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Abstract 

Burkholderia cenocepacia infections in the lungs of cystic fibrosis (CF) patients are 

difficult to treat due to resistance to multiple antibiotics, implying the need to identify new 

therapeutic targets to eradicate lung infections. The sputum of CF patients is rich in amino acids 

and was previously shown to increase flagellar gene expression in B. cenocepacia. However, the 

molecular mechanisms by which B. cenocepacia regulates swimming motility and flagellar 

biosynthesis are not understood. In the first part of this thesis, I elucidate how CF sputum 

conditions regulate swimming motility and flagellar biosynthesis in B. cenocepacia K56-2. 

Electron microscopy and flagella staining of B. cenocepacia demonstrated that the increased 

swimming motility and flagellin corresponds to multiple flagella expressed under CF sputum 

conditions. In minimal medium, the ratio of multiple: single: aflagellated cells were 2:3.5:4.5; 

while under CF sputum conditions, the ratio was 7:2:1. I created a deletion ∆flhF mutant that 

exhibited downregulation in flagellin expression and displayed 80% aflagellated bacterial 

subpopulations. Moreover, the ratio of multiple to single flagella in WT and ∆flhF was 3.5:1 and 

0.43:1, respectively in CF conditions. These results demonstrate that CF sputum nutritional 

conditions regulate flagellin and flagellation pattern through flhF in B. cenocepacia K56-2. 

The swimming motility of B. cenocepacia K56-2 in the presence of individual amino 

acids was upregulated without changing flagellin expression. These findings indicated a 

plausible mechanism of swimming motility regulation through modulation of intracellular c-di-

GMP levels. Hence, in the second part of the thesis, I investigated the role of c-di-GMP 

metabolizing genes in the swimming motility of B. cenocepacia K56-2 in CF sputum conditions. 

Overexpression of the wspR gene that causes an increase in c-di-GMP levels resulted in a 

significant reduction in the motility of B. cenocepacia K56-2. The increased c-di-GMP levels did 
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not affect flagellin expression and flagellar biosynthesis. Screening of the putative c-di-GMP 

genes insertional mutants for defective swimming motility led us to identify a BCAL1069 gene, 

which encodes a protein with a putative sensory signaling PAS domain, and c-di-GMP 

metabolizing GGDEF and EAL domains. Further, the reduced swimming motility phenotype of 

the BCAL1069 mutant was evident in CF nutritional conditions and in the presence of arginine 

and glutamate, but not in the presence of glucose. Bioinformatics analysis of the BCAL1069 

amino acid sequence suggests the presence of an active EAL domain and an inactive GGDEF 

domain. The increase in intracellular c-di-GMP levels in the BCAL1069 mutant indicated that 

BCAL069 possesses an EAL domain (phosphodiesterase) activity. Thus it appears that 

BCAL1069 mediates swimming motility of B. cenocepacia K56-2 in response to CF sputum 

nutritional cues, arginine and glutamate, by changing intracellular c-di-GMP levels. Taken 

together, the findings of this thesis suggest that CF sputum conditions regulate number and 

functioning of flagella in B. cenocepacia K56-2 through the flhF and BCAL1069 genes, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



IV 

 

 

 

Acknowledgment 
 

It gives me intense pleasure and satisfaction for the successful completion of my research 

entitled “Nutritional cues in cystic fibrosis sputum regulate number and functioning of 

flagella through flhF and BCAL1069 in Burkholderia cenocepacia K56-2” carried out under 

the supervision of Dr. Silvia T. Cardona. 

I take this privilege to acknowledge my indebtedness to my dissertation advisor, Dr. Silvia 

T. Cardona, who has guided, helped and supported me throughout experiments, seminars, 

manuscript preparation and writing this thesis. My special acknowledgment is to my Committee 

Members, Dr. Teri de Kievit and Dr. Kangmin Duan for their valuable input and feedback 

during the research progress meetings and writing. 

I would also thanks to Dr. Ruhi Bloodworth, Dr. April Gislason, Dr. Silvina Maria 

Stietz, Tasia Lightly, Matthew Choy, Dr. Munmun Nandi, Dr. Tuhin Guha, Tanya 

Pribytkova, Andrew Hogan, and all the graduate students of the Microbiology Department, 

who made this journey pleasant and enjoyable, including their invaluable support and throughout 

the laboratory and dissertation work. I also thank Dr. John Sorensen for suggestions, help, and 

allowing me to use his research equipment.  

Great thanks to my beloved wife Lisa, family, Baba Ji and friends for their love, 

blessings, moral support, presence, help and encouragement during the work. 

