche adaptation (Dobrindt et al. 2004). Those GIs which confer the ability for bacterial fitness and
survival are split into categories, including pathogenicity islands (PAls) (Hacker and Carniel 2001).
These PAIs are widespread throughout bacteria, including within the BCC. Baldwin et al. (2004)
functionally defined the first genomic island in the BCC, found in B. cenocepacia, known as
cenocepacia island (cci). This was an atypical PAI compared to others seen in Gram-negative bacteria
(Baldwin et al. 2004). Often, PAIs will carry well known pathogenicity genes such as secretion
systems, T3SS or T4SS (Hacker and Carniel 2001), but the cci was unusual in carrying quorum sensing
genes, ccil and cciR as key virulence determinants, together with multiple metabolism-associated genes
(Baldwin et al. 2004). This opens the idea that PAIs may contribute to both ecological fitness as well

as links to metabolic genes in Burkholderia species (Baldwin et al. 2004).

In addition to HGT, plasmids are key agents in driving bacterial adaptation and evolution. Not only can
they mediate the transfer of genetic material between bacterial species, but plasmids may also contribute
to chromosomal evolution and adaptations through the accessory genes that they carry (Rodriguez-
Beltran et al. 2021). There are two broad types of plasmids which are found in bacteria. The larger of
the two are low copy number plasmids (LCPs) and the smaller being high copy number plasmids
(HCPs) (Rodriguez-Beltran et al. 2021). Plasmids are not uncommon in Burkholderia species. The
Burkholderia species are known to have a multi replicon structure (Mahenthiralingam et al. 2005),
where the 3™ replicon has now been found to act as a large virulence plasmid (which can be forced out),
as opposed to an essential replicon (Agnoli et al. 2012). Further research has shown a 4™ replicon
element in several Burkholderia species. For example, the B. cenocepacia J2315 strain is comprised of
three circular genomic replicons and a 0.927 Mb plasmid (pBCJ2315) (Holden et al. 2009). B.
multivorans ATCC 17616 has also been shown to harbour a plasmid, pPBMULO1 (Sant'Anna et al. 2009;
Yagi et al. 2009).

Genomic rearrangement by the movement or loss of insertion sequences, Gls, and recombination also
represents a rapid way by which Burkholderia can gain or lose genes (Mahenthiralingam and
Vandamme 2005). On a smaller scale, microbial evolution can also be driven by base mutations in the
genome, known as variants or single nucleotide polymorphisms (SNPs). This is where nucleotide
substitutions, insertions or deletions occur (Bryant et al. 2012). These mutations can be synonymous,
meaning they do not affect the resulting amino acid. Contrastingly, nonsynonymous mutations do affect
the DNA sequence, altering the final amino acid (Bryant et al. 2012). Whilst SNPs and variation occur

during bacterial evolution, they may not always remain fixed within a population. They are often
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associated with selection pressures, both positive and negative. It is advantageous for a bacterium to
only keep genes required for survival. Metabolizing unrequired genes is costly in terms of energy
consumption and may catalyze a gene loss effect overall. Therefore, we can often infer ‘fixed” SNPs to
be an inference to niche adaption. A paper by Hassan et al. (2020) described that SNPs observed in B.
multivorans and B. cenocepacia CF co-infection were centred around metabolism, oxidative stress
responses and antibiotic resistance. All of these are positive-selection mutations in the CF lung, where

oxygen is limited in dense sputum and antibiotics are used to combat infection (Hassan et al. 2020).

Looking deeper into bacterial evolution and potential virulence factors, the B. cenocepacia J2315 low
oxygen-activated (Ixa) locus is an interesting cluster of genes. This novel 50 kb locus up-regulates
potential virulence factors, like metabolism, transport and regulation, when exposed to stressful low
oxygen growth conditions (Sass et al. 2013). Interestingly, the Ixa locus is not always present as a
conserved single locus in the BCC, with either partial or no lxa-associated genes in strains of B.
multivorans and B. cenocepacia (Sass et al. 2013). However, Nunvar et al. (2016) showed that B.
contaminans has a consistent presence of the locus. The Ixa locus contributes to growth and survival in
stressful environments, with the key phenotype associated with its presence being enhanced survival

under anaerobic conditions (Sass ef al. 2013), ideal for adaptation to the chronically infected CF lung.

Use of PCR amplification is a powerful tool for identification of bacteria and has been widely applied
to BCC CF infection. For example, improved identification of BCC was driven by have been made for
the design of species-specific PCR primers for BCC was driven by the design of species-specific PCR
primers based on the recA gene (Mahenthiralingam et al. 2000). Development of strain-specific PCR
assays adds another level to BCC detection in CF patients, such as using the B. cepacia epidemic strain
marker (BCRSM) PCR to identify epidemic strains with high risk of transmission (Mahenthiralingam
et al. 1997). However, as BCC taxonomy improved, the BCESM PCR has been superseded for instance,
Dedeckova et al. (2013) establishing a novel assay for B. cenocepacia, focusing on ST-32 epidemic
strains which have caused the major outbreak in CF infections seen it Prague, Czech Republic. Using
molecular assays like this creates a more rapid and accurate detection of highly transmissible, more
threatening BCC strains. With the expansion in genomic analyses, unique genes can be pinpointed

through genome analysis to identify key bacterial groups or strains and underpin PCR primer design.
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4.1.1 Aims and objectives

The overall aim of this Chapter was to identify the key genomic features and expand genomic

understanding of the B. multivorans strains using the following objectives:

1) Identification of genes predicted to be associated with antimicrobial resistances and
pathogenesis (note throughout this Chapter and thesis all genes described and considered as

predicted in terms of the putative function).

2) To compare the genomic content of the strains within each genomic lineage, and identify genes

which are unique to each

3) To completely sequence and assemble the three identified B. multivorans model CF strains, and

categorise the functional gene categories within them

4) Toidentify prophages and plasmids in the strain panel, and SNP variants within a representative

B. multivorans strain panel

5) To evaluate whether the B. multivorans model strains were amenable to genetic manipulation

by the introduction of the reporter plasmids harbouring fluorescent-proteins encoding genes

6) To perform infection modelling of the B. multivorans model strains using a mouse inhalation

model of lung infection and genomic re-sequencing of post-infection isolates
Hypothesis 1: Genomic lineage-specific genes can be identified for B. multivorans

Hypothesis 2: There will be differences between the genomic content of the two B. multivorans

lineages

Hypothesis 3: The model B. multivorans strains will be amenable to plasmid uptake and basic genetic

manipulation
4.2 Results

4.2.1 Key virulence and pathogenicity genes

1.1.1.1 Virulence and pathogenicity gene categories

The gene matrix from Roary was manually investigated for virulence and pathogenicity genes in the
dataset of n = 77 B. multivorans genomes. This was performed by grouping the genes into categories
and totalling the number of gene counts per category for each B. multivorans strain (Figure 17). Overall,
the quorum sensing gene category had the greatest number of genes (mean = 54.6) in the B. multivorans
strain panel, closely followed by invasion and flagella (mean = 46.6), then drug resistance (mean =
35.5) genes. Only 8 B. multivorans strains genomes harboured toxin-antitoxin genes, which was the

least abundant gene group amongst the strains (Figure 17).
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The mean and median number of genes in each category for each lineage was similar. However, there
were differences in the distributions (standard error of the mean) of gene hits for most categories in
both lineages. This could be due to bias in the number of genomes in each lineage (lineage 1: n = 27;
lineage 2: n = 50). Therefore, the results were statistically analysed, grouping by genomic lineage, to
observe any patterns. A Dunn-test revealed that there was a significant difference (p = <0.0001) in the
number of genes related to biocide and chemical resistance, biofilm and adhesion, drug resistance,
haemolysins, outer membrane proteins and quorum sensing between the B. multivorans lineages. Genes
related to biofilm formation and haemolysins were significantly greater in numbers for lineage 1.
Lineage 2 had a significantly greater number of invasion and flagella, T6SS genes, stress proteins, and

cation efflux genes (Table 19).
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Figure 17 | Virulence and pathogenicity factors within the B. multivorans strains genomes. The box plot illustrates the number of predicted genes within each functional

grouping per B. multivorans strain (n = 77 genomes analysed), with the means are illustrated by the red point.
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Table 19 | Virulence and pathogenicity gene groups associated with the two B. multivorans genomic lineages

(n =77)

Virulence or pathogenicity

Mean number of genes in

Significance between the

Lineage Standard error
factor category lineages
1 25.3 1.5
ABC Transporters ns
2 25.3 1.5
Biocide and chemical 1 7.0 0.7
resistance 2 7.5 0.7
1 7.8 1.6
Biofilm and Adhesion ko
2 7.7 1.6
1 0.5 0.7
Cation efflux *
2 0.5 0.7
1 35.5 1.7
Drug Resistance HHAE
2 35.5 1.7
1 43 1.7
Haemolysins ok
2 4.2 1.7
H 1 5.5 1.3
ypermutator ns
2 5.5 1.3
1 46.6 1.2
Invasion & Flagella HoE
2 46.6 1.2
1 16.2 0.5
LPS & O-antigen ns
2 16.2 0.5
1 20.7 1.7
Metabolism ns
2 20.7 1.7
1 22.1 3.6
Metal and mineral resistance ns
2 224 39
1 5.6 0.8
Metalloproteases ns
2 5.7 0.8
1 5.0 14
Outer Membrane Proteins Rk
2 5.0 14
1 1.6 1.1
Prophage and IS elements ns
2 1.5 1.1
9 Sensi 1 54.5 5.1 .
uorum Sensin Rk
& 2 54.7 52
1 23.7 24
Stress Proteins Hok
2 23.8 24
1 6.0 0.2
T2SS ns
2 6.0 0.2
1 52 0.5
T3SS ns
2 52 0.5
1 0.4 1.2
T4SS ns
2 0.4 1.2
1 4.5 0.7
T6SS ok
2 4.5 0.7
1 0.1 0.4
Toxin-Antitoxin ns
2 0.1 0.4
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1.1.1.2 Virulence and pathogenicity genes in the draft genomes

Abricate was used to identify virulence and pathogenicity genes within the B. multivorans strain panel
(n="7) using the short-read sequences. This included use of the databases ARG-ANNOT, MEGARES,
VFDB, CARD, PlasmidFinder and Resfinder (see Methods for each analysis). ARG-ANNOT,
PlasmidFinder and Resfinder did not provide any gene his against the B. multivorans strain panel. The
results of all other databases were then compiled, and any duplicate hits removed. In total, 4190
predicted virulence and pathogenicity genes were identified across the 77 genomes. There were 61
genes identified as part of this analysis that had at least one genome associated with it (Figure 18). B.
multivorans BAA-247 had the least number of virulence genes (46 genes) detected through Abricate.
AU18096 had the most virulence genes (58 genes) amongst the panel strains. Thirty-tree genes were
present in 100% of the genomes analysed, encompassing genes associated with efflux pumps, drug

resistance, chemotaxis and motility, and cell regulation (Figure 18).

Virulence gene absence was observed in certain B. multivorans strain genomes. There were 21 B.
multivorans strain genomes which did not harbour the fliC flagellin gene. Multiple other
flagella/chemotaxis genes were absent across the strains. Chemotaxis gene cheA was absent in 3 strains
(ATCC BAA-247, CF2 and CGD2), with cheB also absent in ATCC BAA-247 (Figure 18). These genes
have been shown to affect flagellar rotation in E. coli (Parkinson 1976). The ATCC BAA-247 strain
was missing 6 other flagella/chemotaxis-related genes (flgG, flgJ, fIhF, fliE, fliH, fliS) and pilin gene
pilB. B. multivorans strain AU10047 was also missing 6 genes associated with flagella and chemotaxis
(cheW, flhB, flhF, flhG, fliA, and fliL). Strains CF2 and AU10398 were missing 3 and 4
chemotaxis/flagella genes, respectively. All other B. multivorans strains analysed had either one or no

missing genes in this virulence group (Figure 18).

There were interesting differences in the T6SS as follows. The VipB protein forms a complex with
VipA in V. chlolerae as part of the T6SS in this pathogen (Bonemann et al. 2009; Chen et al. 2011).
Gene hsiB1/vipA was absent in 36 of 77 (46.8%) B. multivorans strains analysed (Figure 18). This
absence did not correlate with genomic lineage. Ten of the strains (27.8%) which were missing

hsiB1/vipA also showed an absence of hsiC1/vipB (Figure 18).

The pmll/bspll gene was absent in 24 B. multivorans panel strains, all of which were lineage 1 strains.
However, pmil/bspll was present in model strain BCC0084 (Figure 18). Pmll is a component of the B.

pseudomallei quorum sensing system (Valade et al. 2004)

Three B. multivorans genomes also had a unique gene presence of several genes. The penA gene was
observed in only two B. multivorans strains (BCC1272 and ATCC 17616) in the strain panel. The
location of this gene is further discussed in Section 1.1.1.3, focussing on the complete genomes. Strain

AU18096 was the only member of the strain panel to harbour the lipid biosynthesis genes wcbR, wcbS,
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and webT. All three genes have been implicated in anti-phagocytosis mechanisms of B. pseudomallei

through lipid biosynthesis (Cuccui et al. 2012).
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Figure 18 | Presence absence matrix of virulence and pathogenicity genes in the B. multivorans strain panel. This analysis used

Abricate to identify gene hits

in the 77 B. multivorans draft genomes. Any duplicate hits from multiple Abricate databases were noted as one

overall hit. The dark navy blue indicates gene presence and light blue indicates gene absence.
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1.1.1.3 Using the model strains to identify virulence and pathogenicity gene locations on the B.

multivorans replicons

The complete genomes the model B. multivorans strains (n = 4), ATCC 17616 (lineage 2a), BCC0033
(lineage 2b), BCC0084 (lineage 1) and BCC1272 (lineage 2a), were subsequently scanned for virulence
and pathogenicity genes of interest. This was performed to identify the genomic location of the genes
on the replicons and to see whether there were any differences between the lineages. The same databases
were used as above and compiled as before. A total of 58 virulence and pathogenicity genes were
identified for each individual B. multivorans complete genome. Most virulence genes in each B.

multivorans model strain were associated with flagella (Table 20).

Table 20 | Putative virulence and pathogenicity genes in the B. multivorans complete genomes (1 = 4). Gene

predictions created using Abricate (Seemann 2017).

B. multivorans strain Gene category Total number of genes in that category
AMR 6
Chemotaxis 9
Flagella 33
ATCC 17616 OMP 2
Qs 2
Regulator 1
T4SS 3
T6SS 2
AMR 6
Chemotaxis 8
Flagella 34
BCC1272 OMP 2
Qs 2
Regulator 1
T4SS 2
T6SS 3
AMR 5
Chemotaxis 8
Flagella 35
BCC0084 OMP 2
Qs 2
Modulator 1
T4SS 3
T6SS 2
AMR 6
Chemotaxis 8
Flagella 35
BCC0033 OMP 2
Qs 2
Modulator 1
T4SS 3
T6SS 1
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All putative genes had a percentage identity of at least 75% when analysed and a coverage of between
1.37% and 100%; this was used as an initial analysis to capture a broad number of predicted genes or
gene fragments (see below for the restricted screen at 75% coverage). It was observed that most
virulence and pathogenicity genes resided on both replicons 1 and 2 of the complete B. multivorans
strains. Replicon 1 harboured 60 virulence and pathogenicity-associated genes for ATCC 17616
(lineage 2a), BCC0084 (lineage 1) and BCC1272 (lineage 2a) and 61 genes for BCC0033 (lineage 2b).
Replicon 2 held a smaller number of pathogenicity and virulence genes amongst the four model strains
with 18, 18, 15 and 14 for ATCC 17616, BCC1272, BCC0033 and BCC0084 respectively. Only one
virulence gene, mexK (predicted inner membrane RND efflux transporter) was observed on replicon 3

of strains ATCC 17616 and BCC1272 (coverage of 10.36% and identity of 75.85% for both strains).

For further analysis, only genes with a percentage coverage of at least 75% were considered. Figure 22
shows the four complete genomes and the genomic locations of the associated virulence and
pathogenicity genes. Most virulence and pathogenicity genes are localised to the same genomic
locations in each of the B. multivorans strains, but two key differences were noted. Replicon 1 harboured
chemotaxis, flagella, Type IV pilli, and modulating genes whereas replicon 2 had more AMR, OMP,
T6SS and QS genes. Most genes in replicon 1 were associated with chemotaxis and flagella. These were
located between ~3.17-2.00 kb and ~27.90-34.06 kB. Replicon 1 also harboured genes norM and cdpA,
located in different places in the B. multivorans genomes. For ATCC 17616 and BCC1272 (both lineage
2a), the genes are located ~230-245 kb whereas in BCC0084 (lineage 1) and BCC0033 (lineage 2b) the
genes are located ~100-120 kb (Figure 22). NorM is a multi-drug efflux protein which provides drug
and biocide resistance (Podnecky er al. 2015). CdpA has been shown to modulate motility in B.
cenocepacia, using c-di-GMP (Lee et al. 2010). The Type 1V pilus genes, genes pilA, pilD and pilB,
found in replicon 1 also had differing genomic locations amongst the strains. PilD and PilB were
observed around 50-55 kb in BCC0033 and BCC0084, but the same two genes were observed between
305-310 kb in BCC1272 and ATCC 17616. Interestingly, the other Type IV pilus gene, pilA, appeared
to almost switch places with the pilB and pilD genes in each genome. The pilA gene was located around
70-75 kb in ATCC 17616 and BCC1272, and ~270-280 kb in BCC0033 and BCC0084 (Figure 22).
Overall, this suggested there is not a link between genomic lineage and virulence gene placement in

terms of Type IV pilus genes.

When comparing virulence/pathogenicity gene presence and absence of replicon 1, gene fliC was
missing from the BCC1272 and ATCC 17616 (lineage 2a) genomes yet present in BCC0033 (lineage
2b) and BCC0084 (lineage 1). Gene fliC encodes the major flagellin subunit and is associated with
initiation of an immune response in other BCC species (Hanuszkiewicz et al., 2014). Deletion of fliCII

in B. cenocepacia has previously been associated with a reduction in mortality compared to the
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respective wild types (Urban et al. 2004). However, a gene absence of fliC was shown not to affect its
ability to colonise and persist within murine lungs (Roux et al. 2018). Virulence of the 4 B. multivorans

model strains have been assessed using murine models in Section 4.2.10.

Replicon 2 also had a distinct difference when comparing the presence-absence virulence and
pathogenicity genomic content. PenA, encoded by gene penA, was present in BCC1272 and ATCC
17616 (lineage 2a) but absent in BCC0033 (lineage 2b) and BCC0084 (lineage 1). PenA, is located on
replicon 2 of the two lineage 2a genomes at ~639 kB. This gene has been shown to play a role in
ceftazidime resistance mediation in B. pseudomallei (Randall et al. 2015). Other genes encoded on
replicon 2 included AMR genes, OMPs, QS proteins and T6SS genes. The CeoAB-OpcM RND efflux
pump complex, which confers multidrug resistance in Burkholderia species, (Podnecky et al., 2015)
was observed ~25-27 kb in each genome. Clustered more tightly together, ~85-95 kb are the T6SSs
hsiB1/vipA and hsiCl/vipB, OMP omp38, and QS pmll/bspll and pmIR/bspR1 genes.
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BCCO033

2
¥

Figure 19 | Location of virulence and pathogenicity genes in the B. multivorans strain BCC0033. Key genes were identified
using Abricate databases against the complete genome. Figure was drawn using Circa and edited using Inkscape. The gene locations
are colour coded by group. Flagella = light blue, chemotaxis genes = red, T4 pili = lime green, T6SS genes = orange, QS genes =

grey, OMP = black, AMR genes = purple, modulating proteins = pink.
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BCC0084

Figure 20 | Location of virulence and pathogenicity genes in the B. multivorans strain ATCC 17616. Key genes were identified
using Abricate databases against the complete genome. Figure was drawn using Circa and edited using Inkscape. The gene locations
are colour coded by group. Flagella = light blue, chemotaxis genes = red, T4 pili = lime green, T6SS genes = orange, QS genes =

grey, OMP = black, AMR genes = purple, modulating proteins = pink.
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Figure 21 | Location of virulence and pathogenicity genes in the B. multivorans strain BCC1272. Key genes were identified using
Abricate databases against the complete genome. Figure was drawn using Circa and edited using Inkscape. The gene locations are
colour coded by group. Flagella = light blue, chemotaxis genes = red, T4 pili = lime green, T6SS genes = orange, QS genes = grey,
OMP = black, AMR genes = purple, modulating proteins = pink.
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Figure 22 | Location of virulence and pathogenicity genes in the B. multivorans strain ATCC 17616. Key

genes were identified using Abricate databases against the complete genome. Figure was drawn using Circa and
edited using Inkscape. The gene locations are colour coded by group. Flagella = light blue, chemotaxis genes =
red, T4 pili = lime green, T6SS genes = orange, QS genes = grey, OMP = black, AMR genes = purple, modulating

proteins = pink.
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1.1.1.4 Examining the low oxygen locus genes using Abricate

A custom Abricate database was used to identify homologs of the B. cenocepacia low oxygen locus
genes (Sass et al. 2013) in 49 B. multivorans strains. This used the low oxygen locus (/xa) and associated
genes extracted from the B. cenocepacia J2315 genome (Holden et al. 2009). The panel of strains used
in these analyses were the initial 49 strains sequenced as part of this PhD thesis. R studio was used to
compile a gene heatmap with a respective phylogenetic tree to illustrate the gene presence absence of
both the /xa locus and associated genes. There were no clear correlations observed when comparing
lineage and Ixa genes. However, lineage 2 had a greater number of strains (13 of 30; 43.3%) with >40

Ixa genes (80% or more of the locus) than lineage 1 (1 of 18; 5.6%) (Figure 23).
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Figure 23 | Gene presence absence matrix for the low oxygen associated (Ixa) genes in the B. multivorans strains (n = 49).
A custom Abricate database was used to identify the genes, with a percentage coverage and identity cut off at 80%. Navy blue

shows gene presence and light blue shows gene absence.

4.2.2 Identification of prophages in the strain panel

Screening for phages within bacterial genomes (n = 77) provides evolutionary insights into mechanisms
bacteria use for fitness in different settings. Phage therapy has also been of interest to treat antibiotic-
resistant infections such as those caused by the BCC (Seed and Dennis 2005). For example, research
has previously been shown that a mutant phage from B. cenocepacia J2315, known as KS4-M, can

target other pathogenic B. cenocepacia and B. multivorans (Lauman and Dennis 2021).
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The search tool PHASTER (Arndt et al. 2016) was used to provide insights on prophages within the B.
multivorans strain panel genomes. All 77 B. multivorans strains examined harboured prophage material.
The number of potential prophage regions within each genome ranged from 1 to 8 (Figure 24). Eighteen
of the B. multivorans genomes harboured the minimum of 1 prophage whilst two strains (AU22892 and
CF2) both had 8 prophages. Overall, 92 intact, 26 questionable, and 124 incomplete prophages were
found amongst the 77 genomes (Figure 24).
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Figure 24 | Distribution of prophages within the B. multivorans genomes (n =77). Prophages were split into
the number of prophage regions per B. multivorans genome for the analysis undertaken with PHASTER (Arndt
et al. 2016). This showed the number of incomplete (n = 124), intact (n = 92) and questionable (n = 26)

prophages in the 77 B. multivorans genomes examined.

The total sizes of all intact prophage predicted regions found in each B. multivorans genome ranged
from 15.8 kb to 60.8 kb (mean = 26.1 kb) Incomplete prophage predicted regions ranged from 5.1 kb
to 45.8 kb (mean = 26.3 kb). Questionable prophage predicted regions ranged from 8.5 kb to 57.3 kb
(mean = 26.9 kb) (Figure 25). The total amount of prophage material in the 77 B. multivorans genomes

ranged from 9.5 kb (0.15% of total genome content) to 218.2 kb (3.21% of total genome content).
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Figure 25 | Types of prophages compared to prophage size in the B. multivorans strain panel (n = 77).

Box plots illustrate the mean, median, upper, and lower quartiles as well as any outliers. Plots have been split

into incomplete (7 = 124), intact (n = 92), and questionable (n = 26) regions found in 77 B. multivorans strains.

Using a linear regression model showed that, on average, B. multivorans with a larger genome size
(Mb) were observed to harbour a greater number of prophages on average (Figure 26). Although there
was considerable variation observed in prophage number, the p-value for the regression was 0.053. The
low R? value can be explained by the residual points which are far from the mean (Figure 26). Firm
conclusions cannot be made about the number of prophages and B. multivorans genome size (Mb) due

to the low number of points (~3%) that are assessed within the regression.
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Figure 26 | Correlation between the number of phages and genome size (Mb) of the B. multivorans strain
panel (r = 77). A linear regression line has been drawn for the prophage number compared against genome
size, showing a positive distribution. This has estimated the relationship between B. multivorans genome size
and the total number of putative prophages (irrespective of whether they are incomplete, intact, or questionable)

identified in the genome. The blue line represents the regression line of best fit.

4.2.3 Identification of insertion sequences

Insertion sequence (IS) elements are important to bacterial genome evolution (Mahillon and Chandler
1998). IS genome rearrangements in the BCC are implicated in their environmental adaption
capabilities (Lessie et al. 1996). This Section investigated ISs within the B. multivorans strain panel (n
=77), using ISEscan with default parameters (Xie and Tang 2017). The scaffolded genomes were used
(Section 3.2.9.1) for the analysis. In total, there were 592 complete and 760 partial IS elements found
in the B. multivorans strains genomes (scaffolded against the complete genomes). Replicon C1 had the
greatest amount of IS elements (739 IS), followed by C2 (384 1S). Replicon C3 had less IS elements
than C1 and C2, harbouring 174 overall. C4 had the lowest amount of 59 IS elements. Plasmid analysis
(see Section 4.2.4) demonstrated that the model B. multivorans strain genomes also encoded a fourth
replicon that was designated C4; this plasmid encoded the fewest number of predicted IS elements

(Table 21). The same IS family was not necessarily found on all replicons.
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There were 21 IS families identified overall in the scaffolded B. multivorans strain panel (n =77). Of
this, 5 IS families were ‘new’ (Table 21). The term ‘new’ is used when an IS cluster cannot be classified
against those currently in the IS database (Xie and Tang 2017). The greatest number of hits was against
IS5, with 335 in total from all 77 B. multivorans strains. The ISs for these were found on all four
genomic replicons, with hits for both complete and partial IS element types. Over half (52.8%) of the
IS elements were found on C1, followed by 29.6% on C2, 15.2% on C3 and 2.4% on C4 (Table 21).
IS3 had the largest amount of complete IS elements overall, with 180 hits identified. In terms of partial

IS elements identified, IS5 had 243 as the largest identification of partial elements within the dataset.

Comparing the lineages, IS families new_2 and new_269 were only found in lineage 1. Unique to
lineage 2a were IS families new_5, new_298, ISAS1, and IS30. IS1595 and new_269 were only
observed in lineage 2b (Table 21). In all, the relative number of lineage hits for IS elements was similar,

with 487, 463, and 388 hits for lineage 1, 2a and 2b, respectively.
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Table 21 | Insertion Sequence (IS) elements identified in the B. multivorans strain panel.

Lineage Hits Length of IS C1 C2 C3 C4 Total

IS Family Total Hits
2a 2b Other elements (bp) complete partial complete partial complete partial complete partial complete partial

IS110 101 34 50 16 1 180-4466 30 20 17 9 11 0 11 3 69 32
1S1182 2 1 1 0 0 1406-1570 1 0 0 0 1 0 0 0 2 0
1S1595 2 0 0 2 0 828-834 0 0 0 2 0 0 0 0 0 2
1S21 231 80 77 70 3 294-4542 38 105 18 29 14 5 14 8 84 147
1S256 150 62 33 54 1 135-2473 18 53 18 61 0 0 0 0 36 114
1S3 291 148 74 66 3 111-2104 105 64 42 33 33 11 0 3 180 111
IS30 1 0 1 0 0 174 0 0 0 0 0 1 0 0 0 1
IS4 45 23 7 15 0 175-1473 24 18 2 1 0 0 0 0 26 19
1S481 14 2 7 5 0 281-3174 3 4 6 1 0 0 0 0 9 5
IS5 335 103 133 95 4 147-2027 22 155 22 77 44 7 3 5 91 244
1S6 7 1 6 0 0 353-1201 0 0 1 1 4 0 1 0 6 1
1S630 47 1 23 23 0 279-1978 0 43 1 0 3 0 0 0 4 43
1S66 37 6 17 14 0 281-2353 8 7 5 10 1 1 2 3 16 21
1S91 3 1 2 0 0 3204 0 0 0 0 0 2 1 0 1 2
ISAS1 2 0 2 0 610-1124 0 2 0 0 0 0 0 0 0 2
ISL3 56 22 15 18 1 362-2866 15 1 26 0 3 11 0 0 44 12
new_4 18 1 9 8 0 3452-6455 2 0 0 0 16 0 0 0 18 0
new_298 1 0 1 0 0 909 1 0 0 0 0 0 0 0 1 0
new_2 2 2 0 0 0 3941-3942 0 0 1 0 0 0 1 0 2 0
new_6 5 0 5 0 0 1381-2648 0 0 1 0 0 4 0 0 1 4
new_269 2 0 0 2 0 3298 0 0 0 0 2 0 0 0 2 0
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4.2.4 Identification of plasmids

4.2.4.1  Statistics and initial analysis of the distinct C4 regions

The results of the assembly tool Trycycler (Wick et al. 2021) provided a polished consensus sequence
(Section 3.2.8.1) for each complete genome (n = 4), with BCC0084 (lineage 1) and BCC1272 (lineage
2a) having 4 reconciled replicons and BCC0033 (lineage 2b) being split into 7 replicons (Section
3.2.8.1). The complete genome of B. multivorans ATCC 17616 has a 167422 bp (61.3% GC content)
replicon previously characterised as plasmid pBMULO1 (Sant'Anna et al. 2009; Yagi et al. 2009). As
the PacBio completed genomes revealed a similar replicon structure, further investigation was done to

see whether a homologous plasmid could be found within the 4 model B. multivorans genomes.

RFPlasmid (van der Graaf-van Bloois ef al. 2021) was initially used to predict the replicon type within
the B. multivorans model strains (n = 4). RFPlasmid is a tool which predicts whether a bacterial contig
is of chromosomal or plasmid origin. The output identified the C4 replicon for all 4 genomes to be of
plasmid origin, whilst replicons C1-3 were all predicted as chromosomal by this tool. The C4 replicon
comprised between 1.0% to 2.4% of the 4 B. multivorans genomes (Table 22). BCC0033 (lineage 2b)
had a smaller C4 contig length (67 kb) than the other model strains, that comprised 0.01% of the total
genome in that strain (Table 22). BCCO0033 also had the least percentage of predicted plasmid genes on
its replicon C4 (2.4%) compared to the other genomes. ATCC 17616 and BCC1272 (both lineage 2a)
had 90.0% and BCCO0084 (lineage 1) had 65.6% plasmid genes on replicon C4 (Table 22). This
differences in BCC0033 could have been due to the contamination or any misassembly of the BCC0033
genome (see Section 3.2.8.1), meaning plasmid genes were potentially spread across the 3 discarded
consensus regions. However, the RFPlasmid “votes” scale for a plasmid replicon in relation to

BCCO0033 C4 are high, at 0.8 out of a total score of 1 (Table 22).
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Table 22 | RFPlasmid predictions for the B. multivorans complete genomes (n = 4)

Genome Replicon  Prediction Votes Votes Contig Percentage of Plasmid Genes
Chromosomal® Plasmid® Length (bp) genome (%) (%)
Cl c 0.9824 0.0176 3448421 49.2 6.3
ATCC 17616 C2 c 0.9788 0.0212 2473162 353 11.2
(lineage 2a) C3 c 0.8922 0.1078 919805 13.1 21.2
C4 pP 0.0306 0.9694 167422 24 90.3
Cl c 0.9824 0.0176 3448466 49.2 6.3
BCC1272 C2 c 0.9788 0.0212 2473135 353 11.2
(lineage 2a) C3 c 0.8922 0.1078 919806 13.1 213
C4 p 0.0308 0.9692 167422 24 90.4
Cl c 0.9834 0.0166 3345195 50.3 5.8
BCC0084 C2 c 0.9794 0.0206 2543087 38.2 10.6
(lineage 1) C3 c 0.976 0.024 618272 9.3 10.4
C4 p 0.0342 0.9658 149841 23 65.6
Cl c 0.981 0.019 3544234 52.6 5.5
BCC0033 C2 c 0.981 0.019 2391009 355 11.0
(lineage 2b) C3 c 0.9798 0.0202 733512 10.9 16.6
C4 p 0.207 0.793 67852 1.0 24

a¢ = chromosomal prediction, °p = plasmid prediction, “Votes for chromosomal or plasmid are on a scale of 0-1.
4242  Plasmid analysis within the strain panel

To expand the analysis, the un-scaffolded contigs of the B. multivorans strain panel (n = 77) were used
to predict chromosomal and plasmid hits via RFPlasmid (van der Graaf-van Bloois ef al. 2021) within
a representative group of species genomes. The analysis showed that at least one plasmid contig from
75 of the 77 (97%) of the strains in the panel was present. Plasmid contig hits were missing from strains
AU1185 and DWS_421-B. These are non-CF and environmental isolates, respectively. Therefore, it

can be noted that all CF-associated B. multivorans strains tested harbour plasmid content in the genome.

BLAST was then used to identify the similarities between the C4 regions of the complete genomes and
the scaffolded B. multivorans strain panel. A total of 24 C4-like regions were identified in the B.
multivorans 77 (31% of strains) draft genomes, each with between 80-100% identity matches to the C4
regions in the model strains. B. multivorans strain AU28442 genome had the lowest BLAST identity to
the model C4 region (in BCC0084; lineage 1) at 80%. BCC1147 and D2214 had the highest similarity
at 100% ID to ATCC 17616 (lineage 2a) and BCC0033 (lineage 2b), respectively. The mean percentage
BLAST identity between the regions was 96%. The alignment lengths varied amongst the strains,
ranging from 90 (strain FDAARGOS 546) to 109412 bp (strain BCC1177).
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4.2.5 COG annotation of the model strains

4.2.5.1  COG annotation of the whole genome

Categorisation of COGs in the B. multivorans model strains (n = 4) were done by using EggNog
described in Section 2.14.6. ATCC 17616 (lineage 2a), BCC1272 (lineage 2a), BCC0084 (lineage 1)
and BCCO0033 (lineage 2b) had 6,559, 6558, 6,256, and 6,285 COG categorised CDS, respectively
(Table 23). All genomes also had CDS with at least two COG annotations. BCC0033 scored the highest
with 462 duplicate COG categories, followed by BCC0084 at 453, then ATCC 17616 at 440, with
BCC1272 having the smallest number of duplicated categories at 435. Each COG category was split
into type: 1) information storage and processing, 2) cellular processes and signalling, 3) metabolism,
and 4) poorly characterised. Metabolism held the greatest percentage of COGs for each model genome,
ranging from 32.8-36.1% of the total COGs. Information storage and processing held the least
percentage of COGs across all 4 genomes, between 16.3-17.8%. Around one quarter of the COGs
analysed (23.1-24.7%) were poorly categorised. This included the ‘S’ group where functions were
predicted as unknown. When looking at the characterised COGs, there were no hits for RNA processing
and modification, nuclear structure, or cytoskeleton. The top 3 categories in all genomes were
transcription (K), inorganic ion transport and metabolism (P), and amino acid transport and metabolism

(E) (Table 23).
4.2.5.2  COG annotation of the genomic replicons

The COGs within the complete B. multivorans model strain genomes (n = 4) were then divided into the
4 replicons. As expected, the number of COGs increased as the size of the replicon increased. This
meant that C1 held the largest number of COGs, followed by C2, then C3, and finally C4 in all cases.
ATCC 17616 and BCC1272 (both lineage 2a) had 3,311 COGs in C1, BCC0084 (lineage 1) had 3,215,
and BCCO0033 (lineage 2b) had 3,370. The number of COGs in C2 decreased by roughly 1,000. This
was 2,280 for ATCC 17616 and BCC1272, followed by 2,363 for BCC0084 and 2,198 for BCC0033.
The COGs found in C3 were much lower, between 558 and 850 depending on the model strain analysed.
C4 also harboured predicted COGs. Interestingly, BCC0084 had around double the COGs in C4
(totalling 123) than the other model strains. ATCC 17616 and BCC1272 had 48 COGs in C4, and
BCCO0033 had 46.

There were similarities between replicon C1 COG distribution and the complete genomes as follows.
The top 3 characterised categories remained at K (transcription), P (ion transport and metabolism), and
E (amino acid transport and metabolism) for all strains (Table 23). This was also true for C2. C1 and
C2 also harboured most of the CDS of unknown function (category S), relative to their replicon sizes.
The percentage of unknown CDS in C1 and C2 combined was between 82-88% of the total unknown

CDS found in any one genome.
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When comparing COG distributions on replicons C3 and C4, there was more variability between the
strains. The total number of unknown CDS was 9-15% for replicon C3 and 1-3% for replicon C4 (Table
23). The top three categorised COG categories for replicon C3 were K, L, and C for B. multivorans
strains BCC1272 and ATCC 17616 (lineage 2a). COG categories K, C, and E were the top 3 for replicon
C3 of B. multivorans strains BCC0033 (lineage 2b) and BCC0084 (lineage 1) (Table 23). Therefore,
energy production and conversion (L) was favoured in B. multivorans strains ATCC 17616 and
BCC1272. However, CDS associated with amino acid transport and metabolism were more common in

BCC0033 and BCC0084 (Table 23).

Replicon C4 did not harbour any CDS categorised into information and storage (J) or extracellular
structures (W) COGs. BCC0084 (lineage 1) and BCCO0033 (lineage 2b) have a single CDS hit for the
defence mechanism (V) COG category. A single hit for secondary metabolite biosynthesis, transport,
and catabolism (Q) was observed in the C4 replicon of BCC0084 and BCC001272 (lineage 2a). B.
multivorans isogenic strains BCC1272 and ATCC 17616 (lineage 2a) had a single hit for coenzyme
transport and metabolism (H) (Table 23). Overall, the COG category hits on the C4 regions of the 4 B.

multivorans model strains were variable.
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Table 23 | The COG categories of the B. multivorans model strains (n = 4). COG categories were grouped based on the CDS in the whole genome and each replicon of B.
multivorans strains BCC0033, BCC0084, BCC1272 and ATCC 17616. The CDS were assigned COGs categories using the online version of EggNOG mapper.

ATCC 17616 (lineage 2a) BCC1272 (lineage 2a) BCCO0033 (lineage 2b) BCC0084 (lineage 1)
Type COG  Description Whole Whole Whole Whole
C1 C2 C3 C4 C2 C3 C4 C2 C3 C4 Cl1 Cc2 C3 C4
Genome Genome Genome Genome
RNA  processing  and
A 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
modification
Chromatin structure and
B ) 3 3 0 0 0 3 3 0 0 0 3 3 0 0 0 3 3 0 0 0
Information dynamics
Storage  and Translation, ribosomal
J 205 176 23 6 0 205 176 23 6 0 202 177 21 4 0 200 175 20 4 0
Processing structure, and biogenesis
K Transcription 623 255 275 86 3 623 255 275 86 8 629 266 276 84 1 586 237 278 65 6
Replication, recombination,
L 334 164 81 67 7 334 164 81 67 20 191 146 29 12 5 243 155 52 19 17
and repair
Cell cycle control, cell
D division, chromosome 57 41 12 2 0 57 41 12 2 2 52 41 10 1 0 56 40 13 1 2
partitioning
Molecular chaperones and
(0] 161 106 39 12 0 161 106 39 12 3 147 98 40 9 0 154 98 42 12 2
related functions
Cell wall, membrane, and
M 388 211 120 48 5 387 211 120 48 9 370 213 123 32 2 379 210 132 29 8
envelope biogenesis
Cellular
N Cell motility 115 70 35 7 0 115 70 35 7 2 110 70 30 6 4 122 75 35 6 6
Processes and
. . Inorganic ion transport and
signalling P 472 225 182 56 4 472 225 182 56 8 469 238 183 48 0 454 218 185 42 8
metabolism
Signal transduction and
T 213 80 99 32 3 213 80 99 32 4 192 78 96 18 0 188 76 91 18 4
mechanisms
Intracellular trafficking,
U secretion, and vesicular 149 92 30 17 2 149 92 30 17 8 132 86 29 4 12 142 85 32 5 20
transport
\% Defence mechanisms 61 29 17 15 0 61 29 17 15 0 60 37 17 6 1 61 33 21 6 1
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W Extracellular structures 6 3 3 0 0 6 3 3 0 0 7 3 3 0 0 5 3 2 0 0
Y Nuclear structure 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
zZ Cytoskeleton 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Energy production and
C . 468 209 170 87 0 468 209 170 87 4 467 212 178 77 0 436 203 179 52 2
conversion
Carbohydrate transport and
G 349 167 146 36 0 349 167 146 36 0 370 173 154 43 0 355 164 150 41 0
metabolism
Amino acid transport and
E 551 264 236 50 2 552 264 236 50 3 580 277 241 62 0 551 262 241 47 2
metabolism
Nucleotide transport and
F 137 104 22 11 0 137 104 22 11 0 132 105 20 7 0 132 104 20 8 0
Metabolism metabolism
Coenzyme transport and
H 239 163 50 25 1 239 163 50 25 1 234 165 52 17 0 224 159 49 16 0
metabolism
Lipid transport and
I 233 116 87 28 1 233 116 87 28 2 274 115 104 54 1 244 110 105 28 1
metabolism
Secondary metabolites
Q biosynthesis, transport, and 178 79 78 20 0 178 79 78 20 1 214 91 95 28 0 191 73 99 18 1
catabolism
Poorly General function
R 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
characterised predictions
N Unknown function 1150 562 408 156 8 1149 561 408 156 22 1094 588 380 122 7 1163 569 465 106 23
Protein dissimilar to any
- 467 192 167 89 12 467 193 167 89 25 356 188 117 37 13 367 163 152 35 20

COG
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4.2.6  Variant analysis of the B. multivorans lineages

4.2.6.1 Core SNPs

To further investigate the evolution of the two-lineages within the B. multivorans strain panel (n = 77),
SNP analysis was performed using Snippy (Section 2.14.7). This looked for insertions, deletions within
the two lineages. Initially, the core SNPs in the 77-genome strain panel were examined. There were
373,694 core SNPs found amongst the panel, splitting into 229,596 in replicon C1 (61.4%), 128,969
(34.5%) in C2, and 15,129 (4.0%) in C3. This correlates to the results observed in Section 3.2.7.1,

showing the distribution of core genes within the B. multivorans replicons.

To perform lineage variant analysis within the lineages, the complete genomes created during this thesis
were used. BCC0084 was the reference for lineage 1 (n = 27) and BCC1272 was the reference for
lineage 2 (n =50). A total of 149,249 core SNPs were identified in lineage 1 and 403,241 in lineage 2.
The core SNPs situated on each replicon for lineage 1 were as follows: C1 was comprised of 80,352
(53.8%; 24.0 SNPs/Kb) core SNPs, C2 had 60,198 (40.3%; 23.7 SNPs/Kb) and C3 had 8,699 (5.8%;
14.2 SNPs/Kb). In comparison, lineage 2 was comprised of 230,378 (57.1%) core SNPs on C1, 149,420
(37.1%) on C2, and 23,443 (5.8%) on C3. Despite lineage 2 having 2.7x the number of core SNPs
compared to lineage 1, the overall distributions of the core SNPs were relatively consistent between the
replicons, decreasing based on replicon size. Replicon C1 in both instances harboured over half the core
SNPs, whereas C3 only had 5.8% of the core SNPs in both cases. Neither lineage showed core SNPs

on replicon C4.

Phylogenies were drawn for the two lineages using the core SNP alignment produced from Snippy with
Gubbins recombination event filtering (Section 2.10.2). For lineage 1, the -filter_percentage flag for
Gubbins was adjusted to 27% as the default of 25% cut-off caused missing data. Whilst there were
differences within the phylogenomic splits of the core SNP lineages (Figure 27) compared to the core
gene trees (Figure 10 and Figure 10; Section 3.2.5.2), the overall placement of strains remained
consistent in lineage 1. However, lineage 2 genomes had several differences in terms of the
phylogenomic placement of the strains and their closest relative sequences (Figure 27). The two sub-
lineage splits remained relatively supported in the SNP phylogeny. Two outliers were observed,
BCC0264 and NKI379 in the SNP phylogeny (Figure 27). The BCC0264 strain also presented as an
outlier in the lineage 2 core gene tree (Figure 10; Section 3.2.5.2). The SNP phylogenies also had much
longer and deeper branch lengths than the core gene phylogenies. This indicated a larger genetic
variation in the strains when using all the core SNPs available for comparison, instead of the more

limited number of core genes.
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Figure 27 | Gubbins-filtered core SNP phylogenies of the two B. multivorans lineages. Top = lineage 1 (n
=27), bottom = lineage 2 (n = 50). Phylogenetic trees drawn using RAXML with 100 bootstraps. Lineage 1 used
149,249 core SNPs and lineage 2 used 403,241 core SNPs (before filtering) for their creation. Scale bar represents

the evolutionary distances of the phylogenies per SNP substitution.
4.2.6.2  Variants within the lineages

Variant differences were also analysed within the two B. multivorans lineages (lineage 1: n =27; lineage
2: n = 50). The approach used was to eliminate the core SNPs from the analysis and focus only on the
differences between the reference strains (n = 4) (BCC0084, lineage 1; or BCC1272, lineage 2a) and
the other strains in the panel (n =73). In total, there were an average of 41,785.9 differences in lineage
1 and 75,549.5 variants in lineage 2 (Figure 28); this difference was significant (p = <0.0001; Figure

28). The number of variants also varied within the lineages. Lineage 1 ranged from 125-51,234 and

164



lineage 2 from 5-95,010 differences between the reference and the comparative strain. The most
distantly related strains compared to the references were BCC0080 and BCC0266 when compared to
the lineages 1 and 2 references, respectively (Figure 28). The strain with the 5-variant difference from
BCC1272 was ATCC 17616, shown to be an isogenic strain (Section 3.2.5). This was comprised of 3
variants on replicon C1 (1 SNP, 1 insertion, and 1 deletion) and 2 on replicon C2 (1 SNP and 1 deletion).
Therefore, if this was to be removed from the dataset, the next smallest variant total would be 64,790
in lineage 2. This emphasises the argument that lineage 1 is much more closely related than lineage 2.

Fkk

100000 4

75000 4

50000

Number of variants in Genome

25000 1

Lineage

Figure 28 | Number of SNP variants in the B. multivorans genomes (n = 76) grouped by lineage. Total
variants were calculated based on the results output from Snippy. Variants were grouped by lineage (lineage 1
= 27 strains, lineage 2 = 49 strains). Statistical significance compared the number of SNP variants between the

two lineages (p = 0.0001).

The distributions of variant type are relatively similar between lineage 1 and lineage 2 (Figure 29).
SNPs were the most common, between 85-85% of the total number of variants. This was followed by
complex SNPs, which made up 12-13%. Deletions formed 0.8-0.9% and insertions 0.6-0.7% of the total
variants. Finally, MNPs were rarely seen, comprising only 0.001% of the total variants in both lineages

(Figure 29).
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Figure 29 | Number of variants in each B. multivorans lineage grouped by variant type. (A) Number of variants in lineage 1 (n = 27), (B) number of variants in lineage 2

(n =49). Variant type grouped into SNP, complex SNP, deletion, insertion and MNP.
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When looking at the replicons individually, most variants were found on C1 and C2 for both lineages
(n = 77) (Figure 29). In lineage 1 (n = 27), 43.8% of the variants were found on C1 and 47.5% of
variants on C2. In lineage 2 (n =50), this was flipped as most variants were seen on replicon C1 (48.9%),
with C2 possessing 42.3%. The percentage of variants on replicons C3 and C4 were much lower for
both lineages. C3 harboured 8.1% and 8.4% for lineages 1 and 2 respectively. C4 was even lower,

holding 0.6% and 0.2% of lineage 1 and 2 variants respectively.

Statistical analysis was performed to identify the significant differences between number of variants on
each replicon. An overall significance of p = < 2"'° was recorded for both lineages regarding the total
number of variants observed on all four genomic replicons. The only comparison which had no
significant difference was between replicons C1 and C2 in lineage 1. The same comparison in the
lineage 2 strains had a p-adjusted value of 0.02. All statistical comparisons of variants on the replicons

can be found in Table 24.

Table 24 | Statistical comparisons of number of variants found on the B. multivorans replicons, grouped by

lineage.

Lineage Replicon Comparison p-adjusted Significance

! 0.6093 s
C1 and C2

2 0.0200 *

! 0.0010 Hk
Cl and C3

2 <0.00001 Hkok ok

! <0.00001 Hkok ok
C1 and C4

2 <0.00001 Hkokok

! 0.0001 Hkok
C2 and C3

2 <0.00001 Hkok ok

! <0.00001 Hkok
C2 and C4

2 <0.00001 Hkok ok

! <0.00001 Hkok
C3 and C4

2 <0.00001 Hkok ok

Lineage 1: n =27 and lineage 2: n = 49.

4.277 Identification of lineage-specific genes

4.2.77.1  Scoary to identify unique genes

A pan-GWAS approach was used to look for genes unique to each genomic lineage. The B. multivorans
strain panel was split into its appropriate two-lineages (lineage 1: n = 27 genomes; lineage 2: n = 50
genomes), with the aim of identifying genes in the group based on a presence-absence criteria using
Scoary (Section 2.11.1). The output was manually filtered for presence of genes in one lineage and
complete absence in the other. The final number of unique genes were 590 in lineage 1 and 745 in
lineage 2. After identification, genes of interest were extracted from the pan genome file so that a

BLAST search could be performed on the ‘unique’ genes against the full 283 master B. multivorans
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panel. This helped to identify any hits which were not previously noted, as well as against the "other’
lineage harbouring the single strain BCC1368 (see Section 3.2.5.2; Chapter 3). The final number of
unique genes identified for lineage 1 was 405, and for lineage 2 was 435. These encompassed both

genes with annotated predicted functions and hypothetical genes.
4.2.7.2  Shell script creation to sort the data

The unique lineage genes identified in Section 4.2.7 were subjected to sorting using a computational
approach. A bash shell script (available: Github) was used to sort the BLAST data and find the number
of hits for each gene compared to the number of genomes in that lineage. The genes selected for further
analysis in this work were those with >99% presence in the corresponding lineage B. multivorans
strains. This stringent filtering resulted in having 14 unique genes with 100% presence in all lineage 1
genomes (n = 58). For lineage 2 (n = 221), one gene with a 99.1% presence for the group was identified.
The three genomes which were missing the lineage 2 gene of interest were CGD1, DSOPRS57 and
DSOPR54. As these are CGD and environmental isolates, the gene was deemed to be suitable for use
overall, not affecting CF isolates. To further filter the genes for suitability, any hypothetical or putative
annotations were discarded, meaning only genes with annotated functions were processed. As lineage
2 only possessed one gene for use, despite being of putative predicted function, it was kept for further
analysis. Overall, lineage 1 had 3 suitable genes and lineage 2 had 1 suitable gene for analysis (Table

25).

Table 25 | Lineage-specific genes chosen for further investigation. Table shows gene name, annotation, and

percentage of hits in the strain panel genomes.

Lineage Gene Annotation Genome Hits (%)
1 yiaJ_1 DNA-binding transcriptional repressor YiaJ 100.0

ghrB_1 Glyoxylate/hydroxypyruvate reductase B 100.0

naiP_3 Putative niacin/nicotinamide transporter NaiP 100.0
2 glnM_2 putative glutamine ABC transporter permease protein GlnM 99.1

4273 BLAST and Artemis to check genomic regions

To check the genomic regions of the unique genes of interest, BLAST was used to pinpoint the replicon
and location of the gene in the complete genomes for each respective genomic lineage. In lineage 1 (n
= 1), all three genes (viaJ_I, ghrB_I, and naiP_3) were located on replicon 2 in B. multivorans
BCCO0084. In the lineage 2 genomes (n = 3) (BCC0033, BCC1272 and ATCC 1761), ginM_2 was
identified on replicon 1. Artemis was used to confirm the genomic context of the genes. This was used
to evaluate the adjacent genes and check the overall GC content of the region. YiaJ_1 was found
sandwiched between hypothetical/putative genes and an RNA modulator (gene rraA). GhrB_1 was
encoded between two hypothetical genes, near to nicotinate phosphoribosyl transferase pncb2 and

lactate utilisation protein /utC encoding genes. NaiP_3 was also sandwiched between hypothetical
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groups as well as MFS transporters #uB_4 and #tuB_3. B. multivorans ATCC 17616 was used in the
Artemis searches for the lineage 2 unique gene, glnM_2, an identified it between genes mitF and yecS_2.
MItF is a predicted membrane-bound lytic protein and YecS_2 is associated with ABC transporters as
an inner membrane amino acid. The GC content of all gene regions with the lineage-specific genes were
encoded was equivalent to the overall GC content of B. multivorans (67.1%), with no indication atypical

GC content association with foreign genetic material.

4.2.8 Lineage-specific PCR design

4.2.8.1  In silico analysis

To design the lineage-specific PCR primers, the extracted FASTA sequences (n =76) were aligned so
that mismatches could be identified in the opposing lineage. This was required because the genes were
identified using a complete gene presence-absence cut-off. Therefore, homologous CDS were present
in the opposing lineage, at a lower identity and coverage, compared to the target lineage. This manual
mismatch search was first performed at the start of the target gene sequence, looking for at least two
mismatches, on at least one of the primer pair, on the 3’ end of a 18-22 bp nucleotide sequence. The
same approach was used downstream for the reverse primer. Once the sequence pairs were identified,
they were checked for quality using online tools (Section 2.12). This looked for primer dimers, self-
annealing hairpin sequences, and for appropriate annealing temperatures. One primer pair was created

for each lineage-specific gene (Table 26).

Table 26 | PCR primer sequences identified from the B. multivorans lineage-specific target genes.

Associated PCR sequence metrics are also noted.

Target  Primer Primer Sequence Primer Position Annealing Product Size
Gene Name Length Temperature (bp)
(bp) (O

YiaJ 1  YIAJBMIF ATCCGGCAACTATTCGCT 18 4007519-4007536° 533 537
YIAJBMIR CAACGCTTTCCGTAGATG 18 4007000-4007017%

ghrB_1 GHRBBMIF CAAGCAACCGACCGAAAG 18 4008677-40086942 53.0 744
GHRBBMIR  GGAGACAGAATCACGTTC 18 4009403-4009420?

naiP_3  NAIPBMIF AGCCGCCGAACAAAGATTGA 20 4014235-40142542 55.7 981
NAIPBMIR CTGAAGCCGGTCAGAAAG 18 4015198-4015215%

ginM 2 GLNMBM2F TGAATGCCGGCCACGTATG 19 1792198-1792216° 555 322
GLNMBM2R GACGCATACGACAGTTCC 18 1791895-1791912°

*Mismatches for each primer sequence are highlighted in bold. Red indicates a mismatch in all the opposing
lineage and blue indicates mismatches in some strains, but not all. *Position found in complete genome BCC0084

(lineage 1). "Position found in complete genome ATCC 17616 (lineage 2a).

To visually estimate the amplicon size for each of the genes, SnapGene was used to provide images of

the expected banding pattern (Figure 30).
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Figure 30 | In silico analysis of the lineage-specific PCR products on a 1.2% agarose gel. Figure produced

using SnapGene software.
4.2.8.2  Optimisation of PCR protocol

To optimise the PCR protocol, a gradient PCR was performed on the B. multivorans model strains. This
used a range of annealing temperatures, from 48-62 °C. The PCR setup is found in Table 27, using the

standard elongation time for expected products less than 1kB. The PCR was performed for 35 cycles.

Table 27 | B. multivorans lineage-specific PCR primer programming

PCR Stage Temperature (°C) Number of cycles Time (mins)
Initial heating step 95 1 5
Denaturation 95

Annealing 624 or 65° 30 0.5
Extension 72

Final extension 72 1 10

The results of the gradient PCR showed that the optimum melting temperature (°C) for all lineage 1
primers (YIAJBM1, GHRBBMI1, and NAIPBM1) was 62 °C and lineage 2 primer pair (GLNMBM?2)
was 65 °C. The lineage 1 primer pair with the best banding pattern was GHRBMMI1 (ghrB_I). This
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was chosen alongside the lineage 2 primer pair to take forward for further testing against a larger panel

of B. multivorans strains (Section 2.1).
4.2.8.3  Testing of lineage-specific PCR primers

The lineage-specific primer pairs (GHRBBM1 and GLNMBM?2) were tested on a subset (n =49) of the
B. multivorans strain panel (Table 5, Section 2.1), which have also been used in phenotypic analysis in
this PhD thesis (Chapter 5). Primer pair GHRBBM1 successfully amplified the genomic DNA of all
lineage 1 B. multivorans strains tested (n =18) (Figure 31). This provided an amplicon of ~744 bp
GLNMBM2 primers were successful in the amplification of all lineage 2 B. multivorans strains tested
(n = 31), with an amplicon ~322 bp. Negative controls were performed using DNAse-free water and
DNA from opposing lineage strains for both primer pairs. The results showed that the primer pairs were
100% specific for identifying the target B. multivorans lineage in all samples tested. A secondary
analysis was also performed to check their specificity against 2 other Burkholderia species. The strains

tested were B. ambifaria AMMD, B. cenocepacia K56-2 and B. cenocepacia BCC0019. All three were
negative when amplified with both sets of primers. This further concluded that not only were the primers

B. multivorans lineage-specific, but species-specific in this limited comparison of other members of the
BCC.

Lineage 1 Lineage 2

B. muldtivorans BCC0006
B. mudtivorans BCC0009
B. multivorans BCC0080
B. multivorans BCC0084
B. multivorans BCC0101

B. multivorans BCC0141

B. multivorans BCC0303

B. multivorans BCC0375
B. multivorans BCC0702
B. multivorans BCC0737
B. multivorans BCC0814

B. multivorans BCC0904
B. multivorans BCC0921
B. multivorans BCC1177
B. multivorans BCC1190
B. muldtivorans BCC1385

B. multivorans BCC0066
B. multivorans BCC0074

B. multivorans BCC0188
B. mudtivorans BCC0225
B. multivorans BCC0264
B. muldtivorans BCC0266
B. multivorans BCC0317
B. muitivorans BCC1272
B. muitivorans ATCC 17616

PO B. mudtivorans BCC0047

(K

10000 bp
3000 bp
1000 bp

= 744bp b b e e

250bp

Figure 31 | GHRBMI1 PCR gel of B. multivorans strains. PCR designed to target lineage 1 (n = 18) B.
multivorans strains. DNAse free water was used for the negative control. Negative B. multivorans controls were

those of the opposing lineage 2 (n = 31). Agarose gel was a concentration of 1.2% (w/v) run at 8OV.

4.2.9 Amenability of B. multivorans model strains to genetic manipulation

429.1  Triparental mating of pMLBAD

The B. multivorans model strains (n = 4) (ATCC 17616, BCC1272, BCC0033, and BCC0084) were
initially subjected to triparental mating (Section 2.13.1) using the empty backbone pMLBAD vector
(Lefebre and Valvano 2002) to assess their ability to uptake plasmids known to conjugate into BCC
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species. The pMLBAD vector provided the B. multivorans strains with a resistance to 150 pg/ml
trimethoprim from the presence of this selective marker. After incubation, all the WT control plates had
no visible colonies, whilst viable counts could be made on the transformed B. multivorans plates. This

confirmed the successful conjugation into and carriage of pMLBAD in the B. multivorans strains.
4.29.2  Electroporation of eGFP and mCherry

Once it was shown that the B. multivorans model strains could be genetically manipulated via
conjugation and triparental mating (Section 4.2.9.1), electroporation using pIN301-eGFP (Mesureur et
al. 2017) and pIN233-mCherry (Gomes et al. 2018) fluorescent gene reporter plasmids was performed.
This also included use of strains B. multivorans BCC1385 and P. aeruginosa LESB58. BCC1385 (total
strains: n = 6) was later identified as another potential model strain but because it was not successfully
genome sequenced to completion (Section 3.2.8), it was not ultimately selected. P. aeruginosa LESB58
was also transformed with the same plasmids to yield fluorescent reporter strains for use in co-culture
assays (Section 5.2.7). Chloramphenicol selection (25 pg/ml) was used to select for bacterial
transformants in all cases. These were re-streaked onto fresh selective agar before imaging to confirm
the uptake of each fluorescent plasmid. All B. multivorans (n = 5) and P. aeruginosa experimental
strains (n = 1) had the ability to receive pIN301-eGFP. However, B. multivorans strains ATCC17616
and BCC1272 were unable to uptake the pIN233-mCherry plasmid over the course of 5 attempts.
Therefore, only 3 B. multivorans strains (60%) were able to uptake the pIN233-mCherry plasmid. An
example of the fluorescent vs WT B. multivorans is found in Figure 32. To confirm the presence or
absence of the plasmids, an M13 PCR (targeting the reporter plasmid backbone) was performed and
visualised using gel electrophoresis (Section 2.13.4). This showed a band where a plasmid was present

and no band for the respective WTs.

Figure 32 | Successful genetic manipulation of B. multivorans using pIN301-eGFP and pIN233-mCherry
plasmids. Example shows B. multivorans model strain BCC0084. Left: BCC0084::pIN301-eGFP, middle:
BCC0084::pIN233-mCherry, right: BCC0084 parent (wild-type). Genetically manipulated strains were grown on

TSA supplemented with 50 ug Chloramphenicol. Wild-type strain was grown on TSA without antibiotic selection.
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Fluorescence was imaged on a Biospace Lab PhotonIMAGER Optima (pIN301-eGFP excitation = 488 nm and

emission = 522 nm; pIN233-mCherry excitation = 580 nm and emission = 610 nm).
429.3  Genetic stability of the fluorescent reporter plasmids in B. multivorans and P. aeruginosa

The fluorescent-tagged strains with pIN301-eGFP (n = 6) and pIN233-mCherry (n = 4) were checked
for stability of the plasmids over a 5-day period without antibiotic selection (Section 2.13.5). The
relative fluorescence units were logged (logio) for each time point for easier comparison of the results.
The results differed slightly depending on which fluorescent plasmid was being analysed. The pIN301-
eGFP plasmid was stable over the course of the experiment for P. aeruginosa and 2 of 4 (50%) B.
multivorans strains. However, for ATCC 17616 and BCC1272, the logio RFU remained around 5-5.5

for days 0 and 1, before rapidly declining over the remainder of the experiment (Figure 33).
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Figure 33 | Logio Relative Fluorescence Units (RFU) of the B. multivorans and P. aeruginosa
LESBSS strains genetically manipulated to harbour the pIN301-eGFP plasmid. Readings were
taken in a plate reader every 24-hours over the course of 5 days. Wavelengths used was excitation at

488.m and emission at 522,,. Error bars represent the standard error mean (SEM).

When looking at the stability of pIN233-mCherry, the logio RFU for all P. aeruginosa (n = 1) and B.
multivorans (n = 3) strains started high (between 4-4.25 RFU) and remained stable until day 4. The
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logio RFU then decreased for all strains examined by day 5. BCC0084 (lineage 1) retained the most
stability of fluorescent signal at day 5, reading around 3.8 logio RFU (Figure 34).
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Figure 34 | Logio Relative Fluorescence Units (RFU) of the B. multivorans and P. aeruginosa
LESBSS strains genetically manipulated to harbour the pIN233-mCherry plasmid. Readings
were taken in a plate reader every 24-hours over the course of 5 days. Wavelengths used was

excitation at 550,m and emission at 610ny. Error bars represent the standard error mean (SEM).

4.2.10 Lung infection modelling of B. multivorans model strains using in vivo experiments

4.2.10.1 B. multivorans infection model strains and bacterial dissemination

Four B. multivorans model strains (BCC0033 WT; lineage 2b, BCC0033::pIN301-eGFP,
BCC0084::pIN301-eGFP; lineage 1 and ATCC 17616 WT; lineage 2a) were chosen for in vivo
experimental analysis in a modified murine lung infection model (Green et al. 2021). Previously in this
thesis (Section 3.2.8), these model strains were identified as representatives of CF B. multivorans model
strains, with ATCC 17616 being a well-characterised environmental strain, isogenic with CF strain

BCC1272. This research was carried out in collaboration with Dr. Daniel Neill and Dr. Angharad Green
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at the University of Liverpool. They performed the creation of infection stocks, initial murine
inoculation and monitoring of infection, and murine organ harvesting. There was also their assistance
with me for performing organ homogenization and serial dilutions. The analysis of the output data
presented herein being my own. Each mouse was intranasally infected under anaesthesia with ~10’
CFU/50ul of each B. multivorans isolate (Section 2.15.2). Bacteria were isolated from both the lung
and nasopharynx of each mouse then quantified to identify the bacterial burden on these organs at 1-,

3-, and 5- days post-infection.

When looking at the lung CFU burden, BCC0033 WT had no significant differences between all 3 time
points (Figure 35). BCC0033::pIN301-eGFP had a small but significant difference in CFUs between
time points 1 and 5 days (p = 0.032) (Figure 35). However, the most significant changes in CFUs, where
a loss in microbial burden was observed, occurred with strains BCC0084::pIN301-eGFP and ATCC
17616 WT. BCCO0084::pIN301-eGFP showed a decrease in significant viable count when comparing
day 1 and 3, day 1 and 5 and days 3 and 5 respectively in the murine lung (p < 0.05 for all; Figure 35).
For B. multivorans strain ATCC 17616 WT, the greatest loss in viability and microbial burden occurred
between day 1 and 3 (p = 0.01), with the CFU counts not altering significantly between day 3 and 5
(Figure 35). In contrast, no significant differences in CFU counts were seen between any of the time
points (1, 3 and 5 days) for all strains when looking at the nasopharynx (Figure 36). Here the viable
count remained at approximately logio 3.8 CFU/ml for BCC0033 (and its GFP variant) and logio 4.5
CFU/ml BCCO0084, while the nasopharynx counts of B. multivorans strain ATCC 17616 remained at
approximatelylogio 1.1 CFU/ml.

Overall, BCC0084::pIN301-eGFP (lineage 1) had the highest viability counts, at all three time points,
for both the lung (Figure 35) and nasopharynx when compared to the other strains (Figure 36). In
contrast, environmental strain ATCC 17616 (lineage 2b) had the lowest viable counts (CFUs) of all the

B. multivorans strains for both the lung (Figure 35) and nasopharynx at all time points (Figure 36).

Both pIN301-eGFP and WT strains were used for this experiment to determine whether there would be
differences in a fluorescent-presenting genetically manipulated B. multivorans model strain. BCC0033
(strain C5568; lineage 2b) was chosen as the comparator for this as it has been previously used in
pulmonary BALB/c mouse infection models (Chu et al. 2004). Chronic infection was recorded by the
number of cultivatable, viable B. multivorans cells counted on Burkholderia cepacia selective agar at
each time point (Section 2.15.2). Figure 35 and Figure 36 showed that the viable count of BCC0033
WT had no significant difference at all time points when compared to BCC0033::pIN301-eGFP in both

the lung and nasopharynx.

These findings indicate that a short-term chronic infection of both the lung and nasopharynx can occur
when infected by any of the four B. multivorans strains. Within the nasopharynx a mean of 4.1, 4.0, 4.7

and .80 logio CFU was recovered after 5-days post-infection for BCC0033 WT, BCC0033::pIN301-
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eGFP, BCC0084::pIN301-eGFP and ATCC 17616 WT, respectively. The lung infection viable count
(logio CFU) for BCC0033 WT, BCC0033::pIN301-eGFP, BCC0084::pIN301-eGFP and ATCC 17616
WT was 4.1, 3.8, 4.2 and 2.0, respectively.
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Figure 35 | Logio CFU/ml of the B. multivorans strains at 1-, 3- and 5-days post-infection in the murine

lung.
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Figure 36 | Logio CFU/ml of the B. multivorans strains at 1-, 3- and 5-days post-infection in the murine

nasopharynx.

4.2.10.2 Mice pain during chronic infection with B. multivorans

Pain scores for each mouse were taken every 24-hours, between 1- and 5-days post-infection, presenting
on a scale of 0-5. At the first infection time point (24-hours), all mice (n = 96) presented with pain
(scores 2-5), irrespective of the B. multivorans strain they were infected with (Figure 37). Two mice
(2.08%) reached the highest pain score of 5, both infected with BCC0084::pIN301-eGFP (lineage 1) at
the 24-hour time point (Figure 37). Nine mice (9.38%) presented a pain score of 4 at the 24-hour time
point, encompassing all four strains. BCCO0033::pIN301-eGFP, BCCO0033 WT (lineage 2b),
BCC0084::pIN301-eGFP and ATCC 17616 WT (lineage 2a) had 2, 1, 4 and 2 mice (n = 24 per B.

multivorans strain) presenting a score of 4 at 24-hours, respectively (Figure 37).

By 48-hours of infection, pain scores for all mice (n = 64 total; n = 16 per B. multivorans strain)
decreased to between 0 and 3. BCC0033 WT had three mice with the highest presenting pain (score 3
of 5) at this time point. A pain score of O was observed at least once for each B. multivorans infection

strain. ATCC 17616 WT was the most observed strain to present a pain score of 0 amongst the mice at
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48-hours (n =11 of 16; 68.75%). BCC0084::pIN301-eGFP and BCC0033 WT were seen to have a pain

score of 0 in only one mouse per infection strain (6.25%) (Figure 37).

The pain scores for the mice further decreased by 72-hours, with scores of 0 and 1 (Figure 37).
BCCO0033 WT was the only B. multivorans strain to cause pain in the mice at this time point, with 6 of
the 16 mice infected by this strain (37.5%) showing a small amount of pain. No pain was observed in
mice infected with the ATCC 17616 WT (n = 4), BCC0033::pIN301-eGFP (n = 8) and BCC0084 (n =
8) at 72-hours (Figure 37).

At the final 96-hour post-infection time point, no pain was observed in any of the mice (Figure 37).
This suggests either the mice became more resistant to the effects of the infection or that the B.
multivorans had evaded the immune response, as seen in B. cenocepacia (Ganesan and Sajjan 2011),

enabling further infection without an immune reaction.

Except for the 96-hour post-infection mark, the mice pain scores largely correlate to the infection burden

(Figure 35 and Figure 36).
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Figure 37 | Pain scores for the mice infected with each B. multivorans strain over a 96-hour period. Error bars represent

the standard deviation.

4.2.10.3 Mice weight over the course of B. multivorans infection

The experimental mice were weighed every 24-hours over the 5-day post-infection period, including
records of their starting weight. The average starting weight for the mice were 19.5 g, 189 g, 19.1 g
and 20.1 g for BCC0033 WT (lineage 2b), BCC0033::pIN301-eGFP, BCC0084::pIN301-eGFP (lineage
1) and ATCC 17616 WT (lineage 2a), respectively. Weights for each infected mouse was recorded as

a percentage of the original starting weight at each time point (Figure 38).

BCCO0033::pIN301-eGFP did not correlate to the other infection strains, with the mice having an
average maintenance or gaining of weight over the 5-day period (Figure 38). Mice infected with
BCCO0033::pIN301-eGFP lost, on average, 0.3% of their starting weight after 24-hours. At 48-hours,
the mice gained 0.8% of their starting weight, further increasing to an average 2.8% gain after 72-hours.
The average weight of the mice had increased to 103.1% of the original weight (+3.1% gain) after the
full 96-hour infection period (Figure 38).

As for the other three B. multivorans strains (BCC0084::pIN301-eGFP, BCC0033 WT and ATCC
17616 WT), the mice in all lost weight in the first 48-hours of infection but regained at 72- and 96-

hours. The average weight lost for the mice was 4.3%, 5.4% and 4.1% of the starting weight for strains
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BCC0033 WT, BCC0084::pIN301-eGFP and ATCC 17616, respectively. The weights dropped a
further 1.2% for BCC0033 WT and 2.5% for ATCC 17616 WT. However, BCC0084::pIN301-eGFP
mice averagely gained 0.5% of their starting weight back at 48-hours. By 72-hours, the average weights
of the mice increased to 99.6% (BCC0033 WT), 98.8% (BCCO0084::pIN301-eGFP) and 97.0% (ATCC
17616 WT) of their original weight. Mice infected with BCC0033 WT and BCC0084::pIN301-eGFP
succeeded their starting weights by 0.5% and 0.2% after 72-hours, whereas the ATCC 17616 WT-

infected mice didn’t regain all their average starting weight, finishing at a 1.5% weight loss.
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Figure 38 | Weight of the mice infected with each B. multivorans strain over a 96-hour period. Error bars

represent the standard deviation. Each point is the percentage (%) of starting weight.

4.2.11 Re-sequencing of B. multivorans infection isolates

To understand if genetic adaptations occurred in the B. multivorans after short-term infection in the
mouse models, genome re-sequencing was performed. This used pooled bacterial isolates from each
strain, for each time point at day 3 and day 5 post-infection (n = 20 B. multivorans strains). Fresh
confluent colony growth was obtained on TSA before isolating and performing DNA extraction as
previously described (Section 2.3.1). The genome sequences were then processed for quality,
contamination adapters trimmed, and de novo assembled as per Sections 2.6.1 and 2.6.3. The B.
multivorans isolates were then scaffolded against the representative complete genome as per Section

2.6.5.
4.2.11.1 Quality metrics of the re-sequenced genomes

The QUAST (Gurevich et al. 2013) quality metrics of the re-sequenced genomes (n = 20) are shown
in Table 28. The sequence size of the infection stocks were 6.7 Mb, 6.7 Mb, 6.6 Mb, and 6.9 Mb for the
BCC0033::pIN301-eGFP, BCC0033 WT (lineage 2b), BCC0084::pIN301-eGFP (lineage 1) and ATCC

17616 WT (lineage 2a) infection stocks, respectively (Table 28). The genome sizes remained consistent
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between the infection stocks and the day 3 and 5 lung and nasopharynx isolates for each strain. Number
of contigs ranged from 67 to 158 (mean = 106.6) (Table 28). The GC content for all strains was between
66.82% and 67.09%. The average number of CDS, rRNAs and tRNAs were 6038.4, 2.25 and 69.85,
respectively (Table 28). To confirm that the re-sequenced genomes were B. multivorans, the minikraken
database from Kraken2 was used. No evident of contaminating DNA was found in the genome re-
sequencing. From the overall genome quality metrics, the initial infection stocks were concluded to be

the same as the model strains at this top-level, thus facilitating further SNP variant analysis.

Table 28 | QUAST quality metrics of the B. multivorans murine infection model isolates and respective

infection stocks (n = 20).

GC
Strain Sequence No. o content NS0 L0 CDS rRNAs  tRNAs
size (bp) contigs value value
(%)
BCC33::pIN301-eGFP Infection Stock 6704899 77 67.08 348864 7 5975 2 71
BCC33::pIN301-eGFP Lung Day 3 6705084 67 67.08 361472 7 5981 2 71
BCC33::pIN301-eGFP Lung Day 5 6705126 69 67.08 361472 7 5979 2 71
BCC33::pIN301-eGFP Naspharynx Day 3 6705056 74 67.08 361472 7 5979 2 71
BCC33::pIN301-eGFP Naspharynx Day 5 6701849 84 67.08 339227 6 5980 2 71
BCC33 WT Infection Stock 6700552 73 67.09 348872 7 5975 2 71
BCC33 WT Lung Day 3 6700861 75 67.09 339204 7 5972 2 69
BCC33 WT Lung Day 5 6700749 71 67.09 361472 7 5976 2 71
BCC33 WT Naspharynx Day 3 6700133 81 67.09 461270 5 5972 2 71
BCC33 WT Naspharynx Day 5 6705054 68 67.08 381097 7 6048 2 70
BCC84::pIN301-eGFP Infection Stock 6603701 137 67.09 166195 13 5954 2 69
BCC84::pIN301-eGFP Lung Day 3 6604269 133 67.09 186877 13 5958 2 69
BCC84::pIN301-eGFP Lung Day 5 6606395 123 67.09 188074 13 5961 2 69
BCC84::pIN301-eGFP Naspharynx Day 3 6606810 123 67.09 188074 13 5959 2 69
BCC84::pIN301-eGFP Naspharynx Day 5 6605897 129 67.09 165817 14 5956 2 69
ATCC 17616 WT Infection Stock 6879189 158 66.82 172395 11 6226 3 69
ATCC 17616 WT Lung Day 3 6883471 155 66.82 178859 11 6228 3 69
ATCC 17616 WT Lung Day 5 6881268 148 66.82 172367 12 6226 3 69
ATCC 17616 WT Naspharynx Day 3 6884754 141 66.82 178859 10 6230 3 69
ATCC 17616 WT Naspharynx Day 5 6887053 146 66.82 172388 12 6233 3 69

4.2.11.2 Genome scaffolding and statistics

The re-sequenced murine infection stocks (n = 4) and isolates (n =16) were scaffolded to the
corresponding complete B. multivorans model strains (n = 4) (Section 3.2.8.1) using CONTIGuator. All
isolates had over 99% of the genomes scaffolded to the references (Table 29). Both the infection isolates
and the respective lung and nasopharynx isolates all harboured 4 replicons, like that observed in Section
3.2.8.1. The re-sequenced lengths and GC content for the genomic scaffolds and each replicon were

consistent with the previously scaffolded B. multivorans genomes (Section 3.2.9.2).
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Table 29 | Scaffold statistics of the B. multivorans murine infection stocks (n = 4) and infection isolates (7 = 16) compared to the B. multivorans complete genomes.

Total length Scaffolded length C1 Cc2 C3 C4

Strain % Scaffolded bp GC (%) bp GC (%) bp GC (%) bp GC (%) bp GC (%) bp GC (%)
BCC33::pIN301-eGFP Infection Stock 99.70318847 6697853  67.08 6677973  67.1 3512212 66.8 2377802 67.7 722282 67.5 65677 57.34
BCC33::pIN301-eGFP Lung Day 3 99.7032252 6698682  67.08 6678802  67.1 3513180 66.8 2377527  67.69 722418 67.5 65677 57.34
BCC33::pIN301-eGFP Lung Day 5 99.70322706 6698724  67.08 6678844  67.1 3513142 66.8 2377643 67.7 722382 67.5 65677 57.34
BCC33::pIN301-eGFP Nasopharynx Day 3 99.69498204 6698294  67.08 6677863  67.1 3512587 66.8 2377651  67.7 722499 67.5 65126 57.32
BCC33::pIN£01-eGFP Nasopharynx Day 5 99.62140055 6694146 67.08 6668802  67.11 3507075 66.81 2373565  67.69 722485 67.5 65677 57.34
BCC33 WT Infection Stock 99.76430393 6693790  67.09 6678013  67.1 3512271 66.8 2377697  67.7 722368 67.5 65677 57.34
BCC33 WT Lung Day 3 99.74208254 6694002  67.09 6676737  67.1 3510906 66.8 2377789  67.7 722365 67.5 65677 57.34
BCC33 WT Lung Day 5 99.76431087 6693987  67.09 6678210  67.1 3512518 66.8 2377707 67.7 722308 67.5 65677 57.34
BCC33 WT Nasopharynx Day 3 99.743704 6692262  67.09 6675110  67.1 3511063 66.8 2378291  67.69 720630 67.5 65126 57.32
BCC33 WT Nasopharynx Day 5 99.70322387 6698652  67.08 6678772 67.1 3513022 66.8 2377697  67.7 722376 67.5 65677 57.34
BCC84::pIN301-eGFP Infection Stock 99.12143575 6592688  67.09 6534767  67.13 3279521 67.25 2509240  67.27 598462 67.39 147544  60.94
BCC84::pIN301-eGFP Lung Day 3 99.12153546 6593664  67.09 6535741  67.13 3279993 67.25 2509742 67.27 598462 67.39 147544  60.94
BCC84:pIN301-eGFP Lung Day 5 99.15419933 6596235  67.09 6540444  67.13 3282531 67.25 2511785  67.26 598584 67.39 147544  60.94
BCC84::pIN301-eGFP Nasopharynx Day 3 99.15398629 6596347  67.09 6540541  67.13 3282533 67.25 2511880  67.26 598584 67.39 147544  60.94
BCC84::pIN301-eGFP Nasopharynx Day 5 99.14066971 6594554 67.09 6537885  67.13 3281215 67.25 2510542 67.26 598584 67.39 147544 60.94
ATCC 17616 WT Infection Stock 99.40529452 6869787  66.82 6828932  66.85 3377204 67.02 2427305  67.26 872114 66.06 152309  61.32
ATCC 17616 WT Lung Day 3 99.28837504 6873986  66.82 6825069  66.86 3376634 67.02 2424489  67.26 870466 66.07 153480 61.33
ATCC 17616 WT Lung Day 5 99.40554342 6872327  66.82 6831474  66.86 3377503 67.02 2427254 67.26 873231 66.07 153486  61.32
ATCC 17616 WT Nasopharynx Day 3 99.37786518 6876323  66.82 6833543  66.85 3381027 67.01 2425919  67.26 871128 66.07 155456  61.28
ATCC 17616 WT Nasopharynx Day 5 99.32455948 6878622  66.82 6832161  66.85 3381015 67.01 2424499  67.26 871141 66.07 155519  61.29
Average 99.48185563 6715246  67.0195 6680484  67.0465 3420858 66.967 2422801  67.4795 7289783  67.09421 110419  59.32947
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4.2.12 Comparative genome analysis

Gene presence absence of the B. multivorans infection isolates (n = 20) were interrogated using the
output matrix from Roary. The day 3 and 5 isolates (n = 16) were compared to the initial infection stock
(n = 4) to look for any missing genes. This aimed to identify whether there were any key genes which

may be lost as part of niche colonisation and adaption in a short time.
4.2.12.1 Potential gene absence in post-infection isolates

The gene presence absence matrix from Roary was used to identify genes which were may have been
lost and deleted from the infection isolate genomes compared to the original infection stock genomes.
The gene absence predictions may have been influenced by the annotation and assembly of the draft
genomes. However, Burkholderia species are known to have genome plasticity, where large deletions

can occur. This includes deletion of the 3" replicon (Agnoli et al. 2012).

There were 11 genes which were missing in at least one genome of the BCC0033::pIN301-eGFP
infection isolates. Of this, 8 (72.7%) absent genes were hypothetical proteins. The annotated missing
genes were rfbB_I, rmIC_I, and etfB_I. All three of these genes were absent only in
BCC0033::pIN301-eGFP nasopharynx infection isolate day 5. Genes rmlC_I and rfbB_I are both
associated with polysaccharide biosynthesis, with associations to LPS. RmIC_1 biosynthesises type II
O-antigenic polysaccharides whilst RfbB_1 biosynthesises ABC transporter and LPS genes in other
Burkholderia species (B. pseudomallei and B. thailandensis) (Kovacs-Simon et al. 2019). EtfB is an
electron transfer flavoprotein 3-subunit which has previously been shown as essential in B. cenocepacia

(Bloodworth et al. 2015).

When comparing the ATCC 17616 WT (lineage 2a) genomes, there were 22 genes absent in at least
one of the day 3 and 5 infection isolates compared to the infection stock. 20 of the 22 genes (90.9%)
were hypothetical proteins. Gene /ifO_1 lipase chaperone was missing in all infection isolates except
for the initial infection stock. IS5 family transposase ISBmu2 was also absent in ATCC 17616 WT
nasopharynx day 5 isolate pool. ISBmu2 was found as a novel 1,210 bp IS element previously in ATCC
17616 (Ohtsubo et al. 2005).

When analysing the BCC0033 WT (lineage 2b) group, there were 10 genes missing from at least one
infection isolate. Acs_3 and EftB_1 was missing in the nasopharynx day 3 isolate and fitB_2 was
missing in the lung day 3 isolate. The other 7 genes (70.0%) were hypotheticals. The gene absence
correlated with the eftB gene missing in the BCC0033::pIN301-eGFP nasopharynx day 5, indicating
that this gene may be lost in chronic nasopharynx infection in this B. multivorans strain. The fitB gene

is the toxic part of the type II toxin-antitoxin system (Mattison et al. 2006).

For BCC0084::pIN301-eGFP (lineage 1), 17 genes were absent in at least one infection isolate

compared to the infection stock. Of this, 14 genes (82.4%) were made up of hypotheticals. Annotated
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absent genes were btuD_8, phnY_2 and phnY_3. Expression of btuD enhances both vitamin B,
absorption as well as antibiotic transfer (Wang er al. 2019). This gene was absent in 3 of 4 B.
multivorans BCC0084::pIN301-eGFP infection isolates, with presence in the lung day 3 isolate. The
phnY genes were absent in lung day 3 and nasopharynx day 5 BCC0084::pIN301-eGFP isolates. The
phnY gene is a phosphonoacetaldehyde dehydrogenase. There was no specific links to annotated gene

loss and isolate type in this B. multivorans infection strain.

Overall, by annotating the draft genomes of the murine infection isolates compared to the initial
infection stocks, it was clear that there were no major deletions of genes (100s of loci) over the 5-day
experimental period. Small numbers of putative gene deletions have been noted above and would
require further experimentation to examine whether they had occurred due to the genome sequencing

rather than during the infection model.

4.2.13 Variant analysis of B. multivorans infection isolates

4.2.13.1 Core SNP phylogenomics of the B. multivorans infection models

To provide initial insight into the evolutionary relationships of the B. multivorans model strain infection
stocks compared to the day 3 and 5 lung and nasopharynx infection isolates, core SNP alignments were
used to create FastTree phylogenetic trees. There were no immediate trends within the evolutionary
patterns of each model B. multivorans strain and the respective infection isolates. BCC00844::pIN301-
eGFP (lineage 1) had the most closely-related core SNP strain evolution, reflecting that of the shorter
branch distance lengths in the lineage 1 strains (Section 3.2.5.2). In this phylogeny, the lung day 3
isolate was the most distantly related to the other infection isolates, sitting on its own branch from the
BCCO0084::pIN301-eGFP infection stock reference. The nasopharynx isolates were more closely related
to each other, branching off from the BCC0084::pIN301-eGFP lung day 5 isolate (Figure 39).

BCCO0033::pIN301-eGFP (lineage 2b) had the least-related core SNPs (Figure 40) compared to all the
B. multivorans infection models. Interestingly, the lung day 3 and nasopharynx day 3 isolates were the
most closely related in this phylogeny. The lung day 5 isolate was most closely related to the
BCCO0033::pIN301-eGFP infection stock, whilst the nasopharynx day 5 isolate was distant from all
other isolates (Figure 40). The BCC0033 WT phylogeny contrasted that of the BCC0033::pIN301-
eGFP phylogeny. The most closely related strain to the infection stock reference was the lung day 3
isolate. From this, the lung day 5 and both nasopharynx isolates branched off, with the two nasopharynx
isolates showing a higher similarity in the BCC0033 WT infection evolution model (Figure 41) than
BCC0033::pIN301-eGFP.

For ATCC 17616 (lineage 2a), the infection isolate evolution was different again. The nasopharynx day

3 isolate was most closely related to the reference infection isolate. From this, the lung day 5 isolate
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branched off. A further diversion was then seen for the lung day 3 and nasopharynx day 5 isolates,

which shared the most similarity in this phylogeny (Figure 42).
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BCCO0084::pIN301-eGFP lung day 3

BCCO0084::pIN301-eGFP lung day 5

BCCO0084::pIN301-eGFP nasopharynx day 3

BCCO0084::pIN301-eGFP nasopharynx day 5

BCCO0084::pIN301-eGFP infection stock

0.09
Figure 39 | Core SNP phylogeny of BCC0084::pIN301-eGFP isolates from the murine infection models. FastTree was used to create the phylogeny after filtering for

recombination using Gubbins. Phylogeny used 37 core genes for creation.
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BCC0033::pIN301-eGFP lung day 5

BCC0033::pIN301-eGFP lung day 3

BCCO0033::pIN301-eGFP nasopharynx day 3

BCCO0033::pIN301 nasopharynx day 5

BCCO0033::pIN301-eGFP infection stock
06

Figure 40 | Core SNP phylogeny of BCC0033::pIN301-eGFP isolates from the murine infection models. FastTree was used to create the phylogeny after filtering for

recombination using Gubbins. Phylogeny used 20 core genes for creation.
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BCCO0033 lung day 3

BCCO0033 lung day 5

BCCO0033 nasopharynx day 3

BCCO0033 nasopharynxday 5

BCCO0033 infection stock

0.2

Figure 41 | Core SNP phylogeny of BCC0033 WT (parent) isolates from the murine infection models. FastTree was used to create the phylogeny after filtering for

recombination using Gubbins. Phylogeny used 12 core genes for creation.
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ATCC 17616 lung day 5

ATCC 17616 lung day 3

ATCC 17616 nasopharynx day 5

7] L ATCC 17616 nasopharynx day 3

ATCC 17616 infection stock
0.2

Figure 42 | Core SNP phylogeny of ATCC 17616 WT (parent) isolates from the murine infection models. FastTree was used to create the phylogeny after filtering for

recombination using Gubbins. Phylogeny used 57 core genes for creation.
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4.2.13.2 Identification of variants between the B. multivorans infection stocks and mouse infection

isolates

The re-sequenced B. multivorans day 3 and 5 lung and nasopharynx isolates (n = 16) were then
investigated for variants against the original infection stock (n = 4) using Snippy. This used the un-
scaffolded short-read sequences (Section 4.2.11). The number of variants was variable amongst the B.
multivorans model infection strains. Table 30 shows the full variant details for each strain. In all, there
were 242 variants across all the strains examined. These were comprised of 190 SNPs, 35 complex
mutations, 11 insertions and 6 deletions. Both BCC0033 WT (lineage 2b) and BCC0033::pIN301-eGFP
had the smallest number of SNPs overall, in both infection site and day. ATCC 17616 WT (lineage 2a)

had the greatest number of variants when comparing the strains.

There were comparable numbers of synonymous and non-synonymous variants across the board, with
34 and 38 respectively. For the non-synonymous mutations, there were 4 conservative in frame
insertions, 4 stop lost and splice region variants, 26 missense variants, and 4 disruptive in frame
deletions. Synonymous mutations are also known do not necessarily affect the overall phenotype.
However, nonsynonymous affect the protein sequences, and consequently adjust bacterial phenotype.

This means that the 38 nonsynonymous variants may affect chronic colonisation.

There was a relatively even split of variants observed overall in the lung and nasopharynx, with totals
of 115 and 127 variants, respectively. In the lung, there were 92 SNPs, 15 complex mutations, 6
insertions and 3 deletions overall. Similarly, there were 99 SNPs, 20 complex mutations, 5 insertions
and 3 deletions total in the nasopharynx. When looking into days, the split remained even for the total
variants in the lung, with 57 variants on day 3 and 58 variants on day 5. The split in variant types
reflected a similar pattern of similarity. A larger overall SNP variant difference was observed in the
nasopharynx compared to the lung. There was a total of 53 variants on day 3, which increased to 74 on
day 5. In the nasopharynx, the larger number of variants on day 5 came from SNPs in the majority.

There was a difference of 21 SNPs between days 3 and 5 of nasopharynx infection (Table 30).
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Table 30 | Total variants found in the B. multivorans strains after 3- and 5- days post-infection of the murine
models. Number of variants were grouped by day and location. Details of the variant type (SNP, complex,

insertion and deletion) are shown.

Strain Location Day Total variants SNPs  Complex Insertions Deletions
3 7 6 1 0 0
Lung
5 14 11 2 1 0
BCC0033::pIN301-eGFP
3 6 5 1 0 0
Nasopharynx
5 6 5 1 0 0
3 4 4 0 0 0
Lung
5 7 5 2 0 0
BCC0033 WT
3 8 7 1 0 0
Nasopharynx
5 8 6 2 0 0
3 19 12 5 1 1
Lung
5 17 12 3 2 0
BCC0084::pIN301-eGFP
3 16 13 3 0 0
Nasopharynx
5 20 16 4 0 0
3 27 24 1 1 1
Lung
5 20 17 1 1 1
ATCC 17616 WT
3 23 14 4 3 2
Nasopharynx
5 40 33 4 2 1

4.2.13.3 Identification of potential adaptive polymorphisms

To identify variants which may be linked to niche adaptation and chronic infection, the results were
screened for mutations which occurred in both days 3 and 5 of the lung or nasopharynx. This was
performed separately for each B. multivorans infection strain. The number of variants found in each B.
multivorans strain differed in both overall number and numbers of commonly associated variants. There
were 29 overall adaptive variants in ATCC 17616 WT (13 found in the nasopharynx and 16 in the
lungs). Of this, there were 6 variants sites (4 SNPs, 1 deletion and 1 insertion) common between both
infection (Appendix Table 47). Two of the common variants had unknown effects, but the other 4 were
determined. There was 1 disruptive in frame deletion, 1 conservative in frame insertion, 1 synonymous
mutation and 1 stop lost and splice mutation (Appendix Table 47). BCC0084::pIN301-eGFP (lineage
1) had less adaptive variants than ATCC 17616 (lineage 2b), with 19 in total (12 in the nasopharynx
and 7 in the lungs). There were 7 common variants in BCC0084::pIN301-eGFP, comprised of 2
complex mutations and 5 SNPs, all with unknown effects (Appendix Table 48).

Both BCC0033 WT and BCC0033::pIN301-eGFP strains had less adaptive variants in the infection
isolate genomes compared to the infection stocks. There were no common variants in
BCC0033::pIN301-eGFP (Appendix Table 49) and 1 common SNP in BCC0033 WT (Appendix Table
50). Both strains had 6 variants overall. BCC0033::pIN301-eGFP (Appendix Table 49) had 5 variants
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in the nasopharynx and 1 in the lung, whereas BCC0033 WT had 4 nasopharynx and 2 lung variants
(Appendix Table 50).

4.3 Discussion

This work has highlighted key genomic features within the B. multivorans strains which may contribute
to their chronic colonization and persistence in the CF lung. This work has expanded the understanding
of similarities and differences between the two B. multivorans lineages, with a focus on the complete
model CF strains. A foundation has also been built for comparison of genotype (Chapters 3 and 4) to
the respective phenotypes (Chapter 5). The comparative analysis was also able to develop lineage
specific probes for B. multivorans to aid their identification and future studies on the epidemiological

significance of these genomic groupings.

4.3.1 The genomic content of the B. multivorans strains is variable

An in-silico approach was used to predict the genomic virulence and pathogenicity features of B.
multivorans, which highlighted many genes associated with both the BCC, in particular B. cenocepacia,
and B. pseudomallei. In future, manual constitution of a BCC virulence and pathogenicity database
would be advantageous to identify B. pseudomallei gene homologs. This would ensure that any genes
with partial matches to the B. pseudomallei virulence genes have an increased chance of detection in
the developed custom database, reducing the risk of false positives/negatives. Having published
virulence databases are useful as it provides a quick and efficient tool for bacterial virulence factor
screening and identification. The VFDB is particularly good as it contains gene information for various

clinically significant bacteria.

Only one link was made between genomic lineage and presence-absence of a gene. In 24 of the lineage
1 B. multivorans genomes, there was an absence of gene pmll/bspli. Previous research has shown that
the absence of this quorum-sensing component can decrease another B. pseudomallei virulence in mice
(Valade et al. 2004). This gene complex has similarities to the cepl and cepR genes in the BCC (Valade
et al. 2004), whereby full function has been associated with heightened B. cenocepacia infection in CF
(Sokol et al. 2003b). The BCC CeplR two-component quorum regulatory system is also linked to
regulation of biofilm formation, swarming motility (Huber et al. 2001), and protease production
(Lewenza et al. 1999). This suggests that lineage 1 strains may be less virulent than lineage 2 B.
multivorans. However, all the model CF B. multivorans, including BCC0084 from lineage 1, harbour
this virulence gene, and all colonised the mouse lung infection model in this study. Therefore, continued
investigation would be required to determine the link between pmil/bspll in B. multivorans and

virulence with the use of knock-out model strain mutants and virulence assays.

Gene cdpA, found in 100% of the B. multivorans strains, has previously been shown to regulate both

swimming motility and protease activity of B. cenocepacia K56-2 in CF sputum (Kumar et al. 2018).
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Protease production and swimming motility in non-BCC B. pseudomallei has also been shown to be
affected by cdpA (Lee et al. 2010). This finding is interesting as the B. multivorans strains studied in
this thesis were protease negative, and not all which harboured the cdpA gene had the ability to swim
on agar (Section 5.2.3). The results confirms that phenotype regulation in different BCC species, even

associated with the same gene systems, can be highly variable.

Interestingly, all the predicted virulence and pathogenicity genes in the B. multivorans model strains
were only found on replicons C1 and C2. The 3" replicon (C3) of the BCC bacteria has previously been
described and shown to functionally act as a virulence mega plasmid (Agnoli et al. 2014). Weaknesses
in the virulence databases are highlighted by the inability to predict putative virulence genes on the C3
replicon, also enhanced by the number of hypothetical genes on this replicon. Further systematic
investigation is required for the role of replicon C3 in B. multivorans chronic infection. This could be
performed through deletion of C3 (Agnoli et al. 2014) and studying the model strains in this study using

murine infection models.

4.3.2 Low Oxygen Locus

Sass et al. (2013) previously described the low oxygen activated (Ixa) locus in B. cenocepacia, whereby
its requirement for prolonged anaerobic growth was key. This work has initially pinpointed the lxa
genes found in the B. multivorans strain panel, illustrating how much of the locus is harboured by each
strain. Whilst there was no clear-cut finding from the panel, it can be said that a greater number of
lineage 2 strains harboured a higher number of /xa genes than lineage 1. This included the two model
strains BCC1272 and ATCC 17616 from lineage 2a. In contrast, lineage 2b strain BCC0033 and lineage
1 BCC0084 model strains had very little of the locus genes. Therefore, it can be hypothesised that
BCC1272 and ATCC 17616 may better survive oxygen-deprived stress conditions in both the changing
environment as well as the CF lung. Not only this, but a larger proportion of /xa locus genes may also

favour attachment to host cells as shown in a recent study by Cullen et al. (2018).

From this initial understanding, a collection of B. multivorans strains with either low or high amounts
of Ixa genes can be used for further analysis; B. multivorans [xa mutants could also be constructed. Such
analysis should include viability cultures in an anaerobic chamber or use of oil to create an anaerobic
state for growth analysis in the Bioscreen C instrument. This can then be compared to B. cenocepacia
to draw conclusions around the similarities and differences under hypoxic growth in the two bacterial

species.

4.3.3 Lineage-specific genes have been identified for novel PCR probes

There have already been great advances made in PCR design of BCC pathogens, for identification and
differentiation in clinical samples (Mahenthiralingam et al. 2000; McDowell et al. 2001). This work

has taken that one step further for B. multivorans, developing PCR probes for each genomic lineage to
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enable further understanding of their clinical relevance. The primers were designed based on 283 B.
multivorans genomes, using a gene presence-absence approach. Agnoli et al. (2014) showed loss of the
3 replicon has been observed in BCC bacteria (3.64% studied). Therefore, it was crucial to design the
B. multivorans lineage-specific PCR primers against either replicon C1 or C2, to ensure genomic

stability.

These PCR primers will help with the accurate identification of B. multivorans in samples to the lineage
level. Differentiation from all members of the BCC remains to be fully determined but were proven to
clearly distinguish from B. cenocepacia as the other dominant CF BCC pathogen. Identification of other
BCC pathogens have been successful directly from sputum (Campbell et al. 1995; McDowell et al.
2001). Drevinek et al. (2002) identified PCR primers which could detect BCC bacteria directly from
CF sputum. However, the practical use of these lineage-specific B. multivorans primers direct from

sputum, in a clinical setting, is yet to be determined.

4.3.4  B. multivorans model strains can be genetically manipulated

Due to the natural intrinsic resistance of the BCC to multiple commonly used antibiotics, the use of
antibiotic selections for genetic manipulation is limited. This currently encompasses three useful
antibiotics (Trimethoprim, Chloramphenicol, and Tetracycline) whereby the modified BCC bacterium
has an increased resistance (Shastri et al. 2017). Therefore, trimethoprim (Tm) and chloramphenicol
(cm) were used as the selection antibiotic for the pMLBAD and the fluorescent reporter plasmids

(pIN301-eGFP and pIN233-mCherry), respectively, in this work.

All B. multivorans model strains had the ability to uptake pMLBAD through transconjugation and
pIN301-eGFP into their genomes via electroporation. However, ATCC 17616 and BCC1272 (both
lineage 2a) were incapable of transformation with pIN233-mCherry plasmid via electroporation. It is
important for model strains to have the ability to be genetically manipulated. Not only does genetic
manipulation allow for understanding gene functions (Xu and Zhang 2016), but also for co-culture and
infection modelling. Even though two of the model strains could not uptake the mCherry plasmid,
uptake of the other two plasmids into these genomes showed that the ability to genetically modify these
bacteria was possible. Therefore, all strains are deemed suitable to be model CF B. multivorans. The
pIN301-eGFP probes will prove useful in later studies of tissues, looking into the dissemination of

bacterial infection.

4.3.5 Functional annotation and classification of the B. multivorans model strains in chronic infection

The CDS of the B. multivorans model strains were classified into COG categories to help understand
genomic functions of the whole genomes and replicons. All four B. multivorans model strains
consistently had the same top 3 COG groups in replicons C1 and C2: “transcription” (K), “inorganic

ion transport and metabolism” (P), and “amino acid transport and metabolism” (E). Transcription CDS
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may have both increased synonymous mutation rates (Zhou et al. 2020) and increased ability to adapt
to varying environments (Peeters ef al. 2017). However, whilst these 4 B. multivorans strains appear to
be enriched with (K) COGs, Peeters et al. (2017) has previously shown that the abundance is
significantly lower than that of related B. cenocepacia. Whilst COG comparisons to other members of
the BCC have not been made in this work, it poses the question whether there may be differences in
adaptation between the B. multivorans strains. Overall, as BCC0084 (lineage 1) has a lower number of
(K) CDS compared to the other strains, suggesting that this strain may be less adaptable to the CF lung.

However, it proved proficient as a short-term mouse lung infection.

4.3.6 Murine modelling of phenotypic and genotypic differences between the model strains

Overall, there were no clear similarities in SNP variants between the model strains and the course of
murine infection over the 5-day period. Each infection was unique, presenting different core SNP
phylogenies, genomic variants, viability burden, and effects on mouse pain and weight. B. multivorans
ATCC 17616 (lineage 2a) had the most adaptive polymorphic variants amongst the strains, further

strengthening the idea that the strain can readily change under positive selection (Zhou et al. 2020).

Using core SNPs, phylogenomic diversity can be measured more accurately for closely related, or
sequential, organisms. BCC0084::pIN301-eGFP (lineage 1) had the closest relationship between the
infection stock and the respective infection isolates. This correlates with the short branching of lineage
1 B. multivorans in the core gene phylogeny when compared to lineage 2 (Section 3.2.5). This could
indicate the nature of lineage 1 to have a more closely conserved genome compared to the plasticity of
lineage 2 strain genomes. However, SNP rates in the CF lung for diverging BCC lineages, with only
around 2.1-2.4 SNPs per year (Lood et al. 2021). The limited modelling in this thesis does come with
its caveats, due to the short-term nature. Understanding the long-term evolution of the B. multivorans
model strains in greater detail, with experimentation over months or years, would provide much greater

insight into adaptive traits associated with chronic infection.
4.4 Conclusions
Following the genome analysis of the B. multivorans strains, the following conclusions can be made:

1) The genomic content of the B. multivorans strains is variable, and in terms of major content
differences, is not linked to genomic lineage

2) Two novel diagnostic PCR primers have been developed, targeting the specific B. multivorans
lineage for use in a clinical setting

3) COG analysis showed similarities in the CDS found on the C1 and C2 replicons of the B.
multivorans strains

4) Murine infection did not show any correlations between the B. multivorans strains and

evolution of genomic variants during short-term respiratory infection
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5 Phenotypic Characterization of a B. multivorans strain collection and its

interactions with other members of the CF microbiota

5.1 Introduction

The term ‘phenotype’ is used for characterizing observable and expressed traits in an organism, such as
bacterial cell growth (Bochner 2009). Multiple phenotypes of CF pathogens have been previously
studied in P. aeruginosa (Deligianni et al. 2010; Mayer-Hamblett et al. 2014; Clark et al. 2015), S.
aureus (Kahl 2010; Bernardy et al. 2020), B. cenocepacia (Lee et al. 2017) and B. multivorans (Silva
et al. 2011). Understanding bacterial phenotypes helps to make observations in the population at single
time points and longitudinally over time to potentially identify virulence-associated characteristics
which alter during chronic infection. In parallel with bacteria genotype, phenotypic characteristics
change and evolve over time. These alterations in pathogen phenotype are often complex, and show
heterogeneity with the bacterial genotype, such as in Stenotrophamonas maltophilia CF infection
(Esposito et al. 2017). This is where a wide range of phenotypes are expressed but are not necessarily
correlated to genotype, such as growth, biofilm formation, and mutation frequency (Esposito et al.
2017). For chronic CF lung infection of P. aeruginosa, studies have shown a loss of motility
(Mahenthiralingam et al. 1994) and decreases in virulence factor production like T3SS and QS,

adaptation to reside as a biofilm, and an increase in antimicrobial resistance (Winstanley et al. 2016).

All organisms undergo cell replication and growth, although the understanding of how the environment
affects bacterial growth continues to expand in knowledge. Bacteria have been found to adjust their
metabolism to confer the optimal growth rate for the environment (Bosdriesz et al. 2015), making
bacterial growth rates highly variable depending on their niche. Often, a fast-growing microorganism
would be referred to as possessing a positive fitness trait (La Rosa et al. 2021), as there is the ability to
outcompete another bacterium in the same ecological niche. However, adaptation to a slow growing
phenotype may also be advantageous in certain circumstances, like chronic colonization and infection
(Yang et al. 2008). The slow growing nature of certain bacteria has been shown to confer other
associated phenotypes such as an increase in antimicrobial resistance and biofilm production (Bartell et

al. 2019; La Rosa et al. 2021).

Bacterial biofilms are an important phenotype of many pathogenic bacteria. These are aggregated cells
and other matrix material which are formed over time as bacteria grow. They start with a surface
attachment, then cells, DNA and substances, such as extracellular polymers (EPS), build upon this to
create an autogenous matrix (Vestby et al. 2020). Around 40 to 80% of all bacterial cells having biofilm-
forming ability (Flemming and Wuertz 2019), contributing to their adaptation and survival in harsh
environmental conditions (Vestby et al. 2020). Biofilms also heighten the ability for the bacterial colony

to respond to stress and antibiotics, specifically increasing their antimicrobial resistance (Aiyer et al.
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2021). Biofilms frequently enable persistent infections which are hard to eradicate (Gordon et al. 2019).
It is well understood that biofilms are the driving force for chronic infection, as opposed to planktonic
growth (Martin et al. 2021). Within CF infection, microbial biofilms are known to form within the thick

and sticky mucus in the lungs and airways.

Another pathogenic phenotype associated with bacterial CF pathogens is motility. There are several
types of bacterial motility: swimming, swarming, twitching, gliding, and floating (Jarrell and McBride
2008). The former 3 motility types listed are the ones most commonly seen in CF-associated bacteria
such as P. aeruginosa (O'May and Tufenkji 2011). The driving force of swimming motility is ultimately
down to one or more functional flagellar propelling the bacteria (Ha et al. 2014). Swarming motility
enables solid surface migration of bacteria though use of both a rotational flagella and surfactant
combined (Kearns 2010). QS is also important for regulation of bacterial swarming, mediating multiple
bacterial cell interactions (Daniels et al. 2004). BCC species often possess motility traits, but have been
shown to harbour different numbers of flagella (Mahenthiralingam and Vandamme 2005). Whilst
swimming motility has been shown to attenuate in P. aeruginosa chronic CF infection isolates
(Mahenthiralingam et al. 1994), BCC infections do not appear to have the same longitudinal loss of

motility from current data (Zlosnik et al. 2014).

Extracellular polysaccharide (EPS) production in BCC species are also a phenotype associated with
chronic CF infection. Not only do these substances enhance bacterial biofilms, but related CF-pathogen
P. aeruginosa has been shown switch phenotype from nonmucoid to mucoid during infection,
contributing to morbidity and mortality (Zlosnik et al. 2008). EPS in the BCC is less well understood
than P. aeruginosa. Knowledge currently extends to the understanding of EPS types excreted by BCC
bacteria. The most common is cepacin, whereby many clinically associated BCC have been shown to
produce this EPS type (Ferreira ef al. 2010). A paper by Zlosnik ef al. (2011) showed that there was a
correlation between less mucoidy/EPS-producing BCC strains, including B. multivorans, and decreased
CF lung function. However, further research into EPS and CF understanding in B. multivorans remains

open for investigation.

Antimicrobial resistance (AMR) is a huge threat to public health, especially today with resistance
continuing to rise. Whilst not everyone agrees with the predictions (de Kraker et al. 2016) it has been
suggested that 10 million people will die in 2050 due to AMR-related complications (Murray 2022).
Not all of these will be attributed to CF infection, but it is still a large cause for concern in associated
AMR bacteria. One major issue we face is the way in which CF infections are treated. Novel therapies
are a rarity, meaning that widely used clinical antibiotics are given as standard and continuous treatment
(Conly and Johnston 2005). Unfortunately, the AMR is a phenotype possessed by multiple CF
pathogens beyond Burkholderia. This includes bacterial species and strains with both multi- and pan-

drug resistances such as P. aeruginosa (Clark et al. 2018), conferring resistance to the most common
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antibiotic therapies. This makes infection eradication exceedingly difficult. Therefore, understanding
antibiotic susceptibility patterns of the specific bacterial strain present during infection is crucial for

improved patient care.

Proteases are a key pathogenicity phenotype for bacteria, accelerating disease in a number of situations
(Culp and Wright 2017). Multiple pathogenic bacteria secrete proteases which have been shown to
interact and interfere with host defence mechanisms (Voynow et al. 2008). Extracellular proteases have
been observed in several CF-associated bacteria. This includes P. aeruginosa, which has previously
been shown to secrete two major proteases, an alkaline protease (AprA) and an elastase (LasB) (Mateu-
Borras et al. 2021). Sun et al. (2020) showed that the LasB extracellular protease of P. aeruginosa
actively affected the pulmonary system in CF by inducing lung inflammation and damage through
activation of interleukin-1. The BCC bacteria have also been shown to excrete extracellular proteases.
For example, metalloprotease ZmpA was found in B. cenocepacia and B. cepacia, yet the 7 B.
multivorans strains tested in this study were negative for this zinc metalloprotease (Gingues et al. 2005).
Whether this lack of protease production is a feature of B. multivorans as a species remains to be

determined.

Chronic CF infections with only one bacterial species are unusual in the context of multiple diseases.
There have been studies which look at the community analysis and co-occurrence of different CF
bacteria in the lung, with evidence that bacterial diversity decreases over time (Zhao et al. 2012;
Narayanamurthy et al. 2017). In younger individuals, community diversity is observed to be the
greatest, up until around 10 years of age. This then decreases, before hitting a plateau around 25-years
of age (Coburn et al. 2015). By understanding the lung microbiota diversity at different time points,
disease state (Cuthbertson et al. 2020) and clinical outcome can be estimated. For instance, B.
cenocepacia has been shown to escalate rapid lung function decline, significantly greater than when an
individual is infected with P. aeruginosa or B. multivorans (Courtney et al. 2004). B. multivorans has
been shown to co-infect individuals with other common CF bacteria. A longitudinal study of B.
multivorans has shown its simultaneous presence with 3 other CF pathogens (S. aureus, H. influenzae
and P. aeruginosa) for several years before microbial diversity decreased and B. multivorans was
reported alone (Silva ef al. 2016). In adults with CF, Burkholderia are frequently the dominant
pathogens in the lung microbiome along with P. aeruginosa, Ralstonia, Achromobacter,

Stenotrophamonas, and other Gram-negative AMR species (Flight ez al. 2015).

Infections with multiple microorganisms not only makes patient treatment difficult in terms of antibiotic
resistance patterns but can also affect pathogen phenotype alterations based on polymicrobial
interactions. Previous work showed an increase in biofilm formation and inflammatory response when
P. aeruginosa and B. cenocepacia were modelled together in a murine model (Bragonzi et al. 2012). P.

aeruginosa has often thought to be a dominant pathogen in CF co-infections, inhibiting the growth of
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other strains (Costello er al. 2014). However, Costello et al. (2014) also showed that a CF isolate of B.
multivorans has also previously been shown to suppress the growth of co-infecting pathogens such as
B. cenocepacia and P. apista. Interesting observations have also been found when modelling co-
infection of B. multivorans with P. aeruginosa. Both bacterial species can inhibit the growth of one
another, to different extents, reducing the overall growth in a co-infection (Costello et al. 2014). In
long-term CF lung infection, where other microorganisms were present, B. multivorans has been shown
to exhibit traits linked to chronic colonization. These include reductions in motility and O-antigen
repeats, but an increase in biofilm formation and antibiotic resistance (Silva et al. 2016). However, it
remains unclear whether these phenotypic alterations are driven by interactions during B. multivorans

co-infection (Silva et al. 2016).

5.1.1 Aims and objectives

The overall aim of this Chapter was to investigate the phenotype of a B. multivorans sub-strain
collection representative of the diversity within the genome sequenced isolates (see Chapter 3) and
identify potential phenotypic differences (Chapter 5) between the genomic lineages. The following

objectives were investigated:

1) To determine the growth kinetics of the B. multivorans collection in liquid media

2) To evaluate the motility of the B. multivorans strain collection, specifically evaluating the
swimming and swarming phenotype

3) To examine the antibiotic susceptibility patterns of the B. multivorans strains using a disk
diffusion-based assay

4) To characterise the biofilm forming ability of B. multivorans across the strain collection

5) To screen the B. multivorans collection for protease production, exopolysaccharide production
and colony morphology type on a range of different growth media

6) To define phenotypic alterations that occur when B. multivorans is interacted with a secondary

CF pathogen

Hypothesis 1: The B. multivorans phenotype will be highly variable and not associated with genomic

lineage

Hypothesis 2: The B. multivorans strains will change certain phenotypic properties when interacted

with a secondary CF lung pathogen
5.2 Results

5.2.1 Colony morphology of the B. multivorans strains

The colony morphology was examined for 89 B. multivorans strains, including the 73 sequenced in

Section 3.2.1. The colonies were assessed for shape, size, and surface texture after 24-hours of growth
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on TSA (Table 31). Eleven (12.4%) of the B. multivorans strains had an irregular shape, with the other
88% of strains presenting a round morphology. Forty (44.9%) of the B. multivorans strains had a
medium colony size. The remaining 49 (55.1%) of strains had small colonies. The appearance of all B.

multivorans strains was shiny (Table 31).

Congo red medium (CRM) was used to look at morphological differences in colonial variants and cell
surface differences through dye uptake (n = 89) (Chung et al. 2003). Agar plates were examined by eye
after 48-hours of growth. Two strains (BCC1367 and BCC0059). Twelve strains (13.5%) had pink
colonies upon examination. BCC0006, BCC0225, BCC1368 and BCC0901 all had red colonies (n = 4;
4.5% of strains). It has previously been suggested that an increase in EPS production may reduce the
ability to uptake the congo red dye (Chung et al. 2003), but that was not the case in this study. Instead,
the difference in uptake of congo red dye may indicate other cell surface differences (Chung et al. 2003).
The strains with red centres all encompassed CF isolates. All other B. multivorans strains (79.8%) had
pink with orange-red centres. There was no correlation between colony morphology and genomic

lineages.
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Table 31 | Colony morphology of the B. multivorans stains (n = 89). The strains and their associated shape,

size, and appearance on TSA are noted. TSA with 0.01% (w/v) congo red agar was also used to assess colony

morphology of the strains.

Morphology
Lineage  Strain
Shape Size Appearance  Congo Red Agar EPS production (YEM agar)

BCC0006 Round Small Shiny Red -
BCC0009 Irregular ~ Medium  Shiny Pink to pink with orange centre ++++
BCC0010 Round Small Shiny Pink with red centre ++++
BCC0067 Round Small Shiny Pink with red centre ++++
BCC0080 Round Medium  Shiny Pink with red centre ++
BCC0084 Irregular ~ Medium  Shiny Pink with orange centre +++
BCC0093 Round Small Shiny Pink with red centre 4+
BCCO0101 Round Medium  Shiny Pink with red centre ++
BCCO115 Irregular ~ Medium  Shiny Pink with orange centre ++++
BCCO0141 Round Small Shiny pink with red centre 4+
BCC0149 Round Small Shiny Pink with orange-red centre 4+
BCCO0175 Round Medium  Shiny Pink with orange-red centre ++
BCC0292 Round Medium  Shiny Pink with red centre +4+++
BCC0293 Round Small Shiny Pink with orange centre ++
BCC0303 Round Small Shiny Pink +++
BCC0321 Round Small Shiny Pink +

: BCC0375 Round Medium  Shiny Pink with red centre ++
BCC0702 Round Small Shiny Pink with orange centre +++
BCC0704 Round Small Shiny Pink with orange centre +++
BCC0737 Round Small Shiny Pink with red centre +++
BCC0814 Round Medium  Shiny Pink to pink with orange centre +++
BCCO0865 Round Small Shiny Pink with red centre ++
BCC0904 Round Small Shiny Pink +
BCC0915 Round Small Shiny Pink with orange-red centre +++
BCC0921 Round Small Shiny Pink with orange centre +
BCC0962 Round Small Shiny Pink with red centre ++++
BCC0968 Round Small Shiny Pink with orange-red centre +++
BCC1177 Round Small Shiny Pink with orange centre +++
BCC1190 Round Small Shiny Pink with red centre ++++
BCC1367 Round Small Shiny Orange to red ++
BCC1384 Round Small Shiny Pink ++++
BCC1385 Irregular  Medium  Shiny Pink with red centre ++++
ATCC17616  Irregular Medium  Shiny Pink with red centre +++
BCC0005 Round Medium  Shiny Pink with red centre ++++
BCC0008 Round Small Shiny Pink with orange-red centre ++++
BCC0031 Round Medium  Shiny Pink with orange-red centre ++++
BCC0032 Round Medium  Shiny Pink with red centre ++

2 BCC0033 Trregular  Medium  Shiny Pink with red centre +++
BCC0037 Round Medium  Shiny Pink with orange-red centre ++++
BCC0043 Round Small Shiny Pink with orange centre ++
BCC0047 Round Medium  Shiny pink ++++
BCC0050 Round Medium  Shiny Pink with orange-red centre ++++
BCC0059 Round Small Shiny Orange to red +++
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BCC0065 Round Medium  Shiny Pink to pink with orange centre ++
BCC0066 Round Medium  Shiny Pink with red centre ++
BCC0068 Round Small Shiny pink -
BCC0074 Round Medium  Shiny Pink with red centre ++
BCC0075 Round Small Shiny Pink with orange centre ++++
BCC0079 Round Medium  Shiny Pink ++++
BCC0082 Irregular  Medium  Shiny Pink with red centre ++
BCC0087 Round Medium  Shiny pink with orange centre ++
BCC0089 Round Medium  Shiny Pink with orange-red centre ++++
BCC0096 Round Medium  Shiny Pink with orange centre +++
BCC0099 Round Medium  Shiny Pink with red centre +++
BCC0102 Round Small Shiny Pink with red centre 4+
BCCO0134 Round Small Shiny Pink with red centre ++
BCCO0181 Round Small Shiny Pink with red centre 4+
BCC0188 Round Small Shiny Pink with red centre -
BCC0225 Irregular  Medium  Shiny Red +++
BCC0241 Round Medium  Shiny pink with red centre ++
BCC0244 Round Medium  Shiny Pink with red centre +
BCCO0246 Round Medium  Shiny Pink with red centre +4+++
BCC0247 Round Medium  Shiny Pink with red centre ++
BCC0255 Round Small Shiny Pink with orange centre +4+++
BCC0264 Round Medium  Shiny Pink with red centre +
BCC0266 Round Medium  Shiny pink with red centre ++
BCC0269 Round Medium  Shiny pink with red centre +++
BCC0300 Round Small Shiny Pink with orange centre +++
BCC0317 Irregular  Medium  Shiny Pink with orange centre ++++
BCC0384 Round Small Shiny pink +
BCC0470 Round Medium  Shiny Pink with red centre +++
BCC0493 Round Small Shiny Pink -
BCC0497 Round Small Shiny Pink -
BCCO0533 Irregular  Medium  Shiny Pink with red centre ++++
BCCO0553 Round Small Shiny Pink with orange-red centre +
BCCO0583 Round Small Shiny Pink with red centre ++
BCCO0585 Round Small Shiny Pink with red centre +++
BCCO0585 Round Small Shiny Pink with orange-red centre +++
BCC0710 Round Small Shiny Pink with red centre ++
BCC0729 Irregular  Medium  Shiny Pink with red centre +++
BCC0901 Round Small Shiny Red +++
BCC0907 Round Medium  Shiny Pink with red centre +++
BCC1147 Round Small Shiny Pink with orange centre ++
BCC1148 Round Small Shiny pink ++
BCC1185 Round Small Shiny Pink +++
BCCI1271 Round Small Shiny Pink with orange centre +++
BCC1272 Round Small Shiny Pink with red centre +++
BCCl1421 Round Small Shiny Pink with orange-red centre ++++
Other BCC1368 Round Small Shiny Red +
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5.2.2  B. multivorans growth rate analysis

5.22.1 Growthin TSB

Bacterial growth rates were performed for the B. multivorans phenotype panel (n = 50) (Figure 43)
using a Bioscreen C instrument. Analysis was performed in TSB, incubated at 37°C, over a 48-hour
period. Figure 43 illustrates the growth curve for the 50 B. multivorans strains examined. The observed
maximum growth rate of the B. multivorans strains split into two broad groups (Figure 43). Stationary
phase was reached by 29 strains in less than 24-hours, whereas 21 strains took over 24-hours to reach

the same growth phase (Figure 43).

To define the growth parameters of the B. multivorans strains in greater detail, the R Grofit package
was used. This modelled the length of lag phase, maximum growth rate and maximum culture density
for each strain up to the 48-hour growth point. Data summaries can be found in the Figure 44 box plots.
All 50 B. multivorans strains reached a maximum culture density of 0.36 OD 4g0.50nm. This was
unaffected by the slower growth rate observed in half the strains. The average lag phase was 5.02 hours.
There were 5 strains (BCC0303, BCC0269, BCC0493, BCC0921, and BCC1185) which exhibited
prolonged lag phases (mean = 11.16 hours). All these strains were found to be above the upper quartile
in terms of the length of the lag phase (Figure 44). As for the growth rate, the average for all strains was
0.032 h™'. To identify very slow growing B. multivorans strains, the strains which fell below the lower
quartile were noted. BCC0032, BCC006, BCC0075, BCC0188, BCC0225, BCC0247, BCC0375,
BCC0497, BCC0702, BCC0814 and BCC0865 were all noted as slow growing (mean = 0.018 hh),
comprising 21% of the total strains. The well characterised reference soil strain ATCC 17616 (0.066 h*
" and its isogenic BCC1272 CF strain (0.059 h™") were on or within the upper quartile in growth rate
(Figure 44). This means that ATCC 17616 and BCC1272 represented two of the fast-growing B.

multivorans strains.
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Figure 43 | Growth curves of the B. multivorans phenotypic strain panel over a 48-hour period. Growth rates were measured using a Bioscreen C instrument. Cultures

were grown in TSB at 37°C, shaking 10 seconds before each 15-minute reading. ODs for each B. multivorans strain (n = 50) were aggregated and the means plotted.
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Figure 44 | Growth parameters of the B. multivorans strains (n = 50) at 48-hours. The box plots have been
drawn from data produced in R using the GroFit package: (A) growth rate (h™!), (B) lag phase (hours), and (C)
maximum growth (OD 450520 nm). All box plots are annotated with the model strains on the right-hand side (red)

and display the upper quartile, mean, and lower quartile. Outliers have also been added to the plots.
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5.2.2.2  Growth in ASM

Artificial sputum medium (ASM) (Kirchner et al. 2012) was used in a further experiment as a more
biomimetic growth comparison against the conventional nutrient rich TSB. A standardised amount of
fresh TSB culture was used as the inoculum for the experiment to ensure the starting point was the
same. The ASM growth was only determined for the four selected model strains, ATCC 171616 (lineage
2a), BCC0033 (lineage 2b), BCC0084 (lineage 1), and BCC1272 (lineage 2a) (see Section 3.2.8), as
shown in Figure 45. In all four strains, the growth rate (h') was faster in TSB than ASM. In B.
multivorans strains ATCC 17616 (p = 0.004) and BCC1272 (p =0.005), the growth rate in ASM was
around 0.05 to 0.06 h™' significantly slower than in TSB. For B. multivorans strains BCC0033 and
BCCO0084, there was a smaller difference in growth rate between TSB and ASM. On average, BCC0033
(p =0.1) and BCCO0084 (p =0.3) grew 0.015 and 0.012 h™' slower in ASM than TSB, respectively.

The average lag phase (hours) in ASM was 2.0, 2.1, 1.2, and 1.1 slower for B. multivorans strains ATCC
17616 (p = 0.03), BCC1272 (p = 0.04), BCC0033 (p = 0.07), and BCC0084 (p = 0.04), respectively.
The lag phase was between 1.9 and 2.4 hours longer when grown in ASM compared to TSB, depending
on the B. multivorans strain examined. B. multivorans ATCC 17616 had the longest lag phase when
grown in ASM, with an average of 4.4 hours. B. multivorans BCC0033 had the smallest increase in lag
phase growth, with a difference of 1.9 hours when grown in ASM compared to TSB, of all four B.

multivorans strains tested.

All four strains had a reduction in overall maximum growth (OD) when grown in ASM compared to
TSB. All four tested strains reached a maximum ODugo-s20nm Of between 0.16 and 0.21 when grown in
ASM. The greatest difference in overall OD were observed in BCC0033 (p = 0.05) and BCC1272 (p =
0.02), both with reduction in overall growth by 0.19 ODugo-520nm. ATCC 17616 had a reduction of 0.16
OD4g0-520nm (p = 0.06) and BCC0084 had a reduction of 0.15480-520nm (p = 0.05) when grown in ASM.
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Table 32 | Statistical comparison of the B. multivorans strains (n = 4) grown in TSB compared to ASM.

Results are split into growth type from the output of the R GroFit package.

Growth Parameter Model Strain Z-Value P-value P-adjusted Significance
ATCC 17616 -3.3045 0.00048 0.00443962 sk
BCC1272 -3.3842 0.00036 0.00499773 ok
Growth Rate (h -1)
BCC0033 -1.566 0.05867 0.12637448 ns
BCC0084 -0.6636 0.25349 0.2957333 ns
ATCC 17616 -2.5481 0.00542 0.03032946 *
BCC1272 -2.2296 0.01289 0.03608689 *
Lag Phase (hours)
BCC0033 -1.9111 0.028 0.07126948 ns
BCC0084 -2.2296 0.01289 0.04009655 *
ATCC 17616 -1.9111 0.028 0.07126948 ns
BCC1272 -2.7073 0.00339 0.01899158 *
Maximum OD (480-520 nm)
BCC0033 -2.1898 0.01427 0.04994902 *
BCC0084 -2.1101 0.01742 0.05420753 ns

The viable bacteria were also enumerated prior to and after growth analysis in TSB media. Counts
started at 10° CFU/ml and increased to 10’ CFU/ml by 30-hours growth. Viable enumeration was
performed for a range of both the slower and faster growing strains. The number of colonies was
consistent across the strains by 30-hours, supporting assumption that all strains, irrespective of their

growth rate, had reached stationary phase by the 30-hour period.
5.2.2.3  Growth of the genetically manipulated strains

The genetically manipulated pIN301-eGFP and pIN233-mCherry expressing B. multivorans strains
from Section 4.2.9.2 were grown in TSB. P. aeruginosa::pIN233-mCherry was also included in the
analysis to ensure its suitability for growth interaction modelling with B. multivorans in Section 5.2.9.4.
This was to observe whether there were any differences in the growth parameters compared to the wild-
type strain. As chloramphenicol (50 pg/ml) antibiotic is used to maintain the pIN301-eGFP and pIN233-
mCherry plasmids, the genetically manipulated strains were grown with and without antibiotic present.
Overall, no significant difference was observed in the growth parameters of the pIN301-eGFP
genetically manipulated strains, grown both with and without antibiotic, compared to the respective
wild-type strains (Table 33). BCC0033::pIN233-mCherry grown without antibiotic had a significant
difference in the lag phase, being longer by 0.8 hours, compared to BCC0033 wild-type (Table 33). All
other pIN233-mCherry strains did not have any significant differences (Table 33).

211



Table 33 | Statistical comparison of the B. multivorans parent strains and the pIN301-eGFP genetically manipulated strains (n = 4).

Growth Parameter Model Strain (Parent) Comparison (pIN301-eGFP) Z-Value P-value P-adjusted Significance
ATCC 17616 without antibiotic 0.316179 0.375933 0.443064 ns
ATCC 17616 with antibiotic 1.449154 0.073647 0.151898 ns
BCC1272 without antibiotic -0.10539 0.458032 0.472345 ns
Growth Rate (h-1) BCC1272 with antibiotic 1.132975 0.128612 0.202105 ns
BCC0033 without antibiotic -0.13174 0.447594 0.476472 ns
BCC0033 with antibiotic -0.26348 0.396089 0.45863 ns
BCC0084 without antibiotic -0.11384 0.454683 0.476335 ns
BCC0084 with antibiotic 0.081312 0.467597 0.474791 ns
ATCC 17616 without antibiotic -0.97489 0.164809 0.231433 ns
ATCC 17616 with antibiotic -1.81803 0.03453 0.094957 ns
BCC1272 without antibiotic -1.34376 0.089513 0.151483 ns
BCC1272 with antibiotic -2.08151 0.018694 0.056081 ns
Lag Phase (hours) BCC0033 without antibiotic -1.08028 0.140009 0.200883 ns
BCC0033 with antibiotic -1.44915 0.073647 0.138878 ns
BCC0084 without antibiotic -0.06505 0.474067 0.488882 ns
BCC0084 with antibiotic -0.48787 0.312819 0.382335 ns
ATCC 17616 without antibiotic 0.685054 0.246655 0.33915 ns
ATCC 17616 with antibiotic -0.47427 0.317654 0.374378 ns
BCC1272 without antibiotic 1.923422 0.027214 0.11974 ns
Maximum OD (480-520 nm) BCC1272 with antibiotic 0.922189 0.178215 0.280052 ns
BCC0033 without antibiotic 0.711403 0.238417 0.334799 ns
BCC0033 with antibiotic 0.843144 0.199574 0.292708 ns
BCC0084 without antibiotic -0.58545 0.279123 0.361218 ns
BCC0084 with antibiotic 0.032525 0.487027 0.494519 ns
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Table 34 | Statistical comparison of the B. multivorans (n = 2) and P. aeruginosa LESB58 parent (wild type) (r = 1) strains and the pIN233-mCherry genetically

manipulated strains.

Growth Type Model Strain (Parent) Comparison (pIN233-mCherry) Z-Value P-value P-adjusted Significance
LESB58 without antibiotic 0.248214 0.401985 0.438529 ns
LESB58 with antibiotic 0.347499 0.364108 0.409622 ns
BCC0033 without antibiotic -0.49643 0.309796 0.39831 ns
Growth Rate (h -1)
BCC0033 with antibiotic -1.58857 0.056079 0.126178 ns
BCC0084 without antibiotic -0.58377 0.279686 0.372915 ns
BCC0084 with antibiotic -0.21228 0.415944 0.440411 ns
LESB58 without antibiotic 1.489283 0.068206 0.175388 ns
LESB58 with antibiotic 1.191426 0.116743 0.221198 ns
BCC0033 without antibiotic 2233924 0.012744 0.045879 *
Lag Phase (hours)
BCC0033 with antibiotic 2.084996 0.018535 0.055605 ns
BCC0084 without antibiotic -0.27862 0.390269 0.453215 ns
BCC0084 with antibiotic -0.4909 0.311748 0.400819 ns
LESB58 without antibiotic 0.496428 0.309796 0.619593 ns
LESB58 with antibiotic 0.446785 0.327515 0.589527 ns
BCC0033 without antibiotic -0.94321 0.172786 0.691145 ns
Maximum OD (480-520 nm)
BCC0033 with antibiotic 0.049643 0.480204 0.523858 ns
BCC0084 without antibiotic -0.87566 0.190607 0.686186 ns
BCC0084 with antibiotic -0.39803 0.345305 0.540477 ns
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5.2.3  Swimming and swarming motilities

P. aeruginosa has been shown to completely ‘switch off” its motility as a major pathogenesis factor in
CF (Mahenthiralingam et al. 1994; Wolfgang et al. 2004). The B. multivorans strains (n = 49) were
assessed for swimming and swarming motility, to identify whether any of these strains exhibit low or
non-motility. Swimming motility was tested on 0.3% LB agar and swarming motility was tested on
0.5% LB and BSM-G agars. The two agar types used in the swarming motility assay were to allow for
comparison of an enriched and sparse nutrient medium, with the latter encouraging the B. multivorans
strains to swarm further. Figure 46 illustrates the motility and how it was categorised for the B.

multivorans strains.

Non-motile Low Medium High

BCCO065

Figure 46 | Representative images for the B. multivorans swimming and swarming motility categories.
Results were recorded after 24-hours incubation at 37°C. The figure shows a representation of results on BSM-G

agar.

The findings showed that both motility types were highly variable amongst the strains. No statistical
significance was observed in motility when comparing the B. multivorans genomic lineages. LB
swimming, LB swarming, and BSM-G swarming motilities presented mean diameters of 25.08 mm,
9.86 mm, and 22.76 mm, respectively. Most B. multivorans (n = 47; 96%) showed motility on at least
one type of agar. When comparing motility types, 87% of B. multivorans strains had the ability to swim
whereas only 80% could swarm. The swarming ability varied when tested on LB versus BSM-G agar,
however, no statistical difference between the growth media was found (non-parametric Kruskal-Wallis
test with Chi-squared value of 1.82; p = 0.18). Full motility measurements can be found in Appendix
Table 51. Interestingly, two strains (BCC0068 and BCC0904) were completely nonmotile. BCC0068
was a CF isolate whilst BCC0904 was a non-CF infection isolate.
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Figure 47 | Swimming and swarming metility in the B. multivorans strain panel after 24-hours incubation at 37°C.
(A) Swimming motility was performed on 0.3% LB agar (n = 49). Swarming motility was performed on (B) 0.5% LB
agar (n =48) and (C) 0.5% BSM-G agar (n = 44). Model B. multivorans strains (n = 4) are annotated in red on the right-
hand side of each box plot.

5.2.4 Antibiotic susceptibility patterns

Antibiotic screening was performed on the B. multivorans strains (n = 45) using the agar disc diffusion
assay. This screened colistin sulphate (100 pg), chloramphenicol (50 pg), ampicillin (25 pg),
tetracycline (100 pg), streptomycin (25 pg), nitrofurantoin (50 pg), nalidixic acid (30 pg), and
kanamycin (30 pg). Figure 48 showed the mean susceptibility diameters for each of the tested strains.
There were no EUCAST breakpoints for BCC bacteria, as well as no suitable PK/PD values for the

antibiotics tested. Therefore, the mean susceptibilities have been used for analysis.

All B. multivorans strains, irrespective of lineage, were resistant to nitrofurantoin but susceptible to
tetracycline. On average, the strains had a zone of inhibition of 19.6 mm when in the presence of
tetracycline. Whilst resistance to tetracycline has been observed in B. cenocepacia and B. ubonensis, B.
multivorans lacks the tetA resistance gene (Somprasong et al. 2021). Chloramphenicol susceptibility

was shown in every lineage 2 strain (n = 29), and in 15 (93.8%) of the lineage 1 (n = 16) strains, with
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an average zone of inhibition at 20.4 mm and 20.8 mm, respectively. BCC0375 was the only B.

multivorans strain to possess resistance to chloramphenicol

All lineage 1 strains (n = 16) were resistant to colistin sulphate. In lineage 2, there were 5 strains (17.2%)
which showed sensitivity to colistin sulphate. ATCC 17616, BCC0225, BCC1272, BCC0269, and
BCCO0479 all had between 9 mm and 15 mm zones of inhibition. Resistance to colistin (polymyxin E)
was expected as this is an intrinsic phenotypic trait of BCC bacteria, including B. multivorans (Henry
et al. 1999; Malott et al. 2012). These five strains which showed some sensitivity to the antibiotic are
therefore of interest, where hopanoids and membrane stability may be a factor in increased susceptibility

(Malott et al. 2012).

All B. multivorans, except two strains (BCC1190 and BCC0074), were resistant to ampicillin (Figure
48). As susceptible strains, BCC1190 had a clearing zone of 23.5 mm and BCC0074 of 17 mm when
exposed to ampicillin. B. multivorans, specifically the ATCC 17616 strain, has previously been shown
to harbour the PenA enzyme, conferring resistance to 3-lactam antibiotics (Poirel et al. 2009). However,
the role of the penA gene in B. multivorans is not well understood (Rhodes and Schweizer 2016). Whilst
the penA gene was found through Abricate in strains ATCC 17616 and BCC1271 (Section 1.1.1.3), it
was absent in all other strains tested in this thesis. Therefore, the ampicillin resistance seen in most

strains is likely to be through another mechanism.

Four strains (8.7% of total strains: BCC0375, BCC0264, BCC0710 and BCC1185) were resistant to
nalidixic acid (Figure 48). All remaining B. multivorans strains were susceptible to nalidixic acid (mean
zone of clearing was 13.1 mm). The only strain susceptible to streptomycin was BCC0384, with a zone
of inhibition of 11.7 mm. Kanamycin resistance was observed in 5 strains (BCC0904, BCCO0068,
BCC0264, BCC0075 and BCC1185), whereas the remaining strains had a mean susceptibility of 14.0
mm (Figure 48).

Three B. cenocepacia strains (n = 3) (J2315, K56-2, and BCC0019) were subjected to antibiotic
susceptibility testing using the same antibiotic rings as the B. multivorans strains. Antibiotic resistance
was observed in all 3 B. cenocepacia strains when exposed to colistin sulphate, ampicillin,
streptomycin, nitrofurantoin, and kanamycin. Tetracycline sensitivity was observed in B. cenocepacia
K56-2 (mean zone of inhibition was 16 mm), but BCC0019 and J2315 were resistant. All 3 B.
cenocepacia strains were sensitive to nalidixic acid, ranging from 15.7 mm to 20.3 mm zones of
inhibition. In all, this correlated to the results observed in the B. multivorans strains, with the exception

that all B. multivorans were sensitive to tetracycline (Figure 48).
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Figure 48 | Antibiotic susceptibility of the B. multivorans strain panel (n = 45) using the M26-NCE
MASTRING disc diffusion assay. Box plots show the mean, lower quartile, and upper quartile zone of

clearing (mm) for each antibiotic. Outliers are also shown.

5.2.5 Biofilm formation of planktonic B. multivorans

Biofilm production is a pathogenic phenotype of multiple CF pathogens. Crystal violet staining assays
(O'Toole 2011) were performed to assess the ability of the B. multivorans strains (n = 49) to create
biofilms in a 96-well plate over the course of 24-hours. B. multivorans ATCC 17616 was used as the
positive control strain because of its known good biofilm-producing ability (Caraher et al. 2007), which
presented a mean biofilm of 0.18 ODgoonm (Figure 49). Caraher et al. (2007) also highlighted a weak
biofilm former, BCC0010 (also known as strain number C1962). This was used as the low biofilm
control in the experiment, which formed a mean biofilm of 0.017 ODsoonm (Figure 49). The overall mean
biofilm produced by the B. multivorans strains was 0.076 ODgoonm. Strains which produced a biofilm
greater than ATCC 17616 were noted as high biofilm forming. BCC0047, BCC1147 and BCC1272
(6% of strains tested) all produced a high amount of biofilm (Figure 49). In contrast, 14% of the strains

217



tested (n = 7) were noted as weak biofilm formers (BCC0068, BCC0075, BCC0264, BCC0493,
BCC0814, BCC0865, BCC0921), with an average ODgoonm Of less than BCCO0010. Intriguingly, not
only was BCC0068 nonmotile, but it was also unable to form measurable biofilms in this PVC plate

binding crystal violet assay.
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Figure 49 | Biofilm formation of the B. multivorans strain panel (n = 49) after 24-hours. Among of biofilm
was assessed using the crystal violet assay (O'Toole 2011), reading the results using a plate reader at 600,m.
Biofilm controls were B. multivorans ATCC 17616 for the ‘high’ former and BCC0010 (blue) for the ‘low’
control. Model CF B. multivorans strains are noted in red on the right-hand side of the box plot. Box plots show

the mean, lower quartile, and upper quartile for biofilm staining. Outliers are also shown.

To mimic the CF lung environment more closely, ASM was used as the growth medium for a follow
up experiment. This used a selection of B. multivorans strains (n = 11) from the initial TSB experiment
chosen to span both high and low biofilm-formers. This included all four model strains (BCC0033,
BCC0084 and BCC1272) and both controls (ATCC 17616 and BCC0010). In 6 of 11 B. multivorans
strains (54.5%), the average biofilm formation in ASM was greater than that in TSB (Figure 50).
BCC1272 was one of the strains where TSB media produced more biofilm formation (Figure 50).
BCCO0010 (p = 0.03) and BCC0033 (p = 0.02) also had statistically greater biofilm production in TSB,

with an average greater biofilm of 0.12 and 0.09 ODsgoonm, respectively. All other strains had no
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significance in terms of biofilm formation when grown in TSB or ASM. This suggested that TSB is a

suitable medium for mass biofilm screening of B. multivorans strains.
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Figure 50 | Comparison of biofilm formation in TSB and ASM amongst the B. multivorans strains (n = 11). A
selection of 11 strains, spanning low and high biofilm formers, were chosen for the comparative analysis. Each plot

shows the mean, lower quartile, upper quartile, and any outliers.

5.2.6  Exopolysaccharide production

Exopolysaccharides (EPS) are macromolecules excreted from microorganisms, which also compose
part of biofilms. They play a crucial role in virulence of the organism, contributing to microbial
persistence (Cunha et al. 2004). Yeast extract medium (YEM) was used to examine the EPS production
of B. multivorans strains (n = 84) (Figure 52). After 48-hours incubation, agar streak plates were
examined by the naked eye, semi-quantitatively categorising the EPS production of each strain from
non-mucoid (-) to highly mucoid (++++) (Figure 51). Figure 52 showed the mucoid phenotype
categorisations for each of the B. multivorans strains. Most B. multivorans strains (96%) had the ability
to produce anything from partial to high amounts of exopolysaccharide on the YEM agar. Five strains,
BCC0006, BCC0068, BCC0188, BCC0493 and BCC0497, were observed to be non-mucoid (Table 31;

Figure 52). Interestingly, all these non-mucoid B. multivorans strains also possessed a non- or low
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motility (both swimming and swarming) phenotype (Section 5.2.3); the exception to this was BCC0188

in which motility was too variable to measure reproducibly.

Figure 51 | EPS scoring system of the B. multivorans strain panel on YEM agar. The scale represents the
amount of exopolysaccharide produced by each B. multivorans strain. Categories: ‘-° =non-mucoid, ‘+’ = partially

mucoid, ‘++’ = frankly mucoid, ‘+++’ = mucoid, ‘++++” = highly mucoid.

The strains were then grouped by isolation source, to identify correlations to EPS production. All 5
strains noted as non-mucoid were CF isolates (Figure 52). This category comprised 6.5% of all CF
isolates examined. A similar number of CF isolates (n = 6) were categorised into the partially mucoid
(+) category. For the mucoid categories ++ and ++++, a similar split of CF isolates was observed at
24.7% and 29.9%, respectively. Most CF isolates (24.7%; n = 24) were found in the mucoid +++
category. The environmental isolates (n = 3) had 2 strains in the ++++ category, with 1 in the + and
+++ categories. A similar split was seen in the CGD (n = 3) isolates, where 2 fell into the highly mucoid
category, with the other 1 strain was placed into the relatively ++ category. As for the non-CF isolates
(n=15), there was 1 strain categorised into groups +, +++ and ++++, and two strains in group ++ (Figure
52). Overall, the non-mucoid phenotype was not seen outside of the CF isolates, but it should be noted

that the number of strains from other sources was more limited.
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Figure 52 | Exopolysaccharide production of the B. multivorans strains (n = 84) after 48-hours incubation
at 37°C. The bar chart shows the counts for each EPS category. B. multivorans strains have been categorised

by isolate type.

5.2.7 Protease production

Bacterial protease production have been shown as a major virulence factor in CF infection by impacting
the innate immune response and enhancing inflammation (Voynow et al. 2008). The aim of this
experiment was to determine the amount of protease production by B. multivorans strains on 1%
lactose-free skimmed milk agar (Morris et al. 2012). Two agar bases were used for the experiment:
TSA and brain-heart infusion (BHI) agar. After 24-hours incubation, all B. multivorans strains tested
(n = 49) were negative for protease production on both agar types (Figure 53). The plates were then
incubated for a further 24-hours (48-hours total) and protease production remained negative. This is
consistent with the literature where zinc metalloprotease (zmpA gene) was absent in B. multivorans
(Gingues et al. 2005). P. aeruginosa LESB58 was used as a positive control for the protease assay and

shown to elicit a halo around its colony as result of active protease production (see Section 5.2.9.4).
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Figure 53 | B. multivorans absence of protease production on lactose-free skimmed-milk agar. B. multivorans
strain ATCC 17616 colonies grown on TSA-base (left) and BHI-agar (right) skimmed milk agar do not show

halos due to protease production.

5.2.8  Quorum sensing

In 1965, the first recording of quorum sensing (QS) as a means of microbial communication was
published (Bassler et al. 1993). Whilst QS in P. aeruginosa (Barr et al. 2015) and B. cenocepacia (Deng
et al. 2009b; Schmid et al. 2012) has been observed and well characterised as a virulence phenotype,
QS in B. multivorans is not well understood. Two E. coli bioreporter strains (pSB406 and pSB1142)
(Winson et al. 1998) were used to measure acyl-homoserine lactone (AHL) quorum sensing systems in
the B. multivorans model strains (BCC0033; lineage 2b, BCC0084; lineage 1, BCC1272, ATCC 17616;
lineage 2a) and strain BCC1385 (lineage 1). Reporter pSB406 was used to measure C4-HSL and Cs-
HSLs whilst pSB1142 responds to long-chain AHLs with sensitivity to 3-oxo-Ci,-HSL (Winson et al.
1998). These are [ux bioluminescence reporter constructs which detect Gram-negative bacteria AHLs.
The reporters are plasmid-based and are activated by LuxR, LasR, and RhIR (Winson ef al. 1998). By
investigating whether AHLs are produced by B. multivorans (the four model strains plus BCC1385
were tested) (n = 5), it would provide insights into whether QS driven cell-cell communication is an
important driver of virulence as seen in other species (Castillo-Judrez et al. 2015). Previous research
subtracted the RLU readings of the E. coli bioluminescence reporter strains from the experimental test
strains (Abdul Malik e al. 2020) as the reporters are self-luminescing. However, this was not performed

for this study as the RLUs of the test strains were lower than that of the E. coli reporter controls.

The RLUs for each reading were log-transformed (logio) for B. multivorans QS analysis. Figure 54
showed the logio C4~-HSL and Ce-HSL signals produced by the B. multivorans test strains and E. coli
reporter control strains. The mean for the E. coli pSB406 control strains was 5.7 logio RLU. The B.
multivorans strains had a lower logio RLU than the E. coli pSB406 reporter alone, ranging from 4.6

logio RLU (BCC1272) to 5.6 logio RLU (BCC0033; lineage 2b). B. multivorans ATCC 17616 had a
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comparable signal to BCC1272 (both lineage 2a), emitting a mean of 4.8 logio RLU (Figure 54). B.
multivorans strains BCC0084 and BCC1385 (both lineage 1) had means of 5.3 and 5.5 logio RLU,
respectively. This showed that lineage 2a strains, BCC1272 and ATCC 17616, produced less C4-HSL
and Ce-HSL than the other B. multivorans strains (BCC0033 from lineage 2b; BCC1385 and BCC0084

from lineage 1) tested.
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Figure 54 | Cs-HSL & Cs-HSL signals in the B. multivorans model strains (r = 5). E. coli pSB406 used as

a mono-culture control. Box plots represent the logio RLU.

The analysis also showed that bioreporter signals indicative of long-chain AHLs (3-ox0-Ci,-HSL) are
not produced by the B. multivorans strains (Figure 55). As for E. coli pSB1142, the control mean signal
produced was 4.9 logio RLU. The 3-0x0-C>-HSL signals in all 5 B. multivorans strains were lower than
the E. coli bioreporter control. All tested B. multivorans strains had a 3-ox0-Ci,-HSL signal between
2.8 and 3.3 logio RLU. On average for all the B. multivorans strains, logio RLUs was 2.0 units lower

than the control E. coli pSB1142 reporter control (Figure 55).
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Figure 55 | 3-ox0-C12-HSL signals in the B. multivorans model strains (n = 5). E. coli pSB1142 used as a

mono-culture control. Box plots represent the logio RLU.

5.2.9 Interactions of B. multivorans with secondary CF pathogens

Following on from the mono-culture B. multivorans phenotype evaluation, modelling was performed
in co-culture with another CF pathogen. This pathogen is described as the secondary pathogen in the
context of mixing within the assay. All secondary pathogens tested represented microbial species that
act as known CF pathogens. The secondary pathogen species examined were P. aeruginosa, B.
cenocepacia, A. xylosoxidans R. mannitolilytica, S. maltophilia, Candida albicans and S. aureus (Table
6). The purpose of these experiments was to examine if any B. multivorans phenotypic alterations occur
because of microbial interactions. Microbial growth, motility, biofilm formation and protease

production were evaluated as follows.
5.29.1  Growth rate analysis

Mixed pathogen growth was determined over a 48-hour period at 37 °C, interacting the B. multivorans
model strains (n = 4) with relevant secondary CF pathogens (n = 9) (Figure 56). C. albicans was not

used in the growth interaction analysis because its behaviour was not suitable for the assays. The aim
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was to observe whether the growth curves and growth parameters of the B. multivorans strains would
be affected by the presence of the secondary pathogen. Figure 56 showed the growth rates of the
example B. multivorans model strain ATCC 17616 alone and with a secondary pathogen present.
Differences were observed between the B. multivorans strain grown alone and with a secondary
pathogen present as follows. For all B. multivorans model strains, interaction with S. aureus caused a
more rapid exponential growth, before hitting a plateau around the same time point as the other
interactions. All other secondary pathogen interactions had similar exponential growth rates to the B.
multivorans baseline, irrespective of the model strain used. In terms of BCC0033 and BCC0084, all
interacting strains reach a similar overall OD 4g0-520nm and stationary phase growth. For B. multivorans
ATCC 17616 (Figure 56) and BCC1272 secondary pathogen growth interactions, the stationary growth

phase and overall, OD 4s0.520nm Was more variable.

0.51

041 Interaction
B. multivorans ATCC 17616

~—&— B. multivorans ATCC 17616 & A. xy loxidosans

—=&— B. multivorans ATCC 17616 & B. cenocepacia BCC1

o
w

—=&— B. multivorans ATCC 17616 & B. cenocepacia J2315

—e— B. multivorans ATCC 17616 & B. cenocepacia K56-2

—e&— B. multivorans ATCC 17616 & P. aeruginosa LES B5t

o
[X)

—=&— B. multivorans ATCC 17616 & P. aeruginosa PA14

Optical Density (OD 480-520nm)

B. multivorans ATCC 17616 & R. mannitolily tica

B. multivorans ATCC 17616 & S. aureus

B. multivorans ATCC 17616 & S. maltophilia
0.14

0.04

0 10 20 30 40 50
Time (hours)

Figure 56 | Growth curve of the representative B. multivorans model strain ATCC 17616 with secondary
CF pathogens. Growth curves have been created over a 48-hour period at 37 °C, shaking 10 seconds before each
15-minute reading. Microbial growth was performed in a Bioscreen C instrument. All figures show the B.

multivorans model strain in monoculture as well as co-culture with each respective secondary pathogen.
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To analyse the growth parameters (maximum OD, lag phase, and growth rate) further, the GroFit
package in R was used. Overall, there was no significant differences in B. multivorans growth with a

secondary pathogen presence.
5.2.9.2  Motility assays

In Section 5.2.3, it was determined that the majority of B. multivorans strains possess a motile
phenotype. Therefore, mixed interactions were performed to see whether the presence of a motile B.
multivorans altered swimming and swarming motility of the secondary pathogen (n = 10). B.
multivorans interaction strains were chosen to cover the model strains, as well as a range of low to
highly motile strains. Table 35 showed the motility results for all the secondary pathogens alone. Of the
secondary pathogens, P. aeruginosa PA14 was motile on all agar types (0.3% LB swimming, 0.5% LB
swarming, and 0.5% BSM-G swarming). A. xylosoxidans, B. cenocepacia 12315, B. cenocepacia K56-
2, B. cenocepacia BCC0019, R. mannitolilytica, and S. maltophilia were motile on 0.3% swimming LB
agar but did not possess swarming motility on either agar type. P. aeruginosa LESB58 was non-motile
on 0.3% LB swimming motility but was motile when assessing 0.5% swarming motility on both agars.

S. aureus and C. albicans were completely non-motile on all agar types (Table 35).

Table 35 | Motility of the secondary CF pathogens. Motility was assessed after 24-hours incubation for each of
the agar types. Cells highlighted in light blue indicate that the pathogen was motile.

Motility (mm)
Secondary pathogen

0.3% LB (swimming) 0.5% LB (swarming) 0.5% BSM-G (swarming)
P. aeruginosa LESB58 4.0 0.0 3.1
P. aeruginosa PA14 90.0 20.9 353
C. albicans 33 42 6.0
S. aureus 25 45 8.5
A. xylosoxidans 15.25 42 9.6
B. cenocepacia J2315 5.2 1.3 2.2
B. cenocepacia K56-2 12.75 33 6.6
B. cenocepacia BCC0019 11.3 3.0 5.2
R. mannitolilytica 8.0 4.6 10.8
S. maltophilia 7.0 39 7.9

An increase in swimming motility zones were observed for all secondary pathogens, except for P.
aeruginosa PA14, when in mixed culture with a B. multivorans strain. The swimming motility of P.
aeruginosa PA14 was decreased in 5 of 7 (71.4%) applicable interactions (Table 36). Interestingly, B.
multivorans CGD isolate, BCC0009, had the ability to cover the entire agar plate when interacted with
a secondary pathogen, covering a larger diameter than observed with the pathogen alone. As P.
aeruginosa PA14 had an average swimming diameter of 90 mm when cultured alone, B. multivorans
BCCO0009 did not significantly influence its motility. Overall, there were 69 significant swimming

motility interactions when B. multivorans was cultured with a secondary CF bacterium (Table 36)
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Table 36 | Statistical comparisons of mixed pathogen swimming interactions compared to the secondary
pathogen baseline. Assays performed using 0.3% LB agar. Green cells represent an increase in secondary
pathogen swimming motility and red cells represent a decrease in secondary pathogen swimming motility when

B. multivorans is present.

C. B. cenocepacia P. aeruginosa
Strain Motility A. xylosoxidans R. mannitolilytica  S. aureus  S. maltophilia
albicans BCC0019 J2315 K56-2 LESB58 PAl4
ATCC17616
BCC0006
Low
BCC0101
BCC0737
BCC0033
BCC0075
BCC0080
Intermediate
BCC0702
BCC1272
BCC1385
BCC0009
High
BCC0084
A similar pattern was observed when assessing the swarming motility of secondary pathogens when B.
multivorans was present. Eight out of 10 (80%) B. multivorans strains could significantly increase the
LB swarming motility of at least one secondary pathogen (Table 37). B. multivorans strain BCC0006
was unique in its ability to reduce the swarming motility of P. aeruginosa PA14 on LB agar. In contrast,
interactions with B. multivorans strains BCC0009, BCC0033, BCC0075, and BCC1272 caused a
significant increase of P. aeruginosa PA14 swarming motility on LB agar.
Table 37 | Statistical comparisons of mixed pathogen LB swarming interactions compared to the secondary
pathogen baseline. Assays performed using 0.3% LB agar. Green cells represent an increase in secondary
pathogen swimming motility and red cells represent a decrease in secondary pathogen swimming motility when
B. multivorans is present.
C. B. cenocepacia P. aeruginosa
Strain Motility . A. xylosoxidans R. mannitolilytica  S. aureus  S. maltophilia
albicans BCC0019 J2315 K562 LESB58 PAl4
ATCC17616
BCC0006
BCC0009
BCC0033
BCCO0075 Low
BCC0084
BCC0101
BCC1272
BCC1385

BCC0702 Intermediate
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Similarly, 11 (100%) of B. multivorans strains tested could significantly increase the swarming motility
of a secondary pathogen on BSM-G agar (Table 38). Effects of B. multivorans on secondary pathogen
swarming ability on BSM-G were like that observed for the LB swimming motility assays (Table 36).
All secondary pathogens, except for P. aeruginosa PAl4, had their swarming motility diameter
significantly increased by the presence of at least one B. multivorans strain. Three B. multivorans strains
(BCCO0737; lineage 1, BCC0084; lineage 1, and BCC1272; lineage 2a) significantly decreased the
swarming motility of P. aeruginosa PA14 on BSM-G agar (Table 38). There was a total of 50
statistically significant interactions on LB swarming agar (Table 37) and 52 on BSM-G swarming agar

(Table 38).

Table 38 | Statistical comparisons of mixed pathogen BSM-G swarming interactions compared to the
secondary pathogen baseline. Assays performed using 0.3% LB agar. Green cells represent an increase in
secondary pathogen swimming motility and red cells represent a decrease in secondary pathogen swimming

motility when B. multivorans is present.

4 B. cenocepacia P. aeruginosa
Strain Mootility ) A. xylosoxidans R. mannitolilytica  S. aureus S. maltophilia
albicans BCC0019 J2315 K56-2 LESB58 PAl4
ATCC17616 REXS RS NA B NA g NA = NA *
BCC0033 ns ns 5 ns ns ns ns ns ns ns
BCCo0101 Low IS ns 5 ns ns ns ns ns & ns
BCC0303 ns ns ns & NA ns ns & RIS &
BCC0737 ns & ns ns ns NA BRI ns ns
BCC0084 5 & BRI ns NA S & ns S
Intermediate
BCC0075 Hieh NA RS ns EE NA & ns ns ns R
1g
BCC0702 & NA EE NA NA S NA ns ns NA
BCC1272 R

ns ns sk sk k ns Hkok - Hkok Hk

The results suggest that the presence of B. multivorans may affect the motility of a secondary CF
pathogen. When looking at the statistically significant results, every mixture of B. multivorans with a
secondary pathogen could result in different amounts of motility changes, which is completely
dependent on the strain and motility type. In general, the presence of B. multivorans was shown to
increase the motility of a secondary pathogen. However, it can be said that P. aeruginosa PA14 reduces
motility in multiple significant interactions with B. multivorans (9 of 21; 42.9%). Therefore, the CF

lung microbiome would impact CF individuals differently depending on what microbes are present.

To gather further information about the swimming motility interactions, RISA PCR was used on a range
of the significant bacterial interactions. RISA PCR uses the bacterial ribosomal RNA operon (Flight et
al. 2015) for amplification, which meant that C. albicans would not produce a signal as a fungal species.
Statistically significant interactions, based on the secondary pathogen baseline results, were analysed

to see whether there was a presence of both pathogens on the outer edge of the swimming motility zone.
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Figure 57 showed the RISA banding pattern of the secondary pathogens and B. multivorans ATCC
17616 baselines. The baseline pathogens alone were performed and amplified at the same time as the
co-pathogen interactions to act as the positive controls. The strongest signalling PCR amplicon for B.
multivorans (lane 3) was around the same size (~825 bp) as the band A. xylosoxidans (lane 5). This
made it hard to differentiate whether two pathogens were present in the interaction studies. S.
maltophilia had a band around 750 bp, which was also close to the B. multivorans pattern (Figure 57).
However, the difference in size would remain distinguishable in a mixed interaction. All other banding

patterns had a different size (bp) to B. multivorans and were suitable for analysis.
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Figure 57 | RISA PCR gel of B. multivorans and the secondary CF community pathogen baselines. DNAse

free water was used for the negative controls. Agarose gel was a concentration of 1.2% (w/v) run at 80V.

The banding patterns of example co-pathogen interactions (B. multivorans and the secondary pathogen)
are shown in Figure 58. All secondary pathogen examples shown were non-motile for swimming,
interacted with a low-high motile B. multivorans (Figure 58). There were two bands for each motility
RISA interaction performed in this experiment. One band at around 825 bp indicated the presence of B.
multivorans. A secondary band (between 500 bp and 750 bp) was then observed for each interaction.
This indicated the presence of a secondary pathogen in the mixed motility assay. Therefore, motile B.

multivorans showed the ability to move a non-motile secondary CF pathogen using swimming motility.
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Figure 58 | RISA PCR gel of swimming agar mixed pathogen interactions. Examples are a composite image
all taken from one single gel. All secondary CF pathogens were co-cultured with a primary B. multivorans
panel strain. DNAse free water was used for the negative controls. Agarose gel was a concentration of 1.2%

(w/v) run at 80V.

5.29.3  Biofilm production

To determine the influence of a secondary pathogen (n = 10) on B. multivorans (n = 20) biofilm
production, the crystal violet biomass of the mixed biofilm interactions was compared to the B.
multivorans baseline (Section 5.2.5). There were no significant differences in mean biofilm formation

of the B. multivorans strains tested alone or with a secondary pathogen present (Appendix Table 52).
5.29.4  Protease production

As protease production in the B. multivorans strains was universally negative on skimmed milk agar
(Section 5.2.7) (Table 39), interest was sparked as to whether these protease negative bacteria could
alter the protease production of a protease positive bacterium. There were 9 initial secondary pathogens
tested (P. aeruginosa PAl4, P. aeruginosa LESBS58, R. mannitolilytica, S. maltophilia, A.
xylosoxidans, B. cenocepacia J2315, B. cenocepacia K56-2, B. cenocepacia BCC0019, and S. aureus)
for protease production. Only 3 (25%) were found to be protease positive on TSA with lactose-free
skimmed milk (Table 39) (Morris ef al. 2012): P. aeruginosa PA14, P. aeruginosa LESBS58, and S.
aureus. The model strains (Section 3.2.8) were used for an initial screening against all the protease

positive secondary pathogens. As the average protease production, measured by zone of clearing, was
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not significantly altered when B. multivorans was co-cultured with S. aureus, the focus shifted solely

onto P. aeruginosa strains.

Table 39 | Protease production of B. multivorans and the secondary pathogens on lactose-free skimmed milk

agar. Average zone of clearing was determined after 24-hours growth at 37°C.

Strain Average zone of protease clearance (mm)
B. multivorans (all strains) 0
P. aeruginosa PA14 5.8
P. aeruginosa LESB58 6.3
R. mannitolilytica 0
S. maltophilia 0
A. xylosoxidans 0
S. aureus 1.8
P. aeruginosa PAK 3.6
P. aeruginosa CHA 4.1
P. aeruginosa PAO1 4.8
P. aeruginosa Mil 162 0
P. aeruginosa Les 400 0.7
P. aeruginosa Les 431 4.7
P. aeruginosa AA43 3.7
P. aeruginosa LMG 14084 1.8
P. aeruginosa C3719 1.6

The initial results showed that P. aeruginosa LESB58 significantly decreased protease production in
all B. multivorans interactions. There was either none or a limited amount of protease-driven clearing
zone observed on the plates after co-culture with the B. multivorans model strains at 24-hours (Table
40). In contrast, there were differences between the protease zone of clearing created by P. aeruginosa
PA14 alone compared to when co-cultured with B. multivorans, the reductions were not significant.
Therefore, the experiment was expanded to include other P. aeruginosa strains (PAK, CHA, PAOI,
Mil 162, LES 400, LES 431, AA43, LMG 14084, and C3719) to cover the different P. aeruginosa
lineages and clades observed in a previous study (Weiser ef al. 2019). Mil 162 was protease negative
on the TSA with lactose-free skimmed milk so was not used for further analysis. There were 4
significant interactions observed in the additional P. aeruginosa strains. B. multivorans BCC1272
(lineage 2a) and BCC0084 (lineage 1) both significantly decreased the protease production of P.
aeruginosa strains LES 431 and C3719. When P. aeruginosa these strains were interacted with model

strains B. multivorans BCC0033 and ATCC 17616, no significant difference was found (Table 40).
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Figure 59 | Protease production of P. aeruginosa LESB58 alone and in co-culture with B. multivorans. Figure
is an example of the protease suppression by B. multivorans on lactose-free skimmed-milk agar when grown

simultaneously. Growth of inoculation spots after 24-hours at 37°C. Left: P. aeruginosa LESB58 alone. Right: P.

aeruginosa LESB58 and B. multivorans BCC0084 interaction.
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Table 40 | Protease zone of clearing when B. multivorans is co-cultured with a secondary CF pathogen.

B. multivorans strain Secondary pathogen Zone of clearance p-adjusted value® p-adjusted significance
S. aureus 1.4 0.403 ns
P. aeruginosa PA14 4.8 0.307 ns
P. aeruginosa LESB58 0.0 <0.00001 HA R
P. aeruginosa PAOL1 4.0 0.116 ns
P. aeruginosa CHA 4.7 0.417 ns
BCC1272 P. aeruginosa PAK 29 0.225 ns
P. aeruginosa Mil 162 0.5 0.277 ns
P. aeruginosa LES 400 0.0 0.275 ns
P. aeruginosa LES 431 2.4 0.047 *
P. aeruginosa AA43 2.7 0.249 ns
P. aeruginosa LMG 14084 0.7 0.144 ns
P. aeruginosa C3719 0.0 0.048 *
S. aureus 1.8 0.506 ns
P. aeruginosa PA14 4.6 0.319 ns
P. aeruginosa LESB58 0.0 <0.00001 Rk
P. aeruginosa PAO1 4.4 0.205 ns
P. aeruginosa CHA 34 0.271 ns
BCC0033 P. aeruginosa PAK 2.8 0.287 ns
P. aeruginosa Mil 162 0.0 0.526 ns
P. aeruginosa LES 400 0.0 0.275 ns
P. aeruginosa LES 431 2.7 0.100 ns
P. aeruginosa AA43 4.4 0.365 ns
P. aeruginosa LMG 14084 1.4 0.392 ns
P. aeruginosa C3719 0.7 0.183 ns
S. aureus 1.8 0.5189 ns
P. aeruginosa PA14 4.1 0.202 ns
P. aeruginosa LESB58 0.0 <0.00001 Rk
P. aeruginosa PAO1 4.0 0.151 ns
P. aeruginosa CHA 3.8 0.257 ns
BCC0084 P. aeruginosa PAK 34 0.432 ns
P. aeruginosa Mil 162 0.0 0.527 ns
P. aeruginosa LES 400 0.0 0.276 ns
P. aeruginosa LES 431 0.0 <0.00001 HokdE
P. aeruginosa AA43 5.0 0.301 ns
P. aeruginosa C3719 0.0 0.047 *
P. aeruginosa LMG 14084 0.3 0.068 ns
S. aureus 1.6 0.470 ns
P. aeruginosa PA14 7.3 0.350 ns
P. aeruginosa LESB58 0.5 <0.00001 Ak
P. aeruginosa PAO1 4.1 0.192 ns
P. aeruginosa CHA 32 0.240 ns
ATCC P. aeruginosa PAK 35 0.521 ns
P. aeruginosa Mil 162 0.0 0.528 ns
P. aeruginosa LES 400 0.0 0.277 ns
P. aeruginosa LES 431 32 0.198 ns
P. aeruginosa AA43 46 0.261 ns
P. aeruginosa LMG 14084 1.6 0.445 ns
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P. aeruginosa C3719 0.4 0.171 ns
P. aeruginosa PA14 5. 0.303 ns

. multivorans BCC0009
P. aeruginosa LESB58 0.3 <0.00001 HHAE
P. aeruginosa PA14 44 0.160 ns

. multivorans BCC0006
P. aeruginosa LESB58 29 <0.001 HEE
P. aeruginosa PA14 4.6 0.171 ns

. multivorans BCC0101
P. aeruginosa LESB58 0.0 <0.00001 Hk R
P. aeruginosa PA14 4.4 0.141 ns

. multivorans BCC1385
P. aeruginosa LESB58 0.0 <0.00001 HA A
P. aeruginosa PA14 4.1 0.082 ns

. multivorans BCC0080
P. aeruginosa LESB58 1.3 <0.00001 ko
P. aeruginosa PA14 4.4 0.133 ns

. multivorans BCC0737
P. aeruginosa LESB58 2.9 <0.001 HAE
P. aeruginosa PA14 4.4 0.070 ns

. multivorans BCC0303
P. aeruginosa LESB58 3.7 <0.00001 ko

aP-values were calculated using the protease production of the secondary pathogens alone as the baseline

comparisons.

To confirm whether this P. aeruginosa LESB58 interaction result was unique to B. multivorans,
protease negative B. cenocepacia strain (n = 3) were used in the interaction. After 24-hours on the
lactose-free skimmed milk TSA, zone of clearing was observed in the co-culture (Table 41). Results
showed that there were significant differences between P. aeruginosa LESB58 alone and with B.
cenocepacia present. The smallest reduction of protease secretion by P. aeruginosa LESB58 was in
mixture with B. cenocepacia strain J2315 (p = 0.03) (Table 41). However, B. cenocepacia strains
BCCO0019 and K56-2 had a greater effect on reducing the protease-producing ability of P. aeruginosa
LESBS58, with a p-value of 0.0006 and 0.0001, respectively (Table 41).

Table 41 | Protease zone of clearing of B. cenocepacia alone and when co-cultured with P. aeruginosa

LESBS8. P-values were calculated using the protease production of the secondary pathogens alone as the baseline

comparisons.
Strain Average zone of clearing p-value p-adjusted Significance
B. cenocepacia J2315 0
B. cenocepacia BCC0019 0
B. cenocepacia K56-2 0
P. aeruginosa LESB58 6.3

B. cenocepacia J2315 & P.

4.666667 0.01645 0.03289 *
aeruginosa LESB58
B. cenocepacia BCC0019 &
35 0.0002 0.0006 ok
P. aeruginosa LESB58
B. cenocepacia K56-2 & P.
1.81° 0.0001 ok

aeruginosa LESB58

To further assess the effect of B. multivorans on P. aeruginosa LESB58 protease production, the

lactose-free skimmed milk assay was continued to a total of 48-hours. The longer incubation was used

234



to observe whether there were any changes in zone of clearing at the later time point. All the P.
aeruginosa strains and B. multivorans model from the 24-hour interaction experiment were used. The
most significant interactions were observed when all four model strains were interacted with P.
aeruginosa LESBS58. Interaction with B. multivorans strains BCC0033 (p = 0.0003), BCC0084 (p =
<0.00001), BCC1272 (p = <0.00001), and ATCC 17616 (p = <0.00001) significantly reduced P.
aeruginosa LESB58 protease production. One other significant reduction in protease was observed
when P. aeruginosa LES 431 was mixed with BCC0084 (p = 0.01). All other P. aeruginosa and B.

multivorans protease interactions were not statistically significant at 48-hours incubation.
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Table 42 | Protease fold change (FC) of the secondary pathogens when interacted with B. multivorans model

strains.

B. multivorans strain

Secondary pathogen

Protease Fold Change (FC)

24-hours 48-hours
BCC1272 S. aureus / /
P. aeruginosa PA14 -14 2.1
P. aeruginosa LESB58 -7.1 -11.5
P. aeruginosa PAOL1 2.1 1.8
P. aeruginosa CHA 0.6 1.7
P. aeruginosa PAK -1.1 0.6
P. aeruginosa Mil 162 1.0 -1.4
P. aeruginosa LES 400 -0.7 -3.6
P. aeruginosa LES 431 -1.7 -1.2
P. aeruginosa AA43 0.0 -1.7
P. aeruginosa LMG 14084 -0.6 -0.9
P. aeruginosa C3719 -1.8 -1.6
BCC0033 S. aureus / /
P. aeruginosa PA14 0.4 33
P. aeruginosa LESB58 -7.1 -10.8
P. aeruginosa PAO1 -0.3 59
P. aeruginosa CHA -0.7 3.2
P. aeruginosa PAK -0.1 1.7
P. aeruginosa Mil 162 0.0 -0.9
P. aeruginosa LES 400 -0.7 -3.6
P. aeruginosa LES 431 -1.2 3.2
P. aeruginosa AA43 1.8 4.0
P. aeruginosa LMG 14084 -0.6 0.9
P. aeruginosa C3719 0.2 -1.6
BCC0084 S. aureus / /
P. aeruginosa PA14 0.4 2.1
P. aeruginosa LESB58 -7.1 -14.2
P. aeruginosa PAO1 -1.1 34
P. aeruginosa CHA -1.1 1.7
P. aeruginosa PAK -0.3 0.7
P. aeruginosa Mil 162 0.0 2.8
P. aeruginosa LES 400 -0.7 -3.6
P. aeruginosa LES 431 4.7 -6.9
P. aeruginosa AA43 2.6 5.5
P. aeruginosa C3719 -1.1 -3.6
P. aeruginosa LMG 14084 -1.7 -0.4
ATCC S. aureus / /
P. aeruginosa PA14 0.6 1.0
P. aeruginosa LESB58 -6.6 -11.4
P. aeruginosa PAO1 -1.1 7.8
P. aeruginosa CHA -0.1 2.6
P. aeruginosa PAK 0.1 0.6
P. aeruginosa Mil 162 0.0 1.9
P. aeruginosa LES 400 -0.7 -3.6
P. aeruginosa LES 431 -1.3 -1.4
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P. aeruginosa AA43 1.4 1.6
P. aeruginosa LMG 14084 0.0 -0.4
P. aeruginosa C3719 -1.2 -0.4

Fold change (FC) was calculated for the B. multivorans model strains (n = 4) protease interactions with
both S. aureus (n = 1) and P. aeruginosa (n = 11) strains. Presence of the B. multivorans resulted in a
negative protease fold change when interacted with most P. aeruginosa strains (n = 30; 88.6%) after
24-hours (Table 42). P. aeruginosa strain LESB58 had the greatest negative FC in all B. multivorans
interactions (Figure 60). At 24-hours, there was a -7.1 FC when P. aeruginosa LESB58 was interacted
with B. multivorans BCC0033, BCC0084, and BCC1272. A smaller FC (-6.6) was observed at 24-hours
when P. aeruginosa LESB58 was interacted with B. multivorans strain ATCC 17616 (Figure 60). There
was also a negative FC (-4.7) when P. aeruginosa LES431 was interacted with B. multivorans

BCCO0084. All other interactions had a FC difference of less than 2 (Table 42).

By 48 hours, the negative FC of P. aeruginosa LESB58 decreased further to between -10.8 and -14.2,
dependant on the interacting B. multivorans strain. The biggest FC (-14.2) was observed when P.
aeruginosa LESB58 was interacted with B. multivorans BCC0084 (Table 42; Figure 60). There were
no other consistent FCs across all the B. multivorans model strains and a specific P. aeruginosa strain.
Therefore, B. multivorans protease interaction with P. aeruginosa LESB58 was deemed the most

interesting and subject to further investigation.
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Figure 60 | Fold change (FC) of protease production in the P. aeruginosa PA14 and LESB58 strains when
interacted with B. multivorans model strains after 24-hours and 48-hours incubation. Assay was performed
on lactose-free skimmed-milk agar and incubated at 37 °C. FC was calculated using the protease production of
the P. aeruginosa strains alone as the baseline. This was compared to the protease production when B. multivorans

was present.

The mechanism behind why B. multivorans was reducing protease production in P. aeruginosa LESB58
was investigated as follows. Initially, there was thought that the P. aeruginosa LESB58 strain was being
killed, through a previously described contact-dependant T6SS method (Spiewak et al. 2019), by the B.
multivorans strains, thus not producing a protease clear zone on the lactose-free skimmed milk agar. To
test this, viability assays (Section 2.1.3) were performed using antibiotic selection agars. P. aeruginosa
LESBS58 was sensitive to 600 units polymyxin B and B. multivorans was sensitive to 50 pg/ml
trimethoprim when grown on TSA. End-point interaction and mono-culture spots, from the 24-hour
plates, were scraped from the protease agar plates and re-suspended. These were plated onto the
appropriate antibiotic selections for bacterial enumeration. The results of the monocultures were

compared to the co-culture interactions.

Overall, there was no indication that B. multivorans killed P. aeruginosa in this protease assay

interaction. The mono-culture comparisons showed that the P. aeruginosa LESB58 strain had a mean
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viability of 10® CFU/ml. When mixed in the protease assay interaction, the 24-hour viability of B.
multivorans and P. aeruginosa LESB58, on average, was 10° CFU/ml and 10° CFU/ml, respectively.
Whilst the P. aeruginosa LESB58 viability depleted in co-culture by 2 logs, there was evidence that the
two bacteria were surviving as a mixture. Therefore, the assumption of contact-dependant killing of P.
aeruginosa was rejected. The decrease in viability of P. aeruginosa LESBS5S in the culture could instead

be due to its slow-growing nature in comparison to the B. multivorans strain.

To ensure the P. aeruginosa LESBS58 strains could still produce protease in monoculture at lower
bacterial concentrations, such as the 10° CFU/ml seen after interaction with B. multivorans, serial
dilutions were used. The results showed that protease production could be observed at 24-hours with
starting inoculum as low as at 10° CFU/ml. After 48-hours incubation, protease production by P.
aeruginosa LESB58 was seen in the 10” inoculated cultures. Therefore, even if the interaction with B.
multivorans suppressed P. aeruginosa growth, protease production should have still been seen at the

lower bacterial concentrations.

To confirm that B. multivorans BCC0084 was not killing P. aeruginosa LESBS5S, genetically
manipulated strains (B. multivorans BCC0084::pIN301-eGDP and P. aeruginosa LESB58::pIN233-
mCherry) were used as fluorescent reporters in a planktonic growth assay. Interval measurements were
recorded for the fluorescent reporters in mono- and co-culture. The signal from the monocultures were
used to normalise the signals produced in co-culture, providing insight into the bacterial growth using
a fluorescent signal intensity mechanism. Figure 61 showed the logi relative fluorescence units (RFU)
observed over a 24-hour period. The P. aeruginosa LESB58::pIN233-mCherry strain has a lower logio
RFU compared to B. multivorans BCC0084::pIN301-eGFP alone and the two strains combined. The
RFU of P. aeruginosa LESB58::pIN233-mCherry remains consistent over the 24-hour period, between
3.5 and 4 RFU. BCC0084::pIN233-mCherry has a higher starting logio RFU at ~4.75 before dropping
to ~4.25 by 5 hours. The logio RFU BCC0084::pIN233-mCherry then increased over the remaining 24-
hour period to ~4.6 (Figure 61). To analyse the combined strain data, readings were normalised against
both pIN301-eGFP and pIN233-mCherry and plotted separately. This enabled visualisation of the
fluorescence emitted by both strains individually in the co-culture. The pIN301-eGFP normalised co-
culture followed the same logio RFU pattern over the 24-hours which the BCC0084::pIN301-eGFP
strain did alone. In contrast, the pIN233-mCherry co-culture showed a continual reduction in log;o RFU
over 24-hours. This indicated that the B. multivorans BCC0084::pIN301-eGFP culture was able to
continually grow in the co-culture, whilst P. aeruginosa LESB58::pIN233-mCherry depleted over time.
This coincides with the reduction, but not complete loss, in P. aeruginosa LESB58 viability after 24-

hours in co-culture with B. multivorans.
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Figure 61 | Logio relative fluorescence units (RFU) of B. multivorans BCC0084::pIN301-eGFP and P.

aeruginosa LESB58::pIN233-mCherry both in mono- and co-culture. The mixed culture readings were

normalised against each of the fluorescent strains individually. These were plotted separately to illustrate the

RFU of each strain in the co-culture.

The growth curve (OD 430-5200m) sShowed that the P. aeruginosa LESB58::pIN233-mCherry strain was

much slower growing than both B. multivorans BCC0084::pIN301-eGFP alone and the two strains in

mixed culture (Figure 62). This correlates to the results shown in Section 5.2.9.1, where B. multivorans

had a faster growth rate compared to P. aeruginosa LESB58 (Figure 56). Overall, this strengthens the

idea that the two bacterial strains can grow simultaneously, and that protease production of P.

aeruginosa LESB58 is suppressed in an alternative mechanism when driven by the interaction with B.

multivorans.
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Figure 62 | Logio optical density (OD 4s0-5200m) of B. multivorans BCC0084::pIN301-eGFP and P.
aeruginosa LESB58::pIN233-mCherry both in mono- and co-culture. The mixed culture OD readings were
normalised against each strain individually. These were plotted separately to illustrate the ODugo-520nm Of €ach

strain in the co-culture.

5.29.5 Quorum sensing

It is known that P. aeruginosa secretes proteases during CF infection, often regulated by QS (Li and
Lee 2019). To see whether QS of P. aeruginosa LESB58 was affected when B. multivorans was present,
a mixed interaction QS assay was performed using E. coli bioreporter strains as previously mentioned
(Section 5.2.8). It was thought that a decrease in P. aeruginosa LESB58 QS, when B. multivorans was
present, could correlate to a reduction of protease production. C4-HSL and Cs-HSL RLUs for the P.
aeruginosa LESB58 strain alone and in co-culture with the B. multivorans model strains can be seen in
Figure 63. All the interactions had a lower logio RFU compared to the control E. coli pSB406 reporter
strain alone, indicating the lack of AHL production in all test samples. The results showed that the P.
aeruginosa LESB58 strain had a similar RLU when cultured alone and with B. multivorans strains
(Figure 63). This result showed a lower C4-HSL and Cs-HSL RLU expression compared to that
observed of the B. multivorans strains alone in Section 5.2.8. This gave the idea that B. multivorans can

decrease P. aeruginosa LESB58 C4-HSL and C¢-HSL production in co-culture interactions.
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Figure 63 | c4+-HSL and c6-HSL signals in the B. multivorans model strains co-cultured with P. aeruginosa

LESBS58 after 24-hours incubation. E. coli pSB406 used as a mono-culture control.

Figure 64 showed the 3-oxo-C1,-HSL RLUs produced by P. aeruginosa LESB58 and the B. multivorans
interaction strains. Like that of the C4-HSL and Cs-HSL, all the experimental strains had a lower logio
RLU than the E. coli pSB1142 reporter alone. All the B. multivorans co-culture interactions with P.
aeruginosa LESB58 were lower in 3-0x0-Ci>-HSL production than the B. multivorans strains alone
(Section 5.2.8). Interestingly, the P. aeruginosa LESBS58 strain alone had a lower 3-oxo-Ci2>-HSL RLU
production than when interacted with B. multivorans (Figure 64). Overall, there were no significant
differences when P. aeruginosa LESB58 was cultured alone or with any B. multivorans model strain

for all QS HSL types.
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Figure 64 | 3-oxo-c12-HSL signals in the B. multivorans model strains co-cultured with P. aeruginosa
LESBS58 after 24-hours incubation. E. coli pSB1142 used as a mono-culture control. Box plots represent the

10g1o RLU.

5.2.10 Genes associated with phenotypic traits

It is clear from the experiments in this thesis Chapter that the B. multivorans phenotype is highly
variable overall. However, the phenotypes can be grouped into those which are motile (swarming
motility was scored based on motility on at least one agar type), biofilm forming, have good growth
rates and can produce exopolysaccharide (positive trait group) compared to those which do not present
these phenotypes and have a slow growth rate (negative trait group). The totals for each of these
assigned groups were as follows: swimming motility = 45 positive and 4 negatives; swarming motility
= 39 positive and 10 negatives; growth rate = 38 positive and 11 negatives; biofilm formation = 46
positive and 3 negatives; exopolysaccharide production = 39 positive and 10 negatives. Scoary
(Brynildsrud et al. 2016) was implemented to perform a pan-genome genome wide association study
(GWAS) on the dataset. Those in the positive phenotype group were given the same binary trait,

likewise for the negative phenotype group. This was to enable identification of genes which are
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associated with that grouped phenotype. The output for each trait were manually filtered and combined

to identify genes which were present in one group but not in the other.

The exploratory analysis showed that there were 73 unique genes present in the ‘positive trait’
phenotype group compared to 456 unique genes in the ‘negative trait’ phenotype group. Of these, 35 of
73 (48%) genes in the positive group and 309 of 456 (68%) in the negative group were hypothetical.
Genes in the positive trait group which had the highest number of hits recorded were actP_2
(cation/acetate symporter), group_3113 (pbuR_3) (purine efflux pump) and ttuB_12 (putative tartrate
transporter), all associated with biofilm formation, which were present in 35 of 46 (76%) of the
genomes. As for the negative trait group, replicative DNA helicase dnaB_2 was the most common

unique gene, present in 5 genomes, and is associated with swarming motility.

BCCO0068 presented as a unique strain in the sense that it was completely non-motile (Section 5.2.3),
non-biofilm forming (Section 5.2.55.2.9.3), did not produce exopolysaccharide (Section 5.2.6) and had
a slow growth rate (Section 5.2.2.1). It was the only B. multivorans in the examined collection to portray
this phenotype. Therefore, it was used to identify key genes which are both unique and absent from the
strain when compared against the other examined 49 B. multivorans phenotype strains. From the Scoary
output, there were 179 genes unique to BCC0068, of which 119 (66%) were hypothetical. There were
20 genes absent in BCC0068 which were present in 95-97% of the other strains. Of these genes, 7 (35%)
were hypothetical and others spanned transcription factors, DNA repair, transporters, chemotaxis,

secretion system genes, binding genes, and homeostasis genes.
5.3 Discussion

Phenotypic characterization of B. multivorans has been thoroughly investigated in this thesis Chapter.
This encompassed biofilm formation, motility assays, exopolysaccharide and protease production, and
antibiotic resistance. Whilst there have been some longitudinal phenotypic studies on B. multivorans in
CF (Zlosnik et al. 2014; Silva et al. 2016), the overall phenotype for a representative B. multivorans
strain collection is undefined. Therefore, this work is important in building the foundation for future
work on the important B. multivorans pathogenicity phenotypes. This work showed that the B.
multivorans strains proved to have highly variable phenotypes, with no specific correlation to genomic
lineage, as certain traits like motility and biofilm formation were positive for most strains within the

species.

Interaction of B. multivorans with secondary CF pathogens was also investigated, focusing on whether
phenotypic shifts occurred during co-infection. There is currently limited knowledge on microbial
interplay in the CF lung, particularly when B. multivorans is involved. The aim of this work was to
examine the difference in growth, motility, biofilm formation and protease production during CF

polymicrobial infection, highlighting pathogenesis. Polymicrobial interactions were very strain-
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specific, with no clear-cut correlations overall. However, understanding the interplay between the

different pathogens may enable predictions for disease progression and outcomes in future.

5.3.1 The growth rates of the B. multivorans collection splits into two broad groups

Over the 48-hour period, the B. multivorans strains split into two groups regarding their growth. The
population was divided into those which reached stationary phase by 24-hours, and those which had a
slower growth rate, reaching stationary growth by 30-hours (Figure 43). All the slow growing B.
multivorans strains in this experiment were of CF origin. Reduced growth rates of B. multivorans strains
has been previously shown by Silva et al. (2016), which were linked to chronic CF infection. Similar
patterns were also observed in P. aeruginosa chronic CF strains (Rau et al. 2010). Clinical data would
be required for determination of chronic infection isolates to growth rates. Following growth of B.

multivorans sequential isolates may also be of interest for future studies.

Mixed microbial populations can grow in the same nutrient-rich media, where competition for resources
occurs (Hibbing et al. 2010). In conditions where growth nutrients are sparse, there is an antagonistic
effect on the microbial community (Harrison 2007). Modelling co-infections of B. multivorans and a
secondary CF pathogen in TSB showed no difference in the growth rate parameters when a secondary
pathogen was present. This contrasts results for B. cenocepacia and modelling interaction with P.

aeruginosa, whereby B. cenocepacia growth was negatively affected (Bragonzi et al. 2012).

5.3.2  B. multivorans generally retains motility

Reduction and loss of motility in related CF pathogen P. aeruginosa has been well demonstrated in
chronic infection (Mahenthiralingam et al. 1994). This phenomenon is not necessarily observed in BCC
bacteria, though (Zlosnik et al. 2014). Swimming motility in BCC is driven by a single flagellum (Hales
et al. 1998; Mahenthiralingam et al. 2005). The results in this thesis observed that B. multivorans was
motile in most cases. This linked to work by Zlosnik et al. (2014) where only few non-motile B.
multivorans were observed in a longitudinal study. Zlosnik et al. (2014) also demonstrated the ability
of 14% of B. multivorans strains tested to swim across an entire agar plate. This was observed in one
B. multivorans strain BCC0317 in this thesis. The clinical significance of the B. multivorans swimming
motility phenotype being motile overall remains to be determined. However, in retaining motility, B.
multivorans would be able to cause invasive infections as seen with the unique link of CF septicaemia

(“cepacia” syndrome) (Isles et al. 1984) with all BCC species.

Swarming motility requires movement co-ordination, via methods such as quorum sensing, as well as
surfactant production (Kearns 2010; Nickzad er al. 2015). Most of the B. multivorans strains in this
work showed swarming capabilities on nutrient-rich TSA, like that observed in B. cenocepacia (Bernier
et al. 2017). Swarming motility of B. multivorans was also altered by the presence of several secondary

pathogens in this study. However, the mechanisms of each interaction remain unknown. A previously
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researched swarming motility interaction was that between P. aeruginosa and B. cenocepacia (Bernier
et al. 2017)which linked to the findings with B. multivorans in this work. Promotion of swarming in B.
cenocepacia can be affected by rhamnolipids secreted by P. aeruginosa (Bernier et al. 2017).
Rhamnolipids are produced by multiple bacteria, predominantly Burkholderia and Pseudomonas
species (Abdel-Mawgoud et al. 2010; Irorere et al. 2017). Six of 11 (54.5%) of B. multivorans swarming
motility interactions with motile P. aeruginosa PA14 had a significant increase in LB agar swarming
diameter (Table 37). Assessment of the effect of P. aeruginosa rhamnolipids on B. multivorans is yet
to be investigated. Product secretion, like rhamnolipids, of the other secondary CF pathogens and their

effects on B. multivorans swarming abilities could also be investigated.

5.3.3  B. multivorans is an inherently good biofilm former

Another aim of this study was to understand biofilm formation across the B. multivorans strains both in
mono- and co-culture with a secondary CF pathogen. Overall, the B. multivorans strains proved to have
biofilm-forming capabilities in the 96-well microtitre plates, with only 7 of the strains forming weak
biofilms. This corroborates previous in vitro research on BCC biofilm formation, helped by AHL
communication (Conway et al. 2002). Bacterial biofilms are hard to eradicate and cause increased
resistance to antibiotic therapies (Costerton et al. 1999; de la Fuente-Nuiez et al. 2013). As B.
multivorans are shown to form strong biofilms, therapies targeting their biofilms directly may be

advantageous for future novel therapies, with the aim to prevent chronic CF lung colonisation.

In contrast, BCC bacteria may not always co-exist as biofilms in the same way as other CF pathogens,
like P. aeruginosa. Schwab et al. (2014) proposed the idea that BCC bacteria B. cenocepacia and B.
multivorans were more likely to reside in macrophages as single cells or clusters rather than as biofilms.
This may reflect the different niche adaptations of the two pathogens. Whilst BCC bacteria can form in
vitro biofilms, much information is still unknown about in vivo formation (Schwab et al. 2014). This
poses the idea of building more in vivo BCC biofilm models, potentially by using ex vivo systems such

as the porcine lung model (Harrington et al. 2020), to better mimic the CF lung.

In terms of mixed biofilms, only clinically relevant CF pathogens have been the focus of modelling.
This includes BCC bacteria and P. aeruginosa (Riedel et al. 2001; Bragonzi et al. 2012). This work
expands the current knowledge by interacting both clinical and environmental B. multivorans strains
with other CF pathogens. Other work has shown that the presence of B. cenocepacia causes formation
of a better biofilm when interacted with P. aeruginosa (Bragonzi et al. 2012). The results in this thesis,
however, showed that there was no significant difference in biofilm formation when a secondary
pathogen was present with B. multivorans. The difference in the experiments was that Bragonzi et al.
(2012) utilised a shaking incubation whereas the work in this thesis was static. It has been shown in
Pseudomonas fluorescens that static culture for biofilms reduces early adhesion, but more effective

growth overall (Jara et al. 2020). The use of shaking would disrupt the bacterial dispersal, potentially
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affecting biofilm formation at varying time points, as previously observed in P. aeruginosa PAl14
(Quinn et al. 2021). Therefore, single, and mixed culture biofilm experiments could be extended to 48

and 72-hours, comparing static and shaking growth to see if this has an effect.

5.3.4 The antibiotic susceptibility patterns of B. multivorans have slight variation

The intrinsic antibiotic resistance nature of BCC bacteria is well known, providing limited treatment
options in clinical settings (Rhodes and Schweizer 2016). De novo resistance also occurs in the BCC
through efflux, beta-lactamases, and outer membrane permeation (Gautam et al. 2020). By
understanding the antibiotic susceptibility patterns of B. multivorans and other BCC bacteria, there is
more opportunity to make effective choices for treatment. This is important as people with CF will have
to continuously take antibiotics, predisposing them to antibiotic resistant bacterial strains (Coutinho et
al. 2008). Based on the findings, tetracycline (100 pg) is an effective antibiotic against the B.
multivorans panel, as all strains were susceptible. Literature has shown tetracycline to be less effective
against other species of BCC bacteria (Nzula et al. 2002; Somprasong et al. 2021) compared to this
work, with only few susceptible strains (Lu et al. 1997; Nzula et al. 2002). The B. multivorans ATCC
17616 strain has been shown to have a lower tetracycline MIC (greater susceptibility) compared to other
BCC species and P. aeruginosa strains (Nzula et al. 2002; Malott et al. 2014). The reason for this may
be the difference in concentration used between the two studies. In this thesis, 100 pg tetracycline was
used, compared to 30 pg used in other studies against Burkholderia species (O’Carroll et al. 2003; Omar
et al. 2015).

Other potentially effective antibiotics would be chloramphenicol (50 pg), kanamycin (30 pg), and
nalidixic acid (30 pg). Only one strain (BCCO0375) (2.2 %) was completely resistant to chloramphenicol.
There were 6 (13%) and 4 (8.9 %) B. multivorans strains completely resistant to kanamycin and
nalidixic acid, respectively. Chloramphenicol susceptibility in the B. multivorans strains was
interesting, as Burkholderia species, such as B. cenocepacia, have previously been shown to harbour
efflux pumps which confer resistance to this antibiotic (Tseng et al. 2014; Podnecky et al. 2015). Efflux
pumps in B. multivorans, though, are less understood. Chapter 4; Section 1.1.1.3 showed that genes
ceoA and ceoB was present in all the draft B. multivorans genomes tested. This gene is part of the
CeoAB efflux system which confers resistance to chloramphenicol (50 pg) in B. cenocepacia (Burns et
al. 1996; Nair et al. 2004). Despite the presence of these two genes, the results suggest that there is an
alternative reason for antibiotic susceptibility, potentially through collateral sensitivity (CS) (Flanagan
et al. 2020). Kanamycin is a broad-spectrum aminoglycoside antibiotic which targets protein synthesis,
specifically binding to the A-site 16S rRNA on the 30S ribosome (Kotra ef al. 2000). The mode of
action of kanamycin is like that of streptomycin, interfering with protein synthesis by directly binding
to the bacterial ribosomal 30S subunit. Interestingly, streptomycin was deemed not to be suitable for

use against B. multivorans due to the high levels of resistance displayed amongst the examined strains.
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Nalidixic acid, another proposed antimicrobial for BCC treatment from this study, is an antibiotic often
used to treat urinary tract infection (UTI). The bcrA gene, comprising part of an MDR efflux pump, in
related B. cepacia has previously been shown to increase resistance by four-fold to nalidixic acid in

four UTI strains tested (Wigfield et al. 2002).

In contrast, ampicillin, colistin sulphate, and nitrofurantoin would be ineffective in treating B.
multivorans infection due to the high levels of resistance displayed in most strains. It must also be
considered that the disc diffusion assay in this work used antibiotics targeted against clinical urinary
tract infections (UTIs). For instance, including additional antibiotics such as ceftazidime plus an
appropriate inhibitor (Tamma et al. 2018; Van Dalem et al. 2018), minocycline (Zhou et al. 2007),
carbapenems, meropenem, and trimethoprim (Tseng et al. 2014) should be an expansion of the current

study to mirror clinically used antibiotics.

There are no current EUCAST breakpoints for the BCC, meaning that determination of strains into the
resistant, intermediate, and susceptible categories for each antibiotic were not performed. The
alternative is to use the pharmacokinetic/pharmacodynamics (PK/PD) breakpoints instead (Van Dalem
et al. 2018). However, these were also deemed unsuitable for this work due to the antibiotics used.
Whilst disc diffusion assays are ideal for mass antibiotic screening of bacterial strains, MICs using
microbroth dilution assays, should be used to determine the exact concentration of antibiotic for
effectiveness against the strain. Whilst it is a more laborious task, it is currently the ‘gold standard’
parameter for understanding antibiotic effectiveness, and thus improving therapy success for an
individual (Kowalska-Krochmal and Dudek-Wicher 2021). MICs may also pinpoint collateral
sensitivity (CS) and cross-resistance (CR) in B. multivorans. CS occurs when the bacterium increases
sensitivity to an unrelated antibiotic due to gaining resistance to another. In contrast, CR is when
resistance increases to other drugs which are not used for treatment (Kavanaugh et al. 2020).

Understanding CS and CR increases the chance of effective treatment combinations.

This work solely investigated the antibiogram of B. multivorans strains. As we know, CF communities
are polymicrobial. Therefore, it would be advantageous in future to analyse the effect of a secondary
pathogen on the antibiotic resistance and susceptibility patterns of B. multivorans. Modelling
polymicrobial communities with B. multivorans could pinpoint certain antibiotics which increase or
decrease in susceptibility when a specific secondary pathogen is present. One issue is that there is
currently little understanding on the response of polymicrobial CF infection to antibiotic treatment

(Rogers et al. 2010).

5.3.5 B. multivorans reduces P. aeruginosa LESB58 protease activity

All B. multivorans strains were protease negative on lactose-free skimmed-milk agar with both BHI
agar and TSA base. This correlated with previous research which found B. multivorans did not harbour

the zmpA zinc metalloprotease gene (Gingues et al. 2005). An alternative protease agar test utilises a
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similar approach to the motility assays, where bacterial inoculation is performed using surface
inoculation by a toothpick. Protease is assessed by measuring the zone of clearing around the inoculum
(Burtnick et al. 2014). This may allow for more accurate measurement of protease production, as it
would omit the need to subtract the size of the inoculation spot from the overall zone of clearing. Both
assays are only semi-quantitative so there are limitations. Whilst both agar assays are good for mass
screening, the use of the proteinase K assay may provide a more accurate result for overall total protease

production for the bacterial strains (Harrison et al. 2014).

This work determined that protease negative B. multivorans could suppress the protease production of
P. aeruginosa strain LESB58 when interacted at equal starting viability. In the CF lung, it is unlikely
that the same ratio of B. multivorans and P. aeruginosa will be present at any one time (Bragonzi et al.
2012), although they do co-occur in CF lung infection (Flight et al. 2015). Further experiments could
include examining the protease production of P. aeruginosa LESB58 when mixed at different starting
concentrations with B. multivorans. For instance, Bragonzi ef al. (2012) showed that P. aeruginosa was
dominant in early CF infection, which was overtaken by BCC bacteria by the end-stage. It would also
be interesting to study whether B. multivorans influences an already established chronic P. aeruginosa
LESB58 community using animal models. This could be performed using both chronically established,
transient and epidemic B. multivorans CF strains for comparison. However, further clinical data would

be required for this.

5.3.6  Preliminary data for quorum sensing in B. multivorans and P. aeruginosa

AHL-dependant communication, using QS, has previously been described in the BCC (Sokol et al.
2007). This study included experimentation of B. multivorans and P. aeruginosa LESB58 AHL
secretion using two E. coli bioluminescence reporter plasmids (pSB406 and pSB1142). Evidence
showed that the normal B. multivorans phenotype lacked AHL production, linking to previously
published observations (Gotschlich et al. 2001). This finding extended to P. aeruginosa LESBS58,
which also was shown to be AHL-negative in the assay. It has previously been shown in P. aeruginosa
that a loss of QS 3-oxo0-Ci2-HSL may also cause a reduction in protease production (Harrison et al.
2014). Testing for QS interactions between B. multivorans and P. aeruginosa LESB58 were also
performed in this study. However, it does not appear that B. multivorans negatively effects QS of P.

aeruginosa, and thus the reduction in protease production must be due to an alternative mechanism.

The assay performed in this study used overnight cultures for the experimentation. However, this may
have caused interference of signals and interactions between the bacterial cells. Therefore, cell-free
supernatant should be used in future, as described previously (Harrison et al. 2014; Abdul Malik et al.
2020). This would be straight-forward for the single cultures, but for the co-culture could be performed
in two ways: 1) growing the overnight culture as a mixture before use or 2) growing the cultures

separately and then mixing for the assay. The first option would be more useful if wanting to check
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AHL production at one time point as the bacteria would have been interacting for the given time frame.
Option two would be better for a growth assay where cultures would be then mixed and AHL production

checked at given intervals in a plate reader.

The experiment was also performed using a 30-minute incubation of the test strains with the E. coli
reporter, providing a reading for secreted AHLs at a single time point. For more accurate analysis, the
B. multivorans and P. aeruginosa strains could be grown both alone and in a mixed interaction and
monitored for luminescence over a 24-hour period, for example. A similar approach has been performed
by Abdul Malik et al. (2020) and Fletcher et al. (2007). This would enable visualisation of AHL

production levels at different time points.

Ultimately, the assay would also need a true positive control. The E. coli reporter strains have been used
as negative controls as they do not produce AHLs but have a background luminescence. Purified AHLs,
which would be interactive with the reporter, would be advantageous in future to show the activation
of the reporters. Therefore, no thorough conclusions can be made about QS and AHLSs in B. multivorans
and the P. aeruginosa interaction assay from this data output. However, this could be overcome through

optimisation of the assay, which was a time constraint in this study.
5.4 Conclusions

Following the population biology and pan-genome analysis of the B. multivorans strains, the

following conclusions can be made about phenotypic traits of the species:

1) The B. multivorans phenotype does not directly correlate to its genomic lineage

2) As a species, the majority of B. multivorans strains are motile and good biofilm formers

3) B. multivorans does not produce proteases on lactose-free skimmed-milk agar

4) B. multivorans influences the protease production of P. aeruginosa LESB58 in co-culture on
a lactose-free skimmed-milk agar assay

5) Swimming motility of secondary CF pathogens can be influenced by the presence of motile B.

multivorans strains
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6 Conclusions, general discussion, and future research

6.1 Conclusions

This work presents a novel and comprehensive understanding of the population biology and pathogenic
phenotype of the CF lung pathogen B. multivorans. A collection of B. multivorans strains with limited
previous characterization but known genetic diversity (at MLST-level), was subjected to whole genome
sequencing, and analyzed at the population-level through SNP variant and core-gene phylogenomic
analysis. This identified the diversification of B. multivorans as a species into two major genomic
lineages. These were designated lineage 1 and lineage 2, with lineage 2 having at least two further sub-
groupings and greater genomic diversity. The B. multivorans strain panel examined multiple isolation
sources, but with a strong focus on CF isolates (241 of 283 strains: 85.2%). Four model B. multivorans
strains were identified, representative of genomic and phenotypic diversity within the collection. The
B. multivorans model strains were subjected to complete genome sequencing using PacBio long-read
analysis to enable further genome analysis and comparative analysis. Interrogation of all available B.
multivorans genome sequences, including the complete genomes from the model strains, provided a
foundation for diagnostic gene identification and B. multivorans lineage-specific PCR primer design.
Phenotypic characterization of B. multivorans included growth, motility, biofilm formation, cell surface
differences, and protease production. This phenotypic analysis demonstrated key B. multivorans species
traits, but diversity was strain dependent. This Section of work included experimental co-infection
modelling of the change in B. multivorans phenotype when an additional secondary CF pathogen is
present. The B. multivorans model strains were able to infect and persist at high levels in the murine
respiratory tract over the course of at least 5 days. This presented a basis for future infection modelling

and therapeutic testing of B. multivorans.
The main conclusions from this work were:

6.2 The phylogenetic analysis of the B. multivorans strains highlighted a clear divide in
the population, with at least two distinct genomic lineages (Chapter 3)

This work is one of very few examples where the B. multivorans population has been studied. It is the
first time the two-lineage split in the B. multivorans population has been identified at whole-genome
level. A representative B. multivorans strain panel was also identified in this work, encompassing both
CF and non-CF isolates from an array of different countries worldwide. Initially, ANI was used to check
that all strains used in the analysis were of the same genomic species. This was the first instance where
the two-lineage divide was observed. The variance of ANI of lineage 1 around the mean (98.90%) was
less than that of lineage 2 (mean = 98.43%). This provided evidence that B. multivorans strains which
resided in lineage 1 were more closely related than that of lineage 2. This was further backed by

phylogenomic analysis. A RAXML phylogeny was built on 2,998 core genes from 283 genomes which
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showed longer and deeper branches in lineage 2 genomes compared to those in lineage 1. Within lineage
2, there were a further 2 sub-lineages identified. There was also a potential 3™ lineage, harbouring CF
strain BCC1368 sequenced in this thesis, as well as 3 strains downloaded from public databases. The
ANI of this 3" group (97.5%), compared to B. multivorans reference strain ATCC 17616, still supported
its conclusion within the B. multivorans species. This was not defined as a separate lineage in this work
and was instead used as an outgroup for rooting phylogenies due to its relatedness to B. dolosa. Variant
analysis devolved deeper into the core-SNP phylogenies of the two lineages. The clear split of the two
sub-lineages in lineage 2 remained during this analysis. Lineage 1 in turn presented a phylogeny
showing 3 distinct clades at the SNP level. This B. multivorans population biology will set the
benchmark for future systematic testing of phenotypic and clinical association between genomic

lineage.

6.3 There are lineage-specific genes in the B. multivorans population which can be used

to design clinically relevant PCR primers (Chapter 3)

Comparative genomic analysis was used to identify genes unique to each B. multivorans lineage. Four
Candidate genes were identified for PCR primer design. These genes were based on a gene presence-
absence approach and checked for genomic stability. All three genes identified within lineage 1 (yiaJ_1,
ghrB_1, naiP_3) were present in 100% of the B. multivorans lineage 1 genomes. The glnM_2 gene
target identified within lineage 2 was only present in 99.1% of the lineage 2 genomes. However, ginM_2
was deemed fit for PCR design as it was a functionally annotated gene with the most hits overall across
the entire available genomic collection, and the two genomes the gene was missing in were not of CF
isolate origin. Testing of the PCR primers in the laboratory showed that they were species-specific
within a limited panel of BCC species and had the ability to discriminate between the two genomic B.
multivorans lineages. Tests were performed using all the B. multivorans phenotypic strain panel which
showed 100% specificity. These are the first primers designed to specifically target one of the two B.

multivorans genomic lineages.

6.4 Four model CF B. multivorans strains have been identified and analyzed for

pathogenesis using murine models (Chapters 3 and 4)

To date, there have been no model B. multivorans strains identified for studying CF lung infection. The
work identified 4 model strains, based on their phylogenetic placement and genetic content, 3 of which
were CF strains and sequenced as part of this thesis. BCC0084 was chosen from lineage 1, BCC1272
and ATCC 17616 from lineage 2a, and BCC0033 from lineage 2b. Despite being an environmental
isolate, ATCC 17616 was selected as a relevant model strain. This was because of its isogenic

relationship with CF isolate BCC1272 as well as its well-studied nature in the context of the published
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literature. All model strains were also subject to basic genetic manipulation, to see if they could be
transformed with fluorescent gene reporter plasmids. Uptake and stability were observed in all strains
when using pIN301-eGFP. For the pIN233-mCherry construct, B. multivorans strains ATCC 17616 and
BCC1272 were unable to be transformed with this plasmid, but the remaining strains demonstrated

good amenability.

The model strains were also used to identify the location of virulence genes in the complete genomes
in silico. Pathogenic mechanisms of B. multivorans in vivo remains elusive. Therefore, a murine lung
inhalation model was used to study the model strains over a period of up to 5-days. This employed both
the wild type strains and genetically manipulated fluorescent reporter tagged strains. All the 3 B.
multivorans strains (BCCO0033, BCC0084, and ATCC 17616) had the ability to colonize both the murine
lung and nasopharynx at all time points. However, varying degrees of infection burden were observed
between the strains. BCC0084::pIN301-eGFP had the greatest colonization at each time point,
compared to ATCC 17616 WT which was the weakest colonizer in terms of overall murine respiratory
tract microbial burden. Whether this is lineage-specific or attributed to isolation source remains
inconclusive due to the limited strain sample size. Variant analysis was performed to identify key genes
which may indicate niche adaptation. No genes were identified consistently throughout the short-term
experiment. However, this successful infection modelling has created the possibility of studying B.
multivorans evolution during chronic CF infection. This includes testing of novel therapeutics in B.

multivorans chronic lung infection.

6.5 The phenotype of the B. multivorans strains does not necessarily reflect genomic

lineage (Chapters 4 and 5)

Comparing strain phenotype to the population biology of B. multivorans had not previously been
performed before this work. A key study hypothesis was the assumption that genomic lineage may
affect the phenotype of the B. multivorans strains. However, this was proven not to be the case. The
overall phenotype was highly variable between the strains. As a species, B. multivorans is motile in
terms of swimming and swarming, can form biofilms, produces exopolysaccharide, and is non-protease
producing. B. multivorans strain BCC0068 was noted as an outlier in the analysis. This strain was slow
growing, completely non-motile, non-biofilm forming, and non-mucoid. Using a pan-GW AS approach,
20 genes were identified as missing from BCC0068 compared to the rest of the B. multivorans
phenotype strain panel. These genes were associated with DNA repair, transporters, chemotaxis,
secretion systems, binding genes, and hemostasis. Comparison of isolation source to phenotype was

limited due to the small numbers of non-CF and environmental isolates used in this work.

Exopolysaccharide production was the only phenotype where isolation source was linked to a
suggestion of an altered phenotype. Interestingly, lack of exopolysaccharide production (nonmucoid

phenotype) was only observed in CF isolates (n = 5), meaning that this could be associated with
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pathogenicity. Previous research by Zlosnik et al. (2011) showed that a more rapid clinical decline in
persons with CF was linked to a nonmucoid BCC bacterial phenotype. This BCC phenotypic switch
from mucoid to nonmucoid (Zlosnik et al. 2011) in chronic CF infection is inverse to that observed in
P. aeruginosa (Govan and Deretic 1996). Virulent B. cenocepacia has been shown to mostly be
nonmucoid when assessing clinical isolates (Zlosnik et al. 2008). Interestingly, mucoid variants of B.
cenocepacia have also been shown to persist in the murine CF lung longer than their nonmucoid
counterparts (Chung et al. 2003). As all the B. multivorans model strains produce EPS on YEM agar,
further comparison of these strains in murine models to nonmucoid B. multivorans strains could be
performed. This would help to identify if differences in EPS production links to chronic colonization in

B. multivorans.

6.6 B. multivorans strains can suppress the protease production of epidemic P. aeruginosa

LESBS58 when using the skimmed-milk agar assay (Chapter 5)

To date, there have been a couple of studies looking at co-culture modelling of two CF lung microbiota
pathogens. However, these are limited to more common interactions such as P. aeruginosa with S.
aureus (Baldan et al. 2014; Biswas and Gotz 2021), or P. aeruginosa and B. cenocepacia (Bragonzi et
al. 2012). Phenotypic modelling of B. multivorans with other CF pathogens is an area wide-open for
further research. This work employed the phenotypes used to characterize B. multivorans alone to see
what would happen when a secondary pathogen was introduced. There was no significant difference in
biofilm production, and differences in motility were negligible. This work provided evidence that motile
B. multivorans strains could “carry” non-motile secondary CF pathogens across an agar surface.
Protease interactions had a more clear-cut conclusion. Protease negative B. multivorans had the ability
to suppress the protease production of P. aeruginosa LESB58 on 1% lactose-free skimmed-milk agar.
The statistically significant reduction in protease production was found to be unique to the epidemic P.
aeruginosa LESB58 CF strain (Cheng et al. 1996; Winstanley et al. 2009), no matter which B.
multivorans strain was used for the interaction. It was thought that B. multivorans was either killing or
outgrowing the P. aeruginosa LESBS58 strain in the co-culture. However, this theory was dismissed by
using the fluorescent gene reporter probe strains over a 24-hour growth period. This means that B.
multivorans can suppress P. aeruginosa LESB58 protease production via another mechanism other than

killing which is worthy of further study.
6.7 Discussion and Future Research

Studies regarding population biology and phylogenomic analysis of the BCC are limited. Currently, B.
multivorans epidemiology has only been subject to MLST-level analysis (Baldwin et al. 2008).
Genomic studies of single (Silva et al. 2016; Diaz Caballero et al. 2018) and limited B. multivorans
strain collections (Peeters ef al. 2017; Lood et al. 2021) have also been performed, but not as large-

scale such as performed in this thesis. There remains little knowledge on the virulence factors and
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pathogenic mechanisms of B. multivorans as well as the understanding what may cause chronic CF lung
colonization. There was a clear divide identified in the population, whereby B. multivorans strains were
noted as lineage 1 and lineage 2. These two genomic lineages became the focus for understanding any
phenotypic and genotypic differences in the B. multivorans population. This Section will discuss the
relevance of these findings and their utility for future B. multivorans research in the context of CF lung

infections.

6.8 Comparing population biology and associated virulence

With the constant increase in data availability of bacterial genomes, it has been much easier to perform
in-depth analysis of bacterial population structures. This has been attributed to more cost-effective and
accessible genome sequencing technologies in the past few years. This work aimed to understand
virulence and pathogenicity gene traits in the B. multivorans genomes and their association with
genomic lineage. Initially, genes were grouped from the Roary gene presence-absence matrix. Total
group counts were performed for each B. multivorans genomic lineage and statistically compared.
Lineage 1 had a greater gene count for biofilm-associated genes and hemolysins. Lineage 2 had a greater
number of genes associated with biocide/chemical resistance, cation efflux, drug resistance, invasion,
and flagella, OMPs, QS genes, stress proteins and T6SS genes. Virulence genes are often associated
with regulation by QS systems. Studies showing the absence of two QS systems in B. cenocepacia,
located within the cenocepacia genomic island 1, caused reduction in strain virulence (Baldwin et al.
2004; Malott et al. 2005). Genomic islands (GIs) have not been investigated within this work, however,
B. multivorans has previously been shown to harbour multiple GIs within their genomes, located on
multiple replicons (Lood et al. 2021). Further investigation of B. multivorans Gls and their content may

highlight further abilities for adaptation to the CF lung.

Several virulence studies have also been performed on related B. cenocepacia, where some of the gene
groups observed here have been associated with overall pathogenicity. Increased transcription of
flagella (Drevinek et al. 2008b) and increased expression of adhesin AdhA (Sajjan et al. 2003), have
both been observed to have key roles in B. cenocepacia CF pathogenesis, such as both cell attachment
and invasion. T6SS have also been found in many Burkholderia species, but its contribution to virulence
is not necessarily associated with host infection. Instead, T6SS are implicated in competition with other
bacterial species, using antibacterial properties to outcompete others in that niche (Spiewak et al. 2019).
The greater presence of T6SS genes in lineage 2 supports the idea that this B. multivorans lineage may
be better at out-competing other CF lung pathogens than lineage 1. Overall, this would require further
analysis both in vivo and in silico to rule out any analysis bias, due to the sheer proportion of B.

multivorans strains in lineage 2 compared to lineage 1.

255



A study by Wallner et al. (2019) attempted to link B. cenocepacia isolation source to phylogenetic
placement and virulence gene content. The results showed that the clinical isolates had a higher number
of putative virulence genes than the environmental strains (Wallner et al. 2019). However, this work
was deeply flawed because the collection included both strains which were previously shown to cause
problems in CF individuals. The work also included isogenic environmental isolates of these
problematic CF strains (Wallner et al. 2019). B. cenocepacia may also lose virulence determinants, but
this does not necessarily mean that the strain could not cause infection in a vulnerable host. For instance,
CF isolate B. cenocepacia J2315 has been shown as unable to produce EPS but is still representative of
a problematic epidemic BCC strain linked to mortality in people with CF (Drevinek and
Mabhenthiralingam 2010). Different responses to the CF lung environment may also play a role in the
virulence of each B. cenocepacia strain, despite residing within the same genomic lineage (Drevinek et
al. 2010; Drevinek and Mahenthiralingam 2010). This continues the idea that each Burkholderia
infection outcome is highly strain specific and dependent on host vulnerability in terms of opportunistic

infection.

A second analysis was performed using Abricate (Seemann 2017) databases to highlight key genes
which were then mapped to the complete B. multivorans model strains. The overall virulence genes
identified from Abricate were relatively conserved across the B. multivorans strains tested, and places
of presence or absence were not always related to genomic lineage. One limitation we currently face is
the lack of clinical outcome data behind the B. multivorans strains examined in this study. Further
understanding the clinical outcomes of each B. multivorans lineage would help in the endeavor to
understand whether the virulence genes identified would affect overall pathogenicity. This work also
did not have access to whether the strains used were transient or chronic in the context of long-term CF
lung infection. This means that links could not be made between presence and absence of specific genes
and chronic infection, except for what was observed in the 5-day murine experiment. In future, knock-
out B. multivorans mutants could be used to identify the effect of key virulence genes on organism

pathogenicity.
6.9 Lineage-specific PCR primers for identification of B. multivorans in clinical samples

There has now been much molecular PCR development for Burkholderia species identification
(Mahenthiralingam et al. 2000; McDowell et al. 2001; Cesarini et al. 2009; Dedeckova et al. 2013).
Many of the current PCR primers are used to target phylogenetic markers such as 16S rRNA (LiPuma
et al. 1999) and recA (Mahenthiralingam et al. 2000). This work has taken that one step further,
identifying unique lineage-specific genes as PCR targets. These are PCR primers which could be used
for routine testing in clinical microbiology laboratories and start to allow linkage of lineage to clinical
disease. The primers were initially designed for use on the assumption that isolated and purified B.

multivorans strains would be tested, and that only knowledge of the specific lineage was required.
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However, the analysis herein proved their ability to differentiate from B. cenocepacia and B. ambifaria,
as well as the opposing B. multivorans lineage. With more than 22 species in the BCC (Mullins and
Mabhenthiralingam 2021), further testing will be required for species specificity of the PCR primers.
The laboratory analysis showed that there was 100% specificity for the targeted lineage, with a single
744 bp band for lineage 1 and 322 bp for lineage 2. This means there is also the ability to combine the

two primers into a multiplex PCR due to the differentiation between the banding patterns.

The efficacy of these lineage-specific primers still requires testing in routine clinical B. multivorans
surveillance. Even though the study was limited to the B. multivorans strain collection at Cardiff
University, whereby the isolates have already been purified into stocks, it is expected that the primers
will still be highly specific to other circulating CF isolates. One limitation of this work is that the primers
could not be tested directly on sputum samples, and therefore would need to be checked for sensitivity
in this manner. Development of this molecular detection method into a nested PCR would also enhance
the ability to increase sensitivity. A similar PCR design, for BCC detection direct from patient CF
sputum, was created by Drevinek et al. (2002) utilizing the recA gene. In all, these primers will reduce
costs and diagnostic time. With the later addition of clinical data for the associated lineage, there may

also be better understanding of clinical outcome and infection trajectory.

6.10 Use of complete genome sequences and CF model strains to extensively characterize

the genomic content and pathogenicity of B. multivorans

By obtaining complete genomes of the 4 B. multivorans CF model strains (ATCC 17616; lineage 2a,
BCCO0033; lineage 2b, BCC0084; lineage 1, and BCC1272; lineage 2a), comprehensive functional
analysis and comparative analysis between the lineages could be performed. These 4 B. multivorans
strains now provide characterized references for future studies, spanning both genome sequencing and
phenotypic work. These complete genomes were determined using PacBio sequencing and polished
with [llumina short DNA reads. All four complete genomes provided 4 genomic replicons: C1, C2, C3,
and C4. The BCC are known to have a multi-replicon structure (Mahenthiralingam et al. 2005).
However, the 4™ replicon does not appear to be in all BCC strains, and not present in all B. multivorans.
The results in this work provided evidence that the C4 replicon is a plasmid, which varies between
strains. Future research should examine the advantages of harbouring this plasmid, and whether the loss
of this plasmid has any effect on strain virulence. For example, replicon C3 is known as a non-essential

virulence plasmid (Agnoli et al. 2014).

Study of microbial evolution is a powerful tool in understanding changes in genetic content based on
niche selection pressures (McDonald 2019). As part of this work, murine inhalation models were used
to determine the infection burden and pathogenicity of the model CF B. multivorans over a 5-day period
in vivo. As noted in the introduction, there are a wide variety of models which have previously been

used to assess BCC pathogenicity. A limitation of using murine models for infection is that they require
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ethical consideration in the context of appropriate use and are very costly. This meant that the work
could only be repeated once, for a limited number of strains. However, this is one of the more advanced
and well-documented models for use in CF (Bragonzi et al. 2012; Scoffone et al. 2017) and other
pathogen (Speert et al. 1999; Green et al. 2021) respiratory infection modelling. Using this murine
model for the first time on B. multivorans represents a key advance in this thesis. B. multivorans as a
species demonstrated a much greater infection burden than BCC bacteria B. ambifaria (Mullins et al.
2019). All the 4 B. multivorans strains colonized the murine respiratory tract, however, full
understanding of pathogenicity between the strains and the lineages requires further study. A good
alternative to murine models is the G. mellonella wax moth larvae model. Use of this invertebrate model
is much cheaper than mice and the pathogenicity results of the BCC are in line with those observed in
mice (Seed and Dennis 2008). There is also no requirement for animal handling training, and an LDsg
value can be ethically identified using this model, but not in murine infections (Seed and Dennis 2008).
For a larger, high-throughput pathogenicity screen of the B. multivorans strains, this model should be

considered in future experiments.

6.11 Co-infection modelling to understand pathogen interactions in the CF lung

microbiome

It is not clear that the chronically infected CF lung has multiple inhabiting microbial species within it.
The CF microbiota is highly complex, where multiple CF microbes create communities which interact
with one another via an array of mechanisms These microbial interactions remain poorly understood.
During this work, there was one interaction of interest, the suppression of P. aeruginosa LESB58
protease production when B. multivorans was present. The initial hypothesis that B. multivorans was
killing P. aeruginosa was rejected. The mechanism of how protease production is suppressed is open
for experimentation. Optimization of an RNA sequencing (RNA-seq) protocol was evaluated during
this study but was not fully implemented due to time and costing constraints. The two CF pathogens
were grown in both mono and co-culture on a filter membrane placed on the protease agar for specified
time-points (16, 18, and 24-hours). Good quality RNA could be extracted from all time points. This
provides a basis for future experimentation through transcriptomics to evaluate the global gene
expression in B. multivorans and P. aeruginosa. This strategy could have revealed gene expression
linked to the suppression of protease production in P. aeruginosa, as well as that due to the interaction

of the two bacteria in co-culture.

Interestingly, P. aeruginosa has previously been shown to enhance BCC virulence factor expression
through AHL signals (Riedel ef al. 2001). This proposes the idea that RT-qPCR may be useful for
experimentation on the B. multivorans and P. aeruginosa co-cultures. This could look at specific QS
gene expression changes when two CF pathogens are grown together and relate this to possible

virulence gene expression. Similar work has been performed when P. aeruginosa is interacted with S.
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aureus. Different strain combinations either co-exist, altering S. aureus virulence, or P. aeruginosa
inhibits the growth of S. aureus through competition (Briaud et al. 2019). Use of appropriate animal
models could also be used for co-infection. This would help overcome the limitation of using in vitro
techniques which may not necessarily reflect the nature of the CF lung microenvironment. An example
of this has been performed by Bragonzi et al. (2012) where B. cenocepacia and P. aeruginosa biofilms

were modelled in a murine co-infection (both inbred and CFTR mice) over a 13-day period.

6.12 Final perspectives

Overall, this PhD thesis research used a multi-disciplinary approach, using both computational and
laboratory-based techniques. By defining the population biology, pathogenic phenotype, and potential
in silico virulence factors, this work has opened the door for further in-depth research into differences
that may be present between the two B. multivorans genomic lineages. The work performed in this
thesis provided a highly data-rich output. Finally, this work has provided a strong foundation for rapidly

identifying B. multivorans lineage in a clinical setting using lineage specific diagnostic PCR.
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8 Appendices

Table 43 | Quality Metrics of the B. multivorans strains sequenced in this thesis (n = 73).

Number GC Shortest  Median Mean Longest Number Number  number number
Strain Lineage S.equence of content contig sequence sequence contig N30 130 Number of of coding Number of of of
s contigs (%) size size size size value value SR sequences of RINAS rRNAs tRNAs tmRNAs
BCC6 1 6272301 107 67.3 119 1564 58619.6 923050 239280 9 511 5560 60 3 65 1
BCC9 1 6342332 83 67.2 130 2945 76413.6 1042576 226583 9 515 5618 66 4 73 1
BCC80 1 6706461 113 66.8 101 1294 59349.2 686101 289154 10 514 5999 64 3 72 1
BCC84 1 6599540 137 67.1 101 1857 48171.8 377138 165313 10 517 5962 58 3 67 1
BCC101 1 6384309 113 67.1 120 2162 56498.3 377138 219505 10 512 5636 56 3 66 1
BCCl141 1 6171198 83 67.4 110 16803 74351.8 689872 216985 10 511 5498 62 3 70 1
BCC303 1 6252321 96 67.2 18 8940 63799.2 707653 192319 10 512 6098 61 3 69 1
BCC375 1 6289743 100 67.3 103 3795 62897.4 893830 253362 10 512 5561 61 3 71 1
BCC381 1 6248359 82 67.3 134 3188 76199.5 725497 229512 10 510 5531 56 3 65 1
BCC702 1 6455034 110 67.1 108 3289 58682.1 515667 241164 10 514 5723 62 3 69 1
BCC737 1 6223066 76 67.3 102 18360 81882.4 599007 239689 10 509 5472 61 3 67 1
BCC814 1 6273978 110 67.3 101 2755 57036.2 427585 238427 10 512 5591 56 3 66 1
BCC865 1 6791523 134 66.6 106 2148 50683 557856 262358 10 516 6110 61 3 71 1
BCC904 1 6029426 163 67.4 100 5437 36990.3 380474 106352 10 505 5338 51 3 60 1
BCC921 1 6786237 158 66.6 106 2274 42950.9 557856 197853 10 516 6098 59 3 69 1
BCC1177 1 6520943 160 67.1 101 2151 40755.9 470646 148928 10 516 5908 53 3 61 1
BCC1190 1 6366933 112 67.1 109 6177 56847.6 378394 176650 10 513 5694 58 3 68 1
BCC1385 1 6606699 112 66.9 101 1752 58988.4 544646 236600 10 513 5918 57 3 63 1
BCC1367 1 6246910 99 67.2 102 14809 94461.5 707677 207005 10 362 6228 61 3 69 1
BCC1384 1 6246946 99 67.2 108 7439 64458.8 707668 220614 10 362 5530 61 3 69 1
BCC0292 1 6360854 74 67.14 103 1675 57904.6 771986 207640 10 362 5682 58 3 66 1
BCC0293 1 6508922 143 66.99 102 1540 32956.4 537897 193063 10 362 5835 58 3 70 1
BCC0321 1 6244833 84 67.32 102 2870 58975.8 659695 210918 10 364 5579 66 3 74 1
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Table 44 [Statistical analysis (BAM files) of the mapped B. multivorans reads against the reference genomes

Total Reads ~ Mapped Reads Forward Strand Reverse Strand Paired end Reads Proper pairs' Both Pairs Mapped Read 1 Read 2 Singletons

Strain Number Number % Number % Number % Number % Number % Number % Number Number Number %

BCC0006 6999937 5929577 84.71% 4055702  57.94% 2944235  42.06% 6999937 100.00% 5553108 7933% 5771602 82.45% 3499962 3499975 157975 2.26%
BCC0009 7147747 5976506 83.61% 4179652  58.48% 2968095  41.52% 7147747 100.00% 5608002 78.46% 5814210 81.34% 3573970 3573777 162296 2.27%
BCC0032 7563566 6630209 87.66% 4270151  56.46% 3293415 43.54% 7563566 100.00% 6243046 82.54% 6492802 85.84% 3781832 3781734 137407 1.82%
BCC0033 6576276 5407673 82.23% 3890391  59.16% 2685885  40.84% 6576276 100.00% 5097854 77.52% 5294500 80.51% 3288121 3288155 113173 1.72%
BCC0043 7879679 6662612 84.55% 4570646  58.01% 3309033 41.99% 7879679 100.00% 6282480 79.73% 6527169 82.84% 3939863 3939816 135443 1.72%
BCC0047 7618920 6138217 80.57% 4569078  59.97% 3049842  40.03% 7618920 100.00% 5803956 76.18% 6023591 79.06% 3809496 3809424 114626 1.50%
BCC0065 6268462 5370549 85.68% 3598815  57.41% 2669647  42.59% 6268462 100.00% 5070698 80.89% 5259864 83.91% 3134193 3134269 110685 1.77%
BCCO0066 4911001 4469990 91.02% 2688818  54.75% 2222183  4525% 4911001 100.00% 4242292 86.38% 4396396 89.52% 2455474 2455527 73594 1.50%
BCC0068 6998383 6180131 88.31% 3928991  56.14% 3069392  43.86% 6998383 100.00% 5814752 83.09% 6047342 86.41% 3499240 3499143 132789 1.90%
BCC0074 4369650 3862646 88.40% 2446549  55.99% 1923101  44.01% 4369650 100.00% 3645328 83.42% 3770772 86.29% 2184875 2184775 91874 2.10%
BCCO0075 3957376 3332338 84.21% 2297231  58.05% 1660145  41.95% 3957376 100.00% 3149088 79.58% 3254220 82.23% 1978688 1978688 78118 1.97%
BCC0079 5564716 4732597 85.05% 3210631  57.70% 2354085  42.30% 5564716 100.00% 4476652 80.45% 4630658 83.21% 2782404 2782312 101939 1.83%
BCC0080 4418318 3772729 8539% 2540120  57.49% 1878198  42.51% 4418318 100.00% 3548648 80.32% 3664087 82.93% 2209149 2209169 108642 2.46%
BCC0082 5710214 4895729 85.74% 3273419  57.33% 2436795  42.67% 5710214 100.00% 4624594 80.99% 4784917 83.80% 2855120 2855094 110812 1.94%
BCC0084 6132940 5043622 82.24% 3626831  59.14% 2506109  40.86% 6132940 100.00% 4728028 77.09% 4899728 79.89% 3066484 3066456 143894 2.35%
BCC0087 5591820 4856586 86.85% 3177202  56.82% 2414618  43.18% 5591820 100.00% 4596400 82.20% 4760569 85.13% 2795945 2795875 96017 1.72%
BCC0093 9422526 7907101 83.92% 5469369  58.05% 3953157  41.95% 9422526 100.00% 7661134 81.31% 7754546 82.30% 4711200 4711326 152555 1.62%
BCC0096 4451467 3863475 86.79% 2528857  56.81% 1922610  43.19% 4451467 100.00% 3647408 81.94% 3777494 84.86% 2225723 2225744 85981 1.93%
BCC0101 5729484 4805944 83.88% 3340542  58.30% 2388942  41.70% 5729484 100.00% 4501760 78.57% 4659826 81.31% 2864741 2864743 146118 2.55%
BCCO0134 10806449 9691156 89.68% 5961605  55.17% 4844844  44.83% 10806449  100.00% 9489466 87.81% 9598174 88.82% 5403273 5403176 92982 0.86%
BCC0141 6376726 5498661 86.23% 3643672  57.14% 2733054  42.86% 6376726 100 5164250 80.99% 5349688 83.89% 3188411 3188315 148973 2.34%
BCCO181 9590393 8270812 86.24% 5456045  56.89% 4134348  43.11% 9590393 100.00% 8078140 84.23% 8171720 85.21% 4795209 4795184 99092 1.03%
BCCO0188 5253107 4540520 86.43% 2997699  57.07% 2255408  42.93% 5253107 100.00% 4276204 81.40% 4450602 84.72% 2626616 2626491 89918 1.71%
BCC0225 5668870 4919612 86.78% 3224987  56.89% 2443883  43.11% 5668870 100.00% 4638756 81.83% 4825123 85.12% 2834417 2834453 94489 1.67%
BCC0241 7602204 6661805 87.63% 4294379  56.49% 3307825  43.51% 7602204 100.00% 6254506 82.27% 6522908 85.80% 3801188 3801016 138897 1.83%
BCC0246 4801009 4159865 86.65% 2730752  56.88% 2070257  43.12% 4801009 100.00% 3935692 81.98% 4068173 84.74% 2400494 2400515 91692 1.91%
BCC0247 7123525 6042465 84.82% 4122019  57.86% 3001506  42.14% 7123525 100.00% 5690728 79.89% 5909793 82.96% 3561799 3561726 132672 1.86%
BCC0255 9645373 8532850 88.47% 5379651  55.77% 4265722 44.23% 9645373 100.00% 8319992 86.26% 8430664 87.41% 4822649 4822724 102186 1.06%
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BCC0264
BCC0266
BCC0269
BCC0292
BCC0293
BCC0300
BCC0303
BCC0317
BCC0321
BCC0375
BCC0381
BCC0384
BCC0470
BCC0493
BCC0497
BCC0533
BCCO0553
BCC0583
BCCO0585
BCC0702
BCC0704
BCC0710
BCC0729
BCC0737
BCC0814
BCC0865
BCC0901
BCC0904
BCC0907
BCC0915
BCC0921
BCC0962

5415599
5829237
5213968
10628184
9446406
9579920
4263472
5634003
9035614
7094184
6528225
5725748
9831620
4483285
6064845
9285616
10611049
10734684
10118964
6202081
9126843
6530797
9388658
5340865
5148849
4413536
9583186
3220714
9922921
10856895
4670273
10228209

4922956
5147764
4560372
9140705
8062656
8168582
3531521
4980592
7839492
6023096
5558702
5009957
8421141
3811153
4954866
8130863
8969165
10197679
8824591
5185196
7734092
5788645
8168487
4522122
4358393
3558317
8350723
2773024
9064490
9410339
3743567
8669042

90.90%
88.31%
87.46%
86.00%
85.35%
85.27%
82.83%
88.40%
86.76%
84.90%
85.15%
87.50%
85.65%
85.01%
81.70%
87.56%
84.53%
95.00%
87.21%
83.60%
84.74%
88.64%
87.00%
84.67%
84.65%
80.62%
87.14%
86.10%
91.35%
86.68%
80.16%
84.76%

2968719
3268615
2945907
6057795
5415677
5496727
2506893
3156292
5115596
4101745
3765798
3234701
5621660
2585957
3601014
5220685
6127010
5635570
5707083
3622343
5259946
3652730
5304503
3091540
2980471
2643276
5408301
1840095
5391228
6151736
2810274
5894506

54.82%
56.07%
56.50%
57.00%
57.33%
57.38%
58.80%
56.02%
56.62%
57.82%
57.68%
56.49%
57.18%
57.68%
59.38%
56.22%
57.74%
52.50%
56.40%
58.41%
57.63%
55.93%
56.50%
57.88%
57.89%
59.89%
56.44%
57.13%
54.33%
56.66%
60.17%
57.63%

2446880
2560622
2268061
4570389
4030729
4083193
1756579
2477711
3920018
2992439
2762427
2491047
4209960
1897328
2463831
4064931
4484039
5099114
4411881
2579738
3866897
2878067
4084155
2249325
2168378
1770260
4174885
1380619
4531693
4705159
1859999
4333703

45.18%
43.93%
43.50%
43.00%
42.67%
42.62%
41.20%
43.98%
43.38%
42.18%
42.32%
43.51%
42.82%
42.32%
40.62%
43.78%
42.26%
47.50%
43.60%
41.59%
42.37%
44.07%
43.50%
42.12%
42.11%
40.11%
43.56%
42.87%
45.67%
43.34%
39.83%
42.37%

5415599
5829237
5213968
10628184
9446406
9579920
4263472
5634003
9035614
7094184
6528225
5725748
9831620
4483285
6064845
9285616
10611049
10734684
10118964
6202081
9126843
6530797
9388658
5340865
5148849
4413536
9583186
3220714
9922921
10856895
4670273
10228209

100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100.00%
100

100.00%

4658076
4875078
4306658
8790546
7797160
8000162
3274334
4718552
7614302
5652798
5215296
4736604
8234520
3598632
4667050
7944076
8799930
10028568
8625794
4870522
7492126
5468470
7950730
4245224
4095498
3317038
8160678
2596548
8874960
9131796
3490240
8377116

86.01%
83.63%
82.60%
82.71%
82.54%
83.51%
76.80%
83.75%
84.27%
79.68%
79.89%
82.72%
83.76%
80.27%
76.95%
85.55%
82.93%
93.42%
85.24%
78.53%
82.09%
83.73%
84.68%
79.49%
79.54%
75.16%
85.16%
80.62%
89.44%
84.11%
74.73%
81.90%

4838523
5055254
4467159
8942567
7888471
8076869
3407888
4886139
7674798
5867330
5409863
4912387
8318647
3726277
4835953
8010079
8861146
10150630
8719404
5035796
7556169
5660819
8022682
4391162
4235735
3443633
8228892
2693393
8994358
9241055
3621959
8493601

89.34%
86.72%
85.68%
84.14%
83.51%
84.31%
79.93%
86.73%
84.94%
82.71%
82.87%
85.79%
84.61%
83.11%
79.74%
86.26%
83.51%
94.56%
86.17%
81.20%
82.79%
86.68%
85.45%
82.22%
82.27%
78.02%
85.87%
83.63%
90.64%
85.12%
77.55%
83.04%

2707771
2914573
2606965
5313966
4723215
4789945
2131780
2816938
4517810
3547033
3264033
2862888
4915829
2241594
3032454
4642628
5305443
5367121
5059368
3101001
4563518
3265451
4694276
2670451
2574439
2206766
4791614
1610393
4961253
5428426
2335189
5114116

2707828
2914664
2607003
5314218
4723191
4789975
2131692
2817065
4517804
3547151
3264192
2862860
4915791
2241691
3032391
4642988
5305606
5367563
5059596
3101080
4563325
3265346
4694382
2670414
2574410
2206770
4791572
1610321
4961668
5428469
2335084
5114093

84433
92510
93213
198138
174185
91713
123633
94453
164694
155766
148839
97570
102494
84876
118913
120784
108019
47049
105187
149400
177923
127826
145805
130960
122658
114684
121831
79631
70132
169284
121608
175441

307

1.56%
1.59%
1.79%
1.86%
1.84%
0.96%
2.90%
1.68%
1.82%
2.20%
2.28%
1.70%
1.04%
1.89%
1.96%
1.30%
1.02%
0.44%
1.04%
2.41%
1.95%
1.96%
1.55%
2.45%
2.38%
2.60%
1.27%
2.47%
0.71%
1.56%
2.60%
1.72%



BCC0968 10005675 8254510 82.50% 5877846  58.75% 4127829  41.25% 10005675  100.00% 7987638 79.83% 8075016 80.70% 5002838 5002837 179494 1.79%
BCC1147 3840978 3424407 89.15% 2135282  55.59% 1705696  44.41% 3840978 100.00% 3239766 84.35% 3350379 87.23% 1920482 1920496 74028 1.93%
BCC1148 4810701 4289660 89.17% 2674303  55.59% 2136398  44.41% 4810701 100.00% 4044398 84.07% 4191688 87.13% 2405395 2405306 97972 2.04%
BCC1177 5848961 4814820 82.32% 3454901  59.07% 2394060  40.93% 5848961 100.00% 4525300 77.37% 4682482 80.06% 2924484 2924477 132338 2.26%
BCC1185 4149985 3611985 87.04% 2352667  56.69% 1797318  43.31% 4149985 100.00% 3420804 82.43% 3533268 85.14% 2074966 2075019 78717 1.90%
BCC1190 8957376 7442738 83.09% 5267346  58.80% 3690030  41.20% 8957376 100.00% 6932876 7740% 7236077 80.78% 4478701 4478675 206661 2.31%
BCC1271 9041417 8729361 96.55% 4676696  51.73% 4364721  48.27% 9041417 100.00% 8600610 95.12% 8693476 96.15% 4520566 4520851 35885 0.40%
BCC1272 8237658 8116573 98.53% 4207756  51.08% 4029902  48.92% 8237658 100.00% 7660340 92.99% 8017771 97.33% 4118815 4118843 98802 1.20%
BCC1367 9593198 8359824 87.14% 5413773  56.43% 4179425  43.57% 9593198 100.00% 8089650 84.33% 8187390 8535% 4796474 4796724 172434 1.80%
BCC1368 5173199 4486858 86.73% 2941301  56.86% 2231898  43.14% 5173199 100.00% 4226060 81.69% 4377469 84.62% 2586646 2586553 109389 2.11%
BCC1384 10890007 9503000 87.26% 6137986  56.36% 4752021  43.64% 10890007  100.00% 9217038 84.64% 9324193 85.62% 5444962 5445045 178807 1.64%
BCC1385 3901993 3170433 81.25% 2322838  59.53% 1579155  40.47% 3901993 100.00% 2958532 75.82% 3071824 78.72% 1950974 1951019 98609 2.53%
BCC1421 8909407 7554470 84.79% 5132220  57.60% 3777187  42.40% 8909407 100.00% 7363762 82.65% 7447717 83.59% 4454600 4454807 106753 1.20%
Average 7091769.08 6130095 86.23% 4036344  0.570458 3055425  0.429542 7091769 3.7123288 5863271 82.12% 6010528 84.44% 3545872  3545896.671 119566.8  1.79%
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Figure 65 | PyANI outputs of the B. multivorans master strain panel (n = 283 genomes). (A) Alignment coverage, (B) Total alignment lengths, (C) Hadamard matrix, (D) Percentage (%) ID, (E) Similarity Errors (mismatches

but not including indels).
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Table 45 | FastANI comparisons of the B. multivorans draft genomes (n = 283) against reference strain ATCC 17616.

Total Sequence Percentage of Ortholog
Draft Genome ANI (%) Orthologous Matches
Fragments Matches (%)

ATCC 17616 100 2332 2334 99.91
701 BMUL 97.75 1572 1738 90.45
800 BMUL 97.72 1763 1978 89.13
ATCC BAA-247 96.82 1612 1786 90.26
AU10047 96.81 1864 2059 90.53
AU10086 97.84 1844 2043 90.26
AU10398 98.35 1953 2183 89.46
AU10897 97.90 1888 2133 88.51
AU11204 96.83 1837 2055 89.39
AU11233 98.12 1892 2101 90.05
AU11358 96.91 1861 2096 88.79
AU11772 97.56 1857 2037 91.16
AU1185 97.02 1897 2206 85.99
AU12481 98.14 1902 2043 93.10
AU13919 97.88 1938 2222 87.219
AU14328 97.88 1931 2222 86.90
AU14364 98.16 1869 2081 89.81
AU14371 98.07 1989 2224 89.43
AU14786 97.56 1859 2033 91.44
AU15814 98.15 1880 2083 90.25
AU15954 97.94 1987 2245 88.51
AU16734 96.95 1818 1979 91.86
AU17135 97.02 1852 2010 92.14
AU17534 98.34 1979 2131 92.87
AU17545 98.31 2019 2251 89.69
AU18096 98.30 1892 2112 89.58
AU19518 98.24 1993 2174 91.67
AU19564 98.13 2016 2248 89.68
AU19659 96.91 1832 2008 91.24
AU19729 98.39 2050 2295 89.32
AU20929 98.09 2009 2222 90.41
AU21015 97.93 1820 2030 89.66
AU21596 97.76 1855 2028 91.47
AU21747 100.00 2224 2228 99.82
AU22436 97.03 1825 2030 89.90
AU22892 97.94 1996 2234 89.35
AU23365 97.01 1840 2060 89.32
AU23668 98.17 1903 2063 92.24
AU23690 97.10 1734 1915 90.55
AU23919 97.51 1843 2013 91.55
AU23995 97.92 1878 2100 89.43
AU24277 97.84 1867 2129 87.69
AU25057 96.94 1859 2041 91.08
AU25543 98.35 1972 2188 90.13
AU26250 98.00 1971 2188 90.08
AU27706 96.98 1835 2136 85.91
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AU28069
AU28442
AU29198
AU30050
AU30438
AU30441
AU30760
AU4507

BCC0005
BCC0006
BCC0008
BCC0009
BCC0010
BCC0031
BCC0032
BCC0033
BCC0037
BCC0043
BCC0047
BCC0050
BCC0059
BCC0065
BCC0066
BCC0067
BCC0068
BCC0074
BCC0075
BCC0079
BCC0080
BCC0082
BCC0084
BCC0087
BCC0089
BCC0093
BCC0096
BCC0099
BCC0101
BCC0102
BCCO115
BCC0134
BCC0141
BCC0149
BCCO0175
BCC0181
BCCO0188
BCC0225
BCC0241
BCC0244
BCC0246
BCC0247

98.47
96.90
97.83
96.82
96.92
96.89
98.08
97.71
97.83
96.92
97.85
97.04
96.97
97.82
97.82
97.83
98.08
97.90
97.87
98.10
97.73
97.91
98.33
96.98
97.91
98.20
97.83
98.04
97.33
97.89
97.08
97.87
97.87
96.91
97.78
98.11
96.99
98.04
97.02
98.10
96.98
96.96
96.89
97.78
98.33
98.11
97.98
98.43
97.82
97.89

1988
1847
1880
1848
1850
1828
1957
1909
1911
1864
1928
1854
1867
1990
1976
1910
1915
1887
1990
2032
1945
1906
1994
1852
1926
1958
1917
2008
1965
1855
1903
1911
1949
1876
1897
2018
1856
2000
1881
1920
1851
1882
1879
1920
1964
1989
1985
2039
1910
1910

2127
2013
2066
2070
2025
2088
2162
2157
2126
2052
2196
2082
2076
2165
2145
2206
2165
2151
2341
2308
2235
2148
2138
2022
2080
2159
2171
2299
2197
2109
2152
2127
2118
2080
2092
2282
2086
2203
2057
2106
2024
2097
2215
2164
2157
2235
2183
2176
2130
2144

93.46
91.75
91.00
89.28
91.36
87.54
90.518
88.50
89.89
90.84
87.80
89.05
89.93
91.92
92.12
86.58
88.45
87.73
85.01
88.04
87.02
88.73
93.26
91.59
92.60
90.69
88.30
87.34
89.44
87.96
88.43
89.84
92.02
90.19
90.68
88.43
88.97
90.79
91.44
91.17
91.45
89.75
84.83
88.72
91.05
88.99
90.93
93.70
89.67
89.09
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BCC0255
BCC0264
BCC0266
BCC0269
BCC0292
BCC0293
BCC0300
BCC0303
BCC0317
BCC0321
BCCO0375
BCC0381
BCC0384
BCC0470
BCC0493
BCC0497
BCC0533
BCCO0553
BCCO0583
BCCO0585
BCC0702
BCC0704
BCC0710
BCC0729
BCC0737
BCC0814
BCC0865
BCC0901
BCC0904
BCC0907
BCC0915
BCC0921
BCC0962
BCC0968
BCC1147
BCC1148
BCC1177
BCC1185
BCC1190
BCC1271
BCC1272
BCC1367
BCC1368
BCC1384
BCC1385
BCC1421
CF170.0a
CF170.10a
CF170.10b
CF170.10c

98.08
98.44
98.16
97.90
96.94
97.02
97.80
96.95
98.15
96.99
96.97
97.02
97.82
98.05
97.90
97.76
97.84
97.82
99.94
97.92
96.81
96.89
97.82
97.13
97.00
97.05
96.92
97.88
97.09
98.49
97.03
96.90
97.03
96.91
97.97
97.97
97.09
97.91
97.00
99.96
100.00
96.97
97.56
96.96
96.90
97.84
97.91
97.88
97.90
97.90

2003
2033
1937
1872
1844
1885
1897
1846
1883
1856
1873
1844
1880
2004
1879
1912
1902
1920
2154
1904
1892
1878
1889
1868
1837
1844
1908
1926
1764
2010
1858
1899
1861
1905
1982
1966
1874
1887
1855
2188
2230
1839
1862
1844
1870
1910
1895
1929
1909
1910

2218
2188
2140
2073
2087
2107
2173
2047
2084
2044
2062
2052
2086
2299
2141
2225
2116
2212
2253
2127
2112
2114
2052
2059
2045
2051
2211
2144
1944
2187
2066
2203
2065
2208
2155
2148
2114
2104
2080
2263
2233
2046
2047
2047
2164
2172
2094
2115
2101
2100

90.31
92.92
90.51
90.30
88.36
89.46
87.30
90.18
90.36
90.80
90.83
89.86
90.12
87.17
87.76
85.93
89.89
86.80
95.61
89.52
89.58
88.84
92.057
90.72
89.83
89.91
86.30
89.83
90.74
91.91
89.93
86.20
90.12
86.28
91.97
91.53
88.65
89.69
89.18
96.69
99.87
89.88
90.96
90.08
86.41
87.94
90.50
91.21
90.86
90.95
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CF170.10d
CF170.10e
CF170.10f
CF170.10g
CF170.10h
CF170.10i
CF170.10j
CF170.11a
CF170.11b
CF170.11c
CF170.11d
CF170.11e
CF170.11f
CF170.11g
CF170.11h
CF170.11i
CF170.11j
CF170.1a
CF170.1b
CF170.1c
CF170.1d
CF170.1e
CF170.1f
CF170.1g
CF170.1h
CF170.1i
CF170.1j
CF170.2a
CF170.2b
CF170.2¢
CF170.2d
CF170.2¢
CF170.2f
CF170.2¢
CF170.2h
CF170.2i
CF170.2j
CF170.3a
CF170.3b
CF170.3¢
CF170.3d
CF170.3¢
CF170.3f
CF170.3g
CF170.3h
CF170.3i
CF170.3j
CF170.4a
CF170.4b
CF170.4c

97.92
97.92
97912
97.92
97.95
97.92
97.93
97.89
97.88
97.91
97.91
97.90
97.86
97.87
97.89
97.87
97.90
97.85
97.89
97.86
97.94
97.90
97.90
97.89
97.90
97.88
97.90
97.87
97.91
97.90
97.90
97.88
97.92
97.91
97.88
97.86
97.90
97.89
97.89
97.87
97.91
97.87
97.88
97.91
97.89
97.89
97.89
97.94
97.88
97.90

1888
1900
1919
1864
1866
1866
1881
1922
1910
1909
1912
1915
1911
1898
1882
1905
1915
1914
1907
1914
1914
1894
1912
1888
1897
1915
1914
1915
1894
1912
1887
1892
1898
1888
1877
1906
1911
1888
1943
1915
1902
1900
1891
1899
1902
1914
1891
1876
1908
1913

2077
2097
2108
2046
2051
2043
2057
2115
2104
2101
2098
2110
2093
2085
2068
2099
2107
2096
2094
2101
2103
2085
2103
2077
2089
2099
2106
2106
2095
2110
2085
2076
2092
2088
2069
2095
2102
2081
2136
2106
2097
2092
2080
2091
2094
2104
2082
2061
2098
2104

90.90
90.61
91.03
91.10
90.98
91.34
91.44
90.87
90.78
90.86
91.13
90.76
91.30
91.03
91.01
90.76
90.89
91.32
91.07
91.10
91.01
90.84
90.92
90.90
90.809
91.23
90.88
90.93
90.41
90.61
90.50
91.14
90.73
90.42
90.72
90.98
90.91
90.73
90.96
90.93
90.70
90.82
90.91
90.82
90.83
90.97
90.83
91.02
90.94
90.92
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CF170.4d
CF170.4e
CF170.4f
CF170.4g
CF170.4h
CF170.4i

CF170.4j

CF170.5a
CF170.5b
CF170.5¢
CF170.5d
CF170.5¢
CF170.5¢
CF170.5¢
CF170.5h
CF170.5i

CF170.5j

CF170.6a
CF170.6b
CF170.6¢
CF170.6d
CF170.6¢
CF170.6f
CF170.6g
CF170.6h
CF170.6i

CF170.6j

CF170.7a
CF170.7b
CF170.7¢
CF170.7d
CF170.7¢
CF170.7f
CF170.7g
CF170.7h
CF170.7i

CF170.7j

CF170.8a
CF170.8b
CF170.8¢
CF170.8d
CF170.8¢
CF170.8f
CF170.8¢
CF170.8h
CF170.8i

CF170.8j

CF170.9a
CF170.9b
CF170.9¢

97.88
97.91
97.89
97.88
97.87
97.89
97.88
97.93
97.88
97.89
97.89
97.92
97.88
97.89
97.91
97.89
97.89
97.90
97.87
97.90
97.90
97.92
97.88
97.89
97.91
97.91
97.91
97.89
97.89
97.91
97.90
97.93
97.91
97.88
97.87
97.90
97.93
97.92
97.90
97.89
97.89
97.86
97.88
97.87
97.92
97.88
97.88
97.90
97.90
97.89

1913
1891
1912
1917
1910
1908
1900
1902
1902
1907
1921
1915
1901
1912
1903
1905
1871
1904
1945
1885
1911
1904
1916
1924
1913
1918
1917
1903
1925
1912
1924
1900
1923
1912
1896
1925
1910
1911
1888
1922
1924
1923
1905
1911
1904
1906
1931
1898
1912
1912

2100
2087
2106
2109
2097
2101
2093
2101
2094
2097
2113
2105
2093
2101
2094
2097
2065
2098
2137
2079
2104
2100
2105
2110
2102
2109
2103
2098
2117
2102
2113
2102
2113
2101
2084
2113
2098
2111
2082
2110
2111
2104
2088
2102
2089
2092
2117
2087
2101
2100

91.10
90.61
90.79
90.90
91.08
90.81
90.78
90.53
90.83
90.94
90.91
90.97
90.83
91.00
90.88
90.84
90.61
90.75
91.02
90.67
90.83
90.67
91.02
91.18
91.01
90.94
91.16
90.71
90.93
90.96
91.056
90.39
91.01
91.00
90.98
91.10
91.04
90.53
90.68
91.09
91.14
91.40
91.24
90.91
91.14
91.11
91.21
90.94
91.00
91.05
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CF170.9d
CF170.9¢
CF170.9f
CF170.9¢
CF170.9h
CF170.9i
CF170.9j

CR2

CGDI

CGD2

CGD2M

D2095

D2214

DDS 15A-1
DSOPR54
DSOPRS7

DWS 42B-1
FDAARGOS 246
FDAARGOS 546
FDAARGOS 547
FDAARGOS 548
HI3534
MSMB1128WGS
MSMB1272WGS
MSMB1535WGS
MSMB1640WGS
MSMB1641WGS
MSMB1794WGS
MSMB1916WGS
MSMB2008WGS
MSMB2021WGS
MSMB575WGS
MSMB576WGS
MSMB612WGS
NCTC13007
NKI379

R-20526

97.88
97.92
97.87
97.88
97.89
97.88
97.88
98.05
97.65
96.91
96.93
97.84
97.86
98.49
97.84
97.82
98.15
96.98
96.93
98.20
98.35
96.91
97.93
98.36
97.96
98.41
98.39
97.94
98.24
98.11
98.17
98.15
98.17
98.18
96.98
98.12
96.95

1899
1898
1919
1918
1909
1917
1928
1759
1909
1880
1880
1931
1913
2149
782

894

1942
1886
1836
1947
1999
1803
1883
2015
1889
2094
2052
1886
1952
1892
1906
1890
1895
1938
1885
1818
1833

2089
2096
2104
2110
2097
2105
2116
1935
2191
2171
2173
2215
2142
2426
939

1052
2167
2106
2062
2130
2216
2008
2080
2238
2081
2280
2213
2093
2110
2112
2101
2101
2102
2171
2099
2023
2054

90.90
90.55
91.21
90.90
91.03
91.07
91.12
90.90
87.13
86.60
86.52
87.18
89.31
88.58
83.28
84.98
89.62
89.55
89.04
91.41
90.21
89.79
90.53
90.04
90.77
91.84
92.72
90.11
9251
89.58
90.72
89.96
90.15
89.27
89.80
89.87
89.24
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. ——— BCC1368 *
Key: -2 Other

@:30% Confidence ATCC BAA-2AT
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Figure 66 | B. dolosa AU1058 rooted phylogenomic analysis of the B. multivorans strain panel (n = 77). RAXML tree built using the
alignment of 3,251 core-genes and 100 bootstraps. Strain genomic relatedness is indicated by the scale bar (0.008). Nodes have been
allocated either a filled or hollow circle to represent the bootstrap confidence levels. Filled circles represent a bootstrap of >80% and a hollow
(white) circle means confidence of <80%. Lineages have been marked on the right-hand side and coloured behind the branches. This shows

Lineages 1 and 2 as well as ‘other’.
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Table 46 | Clonal complexes by group for the B. multivorans strains (n = 566). Output created using PubMLST (Jolley and Maiden
2010; Jolley et al. 2018).

ST Frequency SLV DLV SAT
Group 1

16 11 1

15 2 1

Group 2

564 1 1 1

1023 3 1 1
645 1 1 1
Group 3

1794 1 1

439 1 1

Group 4

646 1 1

1530 1

Group 5

666 1 1 2
1786 2 1 2
1785 1 1 2
25 3 3

Group 6

1790 1 1

199 3 1

Group 7

19 1

1762 1 1

Group 8

806 1

26 1 1

Group 9

195 4 1

836 3 1

Group 10

1088 3 1

1325 1 1

Group 11

783 107 1

1810 1 1
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Table 47 | Consistent SNP variants observed in B. multivorans strain ATCC 17616 WT after 3 and 5-days post infection in the murine models

Infection area Polymorphism type  Strand Position Contig  Reference Alternative Effect Gene Product
Hypothetical
Complex - 561 109 GTGT CTGC Unknown Unknown  Protein

Hypothetical
Insertion - 675 109 AGGAA ACGGAA Unknown Unknown  Protein

Nasopharynx
pRaryn Hypothetical
SNP - 652 109 A G Unknown Unknown  Protein
Unknown Unknown Unknown  Unknown
SNP Unknown 639 112 G A Unknown Unknown  Unknown
Hypothetical
SNP - 741 109 T C Unknown Unknown  Protein
SNP Unknown 498 112 T C Unknown Unknown  Unknown
Lung
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SNP Unknown 1026 95 A G Unknown Unknown  Unknown

Putrescine transport

system  permease

SNP + 234 109 C T Unknown potH_3 protein PotH

SNP Unknown 243 114 C T Unknown Unknown  Unknown

SNP Unknown 292 129 C T Unknown Unknown  Unknown
[N DWmew L M6 ¢ Udnom  Udkown Uknown ]

SNP Unknown 135 95 G A Unknown Unknown  Unknown

SNP Unknown 201 95 G T Unknown Unknown  Unknown

SNP Unknown 1188 95 G A Unknown Unknown  Unknown

Putrescine transport
system  permease
SNP + 309 109 G C Unknown potH_3 protein PotH
SNP Unknown 303 112 G A Unknown Unknown  Unknown

SNP Unknown 254 129 T G Unknown Unknown  Unknown

Green colured SNP variants indicate that the adaptive mutations are found in both the nasopharynx and lungs. SNP variants without a coloured background are unique to that infection area.
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Table 48 | Consistent SNP variants observed in B. multivorans strain BCC0084::pIN301-eGFP after 3 and 5-days post infection in the murine models

Infection area Polymorphism type Strand Position Contig  Reference Alternative Effect Gene Product
TGGGGGGGGGGGG  TGGGGGGGG
GGGGGGGGGGCCC  GGGCGGGGG
Complex Unknown 228888 5 CCcCC CGGCcCcCC Unknown Unknown Unknown

Inner membrane ABC

Synonymous transporter permease
SNP - 148 72 T C ydcV_5 mutation protein YdcV
Putrescine transport
Nasopharynx
system permease
SNP - 1248 72 A G potH_3 protein PotH
Unknown Unknown Unknown Unknown
SNP Unknown 132 107 G A Unknown Unknown Unknown
Lung

Green colured SNP variants indicate that the adaptive mutations are found in both the nasopharynx and lungs. SNP variants without a coloured background are unique to that infection area.
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Table 49 | Consistent SNP variants observed in B. multivorans strain BCC0033::pIN301-eGFP after 3 and 5-days post infection in the murine models

Infection area Polymorphism type Strand Position Contig Reference Alternative Effect Gene Product
Complex Unknown 450 45 GTGC CTGT Unknown Unknown Unknown
SNP - 541 45 G A Missense mutation Unknown Hypothetical protein
Nasopharynx SNP - 687 45 C T Synonymous mutation Unknown Hypothetical protein
SNP - 741 45 G C Synonymous mutation Unknown Hypothetical protein
SNP Unknown 345 51 C T Unknown Unknown Unknown
Lung SNP Unknown 174 49 G C Unknown Unknown Unknown

Table 50 | Consistent SNP variants observed in B. multivorans strain BCC0033 WT after 3 and 5-days post infection in the murine models

Infection area Polymorphism type Strand Position Contig Reference Alternative Effect Gene Product

Complex Unknown 41 7 CCGG ACGT Unknown Unknown Unknown

SNP + 27307 3 G C Missense mutation Unknown Hypothetical protein
Nasopharynx

SNP Unknown 2144 33 G A Unknown Unknown Unknown
Lung

SNP Unknown 150 49 A G Unknown Unknown Unknown

Green colured SNP variants indicate that the adaptive mutations are found in both the nasopharynx and lungs. SNP variants without a coloured background are unique to that infection area.
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Table 51 | Swimming and swarming motility zones of the B. multivorans strains (n = 50).

Swimming Swarming
Strain

0.3% LB 0.5% LB 0.5% BSM-G
ATCC 17616 21.8 7.8 222
BCC0006 10.3 0 0
BCC0009 57.8 14.4 90
BCC0032 18.8 2.6 3.8
BCC0033 25.2 12 9.8
BCC0043 15.3 2.8 0
BCC0047 25.3 10 30.1
BCC0065 24.1 11.8 8.8
BCC0066 22.3 104 ND
BCC0068 0 0 0
BCC0074 20.1 3.8 3.1
BCCO0075 412 17.3 71.3
BCC0079 29.4 18.8 ND
BCC0080 26.8 35 0
BCC0082 31.8 9.9 ND
BCC0084 58.6 243 36.3
BCC0087 27.3 17.4 24.6
BCC0096 38.8 12.3 18.1
BCC0101 237 5.3 8.8
BCC0141 139 8.3 13.6
BCCO0188 ND ND ND
BCC0225 30.1 11.7 ND
BCC0241 29.5 16.4 18
BCC0246 18.7 5.4 5.8
BCC0247 13.8 5.3 6.5
BCC0264 21.3 4.7 35
BCC0266 25.1 10 11.1
BCC0269 8.5 5.4 4
BCC0302 46.1 14.3 ND
BCC0303 23 2.7 14.8
BCC0317 90 19.5 87.5
BCCO0375 19.8 11.8 9
BCC0384 17.3 5.1 10.8
BCC0493 6.8 45 0
BCC0497 5.3 2.8 16.2
BCC0702 47.1 32.6 69.1
BCCO0710 22.3 8 6.3
BCCO0737 9.9 3.8 11.8
BCC0814 24.4 14.3 16.8
BCC0865 7.8 5.7 43
BCC0904 32 2 0
BCC0921 10.7 75 33
BCC1147 24.8 8.3 26.6
BCC1148 14.7 5.3 14.3
BCC1177 60.9 24.6 90
BCC1185 17.3 9.5 12
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BCC1190
BCC1272
BCC1368
BCC1385

59.6
25.8
7.7

25.6

17.8
7.3
ND
14.3

90
70.7
ND
40.4

Blue shaded cells represent B. multivorans strains with high motility phenotypes
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Table 52 | Biofilm formation of the B. multivorans primary pathogens when interacted with a secondary CF pathogen.

Primary Pathogen Secondary Pathogen Average Biofilm Production Standard Deviation P-value P-adjusted Significance
BCC0010 S. maltophilia 0.706116 -1.91881 0.027504 0.756371 ns
R. mannitolilytica 0.186722 -1.49241 0.067797 0.466101 ns
A. xylosoxidans 0.168127 -1.2792 0.100413 0.368179 ns
P. aeruginosa PA14 1.09872 -2.13201 0.016503 0.907672 ns
P. aeruginosa LES B58 0.025163 -0.4264 0.334908 0.43857 ns
B. cenocepacia J2315 0.030121 -0.8528 0.196884 0.386737 ns
C. albicans 0.589953 -1.70561 0.044041 0.403707 ns
S. aureus 0.082642 -1.066 0.143211 0.437589 ns
B. cenocepacia K56-2 0.022366 -0.6396 0.261216 0.410482 ns
B. cenocepacia BCC0019 0.028092 -0.2132 0.415585 0.415585 ns
BCC0255 S. maltophilia 0.183859 -1.72133 0.042596 0.390462 ns
R. mannitolilytica 0 0 0.5 0.5 ns
A. xylosoxidans 0.068363 -0.86066 0.194712 0.38247 ns
P. aeruginosa PA14 0.741174 -1.93649 0.026404 0.484069 ns
P. aeruginosa LES B58 0.028348 -0.43033 0.333477 0.436696 ns
B. cenocepacia J2315 0.045874 -0.6455 0.259303 0.407475 ns
C. albicans 0.097701 -1.50616 0.066013 0.363072 ns
S. aureus 0 0 0.5 0.509259 ns
B. cenocepacia K56-2 0.073553 -1.07583 0.141002 0.369291 ns
B. cenocepacia BCC0019 0.074827 -1.29099 0.098353 0.360627 ns
BCC0080 S. maltophilia 0.730443 -1.066 0.143211 0.492288 ns
R. mannitolilytica -0.01297 1.066004 0.143211 0.437589 ns
A. xylosoxidans 0.142339 -0.4264 0.334908 0.409332 ns
P. aeruginosa PA14 0.602868 -0.8528 0.196884 0.433145 ns
P. aeruginosa LES B58 0.111193 -0.2132 0.415585 0.44818 ns
B. cenocepacia J2315 0.060839 0.213201 0.415585 0.423281 ns
C. albicans 0.168413 -0.6396 0.261216 0.410482 ns
S. aureus 0.008592 0.852803 0.196884 0.47081 ns
B. cenocepacia K56-2 0.058064 0.426401 0.334908 0.42837 ns
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B. cenocepacia BCC0019 0.0357 0.639602 0261216 0.399079 ns
BCC0009 S. maltophilia 0.441023 1.279204 0.100413 0.502063 ns
R. mannitolilytica -0.00933 -0.8528 0.196884 0.492211 ns
A. xylosoxidans 0.091623 0.639602 0261216 0.495409 ns
P. aeruginosa PA14 0.396286 1.066004 0.143211 0.492288 ns
P. aeruginosa LES B58 0.08078 0.426401 0.334908 0.484735 ns
B. cenocepacia J2315 0.07157 0.213201 0.415585 0.486323 ns
C. albicans 0.237283 0.852803 0.196884 0.47081 ns
S. aureus 0.036143 -0.4264 0.334908 0.497836 ns
B. cenocepacia K56-2 0.049793 -0.2132 0.415585 0.496895 ns
B. cenocepacia BCC0019 0.022105 -0.6396 0.261216 0.478895 ns
BCC1190 S. maltophilia 0.364575 -0.2132 0.415585 0.486323 ns
R. mannitolilytica 0.038428 1.492405 0.067797 0.466101 ns
A. xylosoxidans 0.079405 1.705606 0.044041 0.403707 ns
P. aeruginosa PA14 0.533459 -0.4264 0.334908 0.449266 ns
P. aeruginosa LES B58 0.054989 0.426401 0.334908 0.42837 ns
B. cenocepacia J2315 0.040283 1.066004 0.143211 0.39383 ns
C. albicans 0.152492 0.213201 0.415585 0.415585 ns
S. aureus 0.018532 1.279204 0.100413 0.460224 ns
B. cenocepacia K56-2 0.044083 0.852803 0.196884 0.401061 ns
B. cenocepacia BCC0019 0.039369 0.639602 0.261216 0.399079 ns
BCC0033 S. maltophilia 0.128441 -0.70065 0.241761 0.494511 ns
R. mannitolilytica 0.031475 0.23355 0.407667 0.44744 ns
A. xylosoxidans 0.02731 0.934199 0.175101 0.375216 ns
P. aeruginosa PA14 0.094697 -0.23355 0.407667 0.426629 ns
P. aeruginosa LES B58 0.027828 0.700649 0.241761 0.388545 ns
B. cenocepacia J2315 0.025673 1.401298 0.080562 0.402812 ns
C. albicans 0.095451 -0.4671 0.320214 0.423813 ns
S. aureus 0.025735 1.167748 0.121454 0.455453 ns
B. cenocepacia BCC0019 0.030899 0.467099 0.320214 0.400268 ns
BCC0043 S. maltophilia 0.657933 -1.29099 0.098353 0.505814 ns
R. mannitolilytica 0.024666 0.258199 0.398127 0.447893 ns
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A. xylosoxidans 0.142594 -0.5164 0.302788 0.389299 ns
P. aeruginosa PA14 0.690533 -1.54919 0.060668 0.364006 ns
P. aeruginosa LES B58 0.144586 -0.7746 0.219289 0.39472 ns
B. cenocepacia 12315 0.083879 -0.2582 0.398127 0.398127 ns
C. albicans 0.188517 -1.0328 0.15085 0.362039 ns
S. aureus 0.00432 0.516398 0.302788 0.47393 ns
BCC1147 S. maltophilia 0.54911 -1.4013 0.080562 0.517902 ns
R. mannitolilytica 0.200518 -0.23355 0.407667 0.436786 ns
A. xylosoxidans 0.326163 -0.9342 0.175101 0.375216 ns
P. aeruginosa PA14 0.745608 -1.63485 0.05104 0.459364 ns
P. aeruginosa LES B58 0.269873 -0.70065 0.241761 0.402935 ns
B. cenocepacia J2315 0.23105 -0.4671 0.320214 0.400268 ns
C. albicans 0.499218 -1.16775 0.121454 0.390388 ns
S. aureus 2.083573 -1.8684 0.030853 0.6942 ns
B. cenocepacia BCC0019 2.525446 -2.10195 0.017779 0.800053 ns
BCC1177 S. maltophilia 0.619393 -1.0328 0.15085 0.49369 ns
R. mannitolilytica 0.058144 1.032796 0.15085 0417738 ns
A. xylosoxidans 0.461039 -0.5164 0.302788 0.389299 ns
P. aeruginosa PA14 0.603623 -0.7746 0.219289 0.415495 ns
P. aeruginosa LES B58 0.071143 0.774597 0.219289 0.39472 ns
B. cenocepacia 12315 0.100823 0.258199 0.398127 0.421546 ns
C. albicans 0.293732 -0.2582 0.398127 0.398127 ns
S. aureus 0.088503 0.516398 0.302788 0.454182 ns
BCCO0375 S. maltophilia 0.797633 -1.91881 0.027504 0.756371 ns
R. mannitolilytica -0.01265 0.213201 0.415585 0.466473 ns
A. xylosoxidans 0.031453 -0.2132 0.415585 0.415585 ns
P. aeruginosa PA14 0.644445 -1.70561 0.044041 0.403707 ns
P. aeruginosa LES B58 0.238349 -1.2792 0.100413 0.394478 ns
B. cenocepacia 12315 0.066503 -0.4264 0.334908 0.418635 ns
C. albicans 0.269278 -1.49241 0.067797 0.372881 ns
S. aureus 0.072053 -0.6396 0.261216 0.463447 ns
B. cenocepacia K56-2 0.080998 -0.8528 0.196884 0.401061 ns
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albicans

. aureus
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cenocepacia BCC0019

. maltophilia

0.083023
0.17638

0.018393
0.028174
0.175879
0.039095
0.161454
0.071401
0.013069
0.249269
0.224475
0.631173
-0.01649
0.096171
0.858004
0.084233
0.052818
0.272056
0.062799
1.614744
0.061816
0.589429
0.018327
0.118131
0.576258
0.015478
0.05664

0.27258

0.031953
0.061694
0.031768
0.457348

-1.066
-0.8528
0.639602
0.426401
-0.6396
0.213201
-0.4264
-0.2132
0.852803
-1.2792
-1.066
-0.4264
1.279204
0.213201
-0.6396
0.426401
1.066004
-0.2132
0.639602
-0.8528
0.852803
-1.70561
0.213201
-1.066
-1.49241
0.426401
-0.6396
-1.2792
-0.4264
-0.8528
-0.2132
-1.70561

0.143211
0.196884
0.261216
0.334908
0.261216
0.415585
0.334908
0.415585
0.196884
0.100413
0.143211
0.334908
0.100413
0.415585
0.261216
0.334908
0.143211
0.415585
0.261216
0.196884
0.196884
0.044041
0.415585
0.143211
0.067797
0.334908
0.261216
0.100413
0.334908
0.196884
0.415585
0.044041

0.375076
0.492211
0.463447
0.409332
0.435359
0.439561
0.418635
0.415585
0.47081

0.368179
0.375076
0.484735
0.424822
0.415585
0.448964
0.418635
0.39383

0.423281
0.463447
0.416486
0.386737
0.60556

0.457144
0.375076
0.414312
0.43857

0.399079
0.368179
0.472306
0.401061
0.415585
0.60556

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns
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R. mannitolilytica 0.074416 -0.4264 0.334908 0.460498 ns
A. xylosoxidans 0.219017 -1.49241 0.067797 0.372881 ns
P. aeruginosa PA14 0.575471 -1.91881 0.027504 0.504248 ns
P. aeruginosa LES B58 0.180338 -1.2792 0.100413 0.394478 ns
B. cenocepacia 12315 0.08782 -0.8528 0.196884 0.401061 ns
C. albicans 0.164374 -1.066 0.143211 0.375076 ns
S. aureus 0.028658 0.213201 0.415585 0.476191 ns
B. cenocepacia K56-2 0.071718 -0.2132 0.415585 0.431268 ns
B. cenocepacia BCC0019 0.081956 -0.6396 0.261216 0.399079 ns
BCCO0384 S. maltophilia 0.49682 -1.49581 0.067352 0.463044 ns
R. mannitolilytica 0 0.32053 0.374283 0.447512 ns
A. xylosoxidans 0.164745 -1.28212 0.0999 0.392464 ns
P. aeruginosa PA14 0.591804 -1.7095 0.04368 0.480476 ns
P. aeruginosa LES B58 0.154193 -1.06843 0.142662 0.41297 ns
B. cenocepacia J2315 0.116136 -0.42737 0.334554 0.427917 ns
C. albicans 0.086286 -0.21369 0.415396 0.423088 ns
S. aureus 0 0.32053 0.374283 0.457457 ns
B. cenocepacia K56-2 0.116827 -0.64106 0.260742 0.421788 ns
B. cenocepacia BCC0019 0.124045 -0.85475 0.196345 0.399963 ns
BCC0246 S. maltophilia 0.074617 0.641061 0.260742 0.462606 ns
R. mannitolilytica 0.036593 1.068435 0.142662 0.461554 ns
A. xylosoxidans 0.096321 0.213687 0.415396 0.423088 ns
P. aeruginosa PA14 0.095845 0.427374 0.334554 0.438106 ns
P. aeruginosa LES B58 0.030033 1.282122 0.0999 0.422654 ns
B. cenocepacia J2315 0.030024 1.495808 0.067352 0.4115%4 ns
C. albicans 0.201379 -0.21369 0.415396 0431071 ns
S. aureus 0.013824 1.816339 0.034659 0.635419 ns
B. cenocepacia K56-2 0.013824 1.816339 0.034659 0.476564 ns
B. cenocepacia BCC0019 0.050428 0.854748 0.196345 0.399963 ns
BCC0247 S. maltophilia 0.122385 -0.8528 0.196884 0.492211 ns
R. mannitolilytica 0.042768 -0.2132 0.415585 0.44818 ns
A. xylosoxidans 0.028457 0.639602 0.261216 0.399079 ns
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P. aeruginosa PA14 0.094881 -0.4264 0.334908 0.449266 ns
P. aeruginosa LES B58 0.038657 0.213201 0.415585 0.423281 ns
B. cenocepacia 12315 0.017503 1.066004 0.143211 0.39383 ns
C. albicans 0.107961 -0.6396 0261216 0.410482 ns
S. aureus 0.019342 0.852803 0.196884 0.47081 ns
B. cenocepacia K56-2 0.133401 -1.066 0.143211 0.414558 ns
B. cenocepacia BCC0019 0.033929 0.426401 0.334908 0.409332 ns
ATCC 17616 S. maltophilia 0.088363 0.639602 0.261216 0.478895 ns
R. mannitolilytica 0.107142 0.426401 0.334908 0.449266 ns
A. xylosoxidans 0.046784 1.492405 0.067797 0.372881 ns
P. aeruginosa PA14 0.066855 0.852803 0.196884 0.416486 ns
P. aeruginosa LES B58 0.054227 1.279204 0.100413 0.394478 ns
B. cenocepacia J2315 0.107526 0.213201 0.415585 0.415585 ns
C. albicans 0.057276 1.066004 0.143211 0.375076 ns
S. aureus 0.026403 1.918806 0.027504 0.756371 ns
B. cenocepacia K56-2 0.03512 1.705606 0.044041 0.403707 ns
B. cenocepacia BCC0019 0.01978 2.132007 0.016503 0.907672 ns
BCC1272 S. maltophilia 0.707168 -0.4264 0.334908 0.497836 ns
R. mannitolilytica 0.27777 0.426401 0.334908 0.460498 ns
A. xylosoxidans 0.303485 0.213201 0.415585 0.415585 ns
P. aeruginosa PA14 0.533209 -0.2132 0.415585 0.44818 ns
P. aeruginosa LES B58 0.201597 1.066004 0.143211 0.414558 ns
B. cenocepacia 12315 0.217019 0.639602 0.261216 0.399079 ns
C. albicans 0.131413 1.705606 0.044041 0.403707 ns
S. aureus 0.202095 0.852803 0.196884 0451193 ns
B. cenocepacia K56-2 0.166102 1.492405 0.067797 0.414312 ns
B. cenocepacia BCC0019 0.182187 1.279204 0.100413 0.368179 ns
BCC0084 S. maltophilia 0.219508 -0.8528 0.196884 0.492211 ns
R. mannitolilytica 0.032114 0.426401 0.334908 0.449266 ns
A. xylosoxidans 0.025136 0.639602 0.261216 0.399079 ns
P. aeruginosa PA14 0.082841 -0.4264 0.334908 0.43857 ns
P. aeruginosa LES B58 0.064239 -0.2132 0.415585 0.431268 ns
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B. cenocepacia J2315

C. albicans

S. aureus

B. cenocepacia K56-2

B. cenocepacia BCC0019

0.23537
0.217108
0.033777
0.277243
0.27858

-1.066
-0.6396
0.213201
-1.2792
-1.49241

0.143211
0.261216
0.415585
0.100413
0.067797

0.375076
0.410482
0.466473
0.394478
0.372881

ns

ns

ns

ns

ns
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