 

With Love  

Brijesh 

 



V 

 

 

 

Table of contents 

Abstract………………………………………………………………………………..…….…..II 

Acknowledgment……………………………………………………………………………….IV 

Table of contents……………………………………………………….………………………..V 

List of tables…..…………………………………………………………………………….…..IX 

List of figures…..……………………………………………………………………………….IX 

List of Abbreviations………………………………………………………………………….XII 

 

Chapter 1 – Literature review......................................................................................................1  

1.1 The genus Burkholderia .........................................................................................................2 

1.1.1 The Burkholderia cepacia complex (Bcc).....................................................................3 

1.1.2 Ecological niches of the Bcc..........................................................................................6 

1.1.3 Genomes of the Bcc species..........................................................................................7 

1.1.4 The Bcc as human pathogens.........................................................................................9 

1.2 Cystic Fibrosis (CF)..............................................................................................................11 

1.2.1 CF sputum mimicking environment……....................................................................13 

1.2.2 Virulence factors and motility of pathogens  under CF conditions.............................16 

1.3  Bacterial Flagella.................................................................................................................18  

1.3.1 Flagellum structure......................................................................................................19 

1.3.2 Flagellum biosynthesis................................................................................................22  

1.3.3 Regulation of flagella localization and number..........................................................24  



VI 

 

1.3.4 Role of flagella in pathogenicity..................................................................................25  

1.4 Cyclic dimeric guanosine monophosphate (c-di-GMP).......................................................28  

1.4.1 Metabolism of c-di-GMP.............................................................................................29 

1.4.2 Regulation of bacterial cellular processes and phenotypes by c-di-GMP...................33 

1.4.3 Role of c-di-GMP in bacterial motility........................................................................35 

1.5 The role of motility in Bcc: knowledge gaps........................................................................37  

1.6 Thesis rationale.....................................................................................................................40 

 

Chapter 2 – Synthetic cystic fibrosis sputum medium regulates flagellar biosynthesis  

                     through the flhF gene in Burkholderia cenocepacia K56-2….……..………..…41 

2.1 Introduction...........................................................................................................................42 

2.2 Material and Methods...........................................................................................................44 

2.2.1 Bacterial strains and growth conditions.......................................................................44 

2.2.2 Molecular biology techniques......................................................................................46 

2.2.3 Construction of B. cenocepacia K56-2 flhF unmarked deletion mutant.....................47 

2.2.4 Bioluminescence reporter assay for promoter activity................................................47 

2.2.5 Western blot................................................................................................................48 

2.2.6 Swimming motility assay, electron microscopy and flagella staining........................48 

2.2.7 Statistical analysis.......................................................................................................49 

2.3 Results..................................................................................................................................49 

2.2.1 CF nutritional conditions increase B. cenocepacia K56-2 swimming  

         motility and flagellin expression................................................................................49 

2.2.2 Individual amino acids increase B. cenocepacia K56-2 motility but not  



VII 

 

         flagellin expression......................................................................................................53 

2.2.3 CF nutritional conditions induce multiple flagella in B. cenocepacia K56-2..............57 

2.2.4 flhF regulates flagellin expression and flagellation pattern.........................................60 

2.2.5 The flhBAFG operon is induced in CF conditions.......................................................62 

2.4 Discussion.............................................................................................................................64 

 

Chapter 3 - c-di-GMP……………………………………………………………….………….67 

3.1 Introduction...........................................................................................................................68 

3.2 Material and Methods...........................................................................................................71 

3.2.1 Bacterial strains and growth conditions.......................................................................71 

3.2.2 Growth assays..............................................................................................................72 

3.2.3 Cloning of c-di-GMP genes in B. cenocepacia K56-2................................................78 

3.2.4 Insertional mutagenesis of c-di-GMP metabolizing genes..........................................78 

3.2.5 Complementation of the WT::BCAL1069 mutant......................................................79 

3.2.6 Western blot.................................................................................................................79 

3.2.7 Swimming Motility assay............................................................................................80 

3.2.8 Electron microscopy....................................................................................................80 

3.2.9 Protease activity..........................................................................................................80 

3.2.10 Biofilm assay.............................................................................................................81 

3.2.11 Extraction and quantification of c-di-GMP...............................................................81 

3.2.12 Statistical analysis......................................................................................................82 

3.3 Results...................................................................................................................................83 

3.3.1 Increased c-di-GMP levels regulate swimming motility of B. cenocepacia K56-2....83 



VIII 

 

3.3.2 The B. cenocepacia K56-2 genome encodes twelve proteins containing  

         GGDEF/EAL and signaling domains..........................................................................89 

3.3.3 Systematic analysis of the role of signaling domain-containing c-di-GMP  

         proteins in B. cenocepacia K56-2 swimming motility................................................92 

3.3.4 BCAL1069 protein responds to arginine and glutamate amino acids.........................96 

3.3.5 BCAL1069 protein regulates protease activity in B cenocepacia K56-2..................102 

3.3.6 BCAL1069 negatively regulates the intracellular c-di-GMP level in 

          B. cenocepacia K56-2...............................................................................................105 

3.4 Discussion...................................................................................................................107 

 

Chapter 4 – Conclusions and future directions….………………………………………….111 

Appendix……………………………………………………………………………….……....121 

 

References……………………………………………………………………………………...122 

 

 

 

 

 

 

 

 

 



IX 

 

 

 

List of Tables 

Table 1.1 List of 20 Burkholderia cepacia complex (Bcc) species.................................................5 

Table 1.2 The composition of SCFM............................................................................................15 

Table 2.1 Strains and plasmids used in chapter 2..........................................................................45 

Table 2.2 Primers used in chapter 2...............................................................................................46  

Table 2.3 Growth and swimming motility of the B. cenocepacia K56-2 WT in MOPS-amino 

acids 5mM as an individual carbon source..................................................................54 

Table 3.1 Strains and plasmids used in chapter 3..........................................................................73 

Table 3.2 Primers used in chapter 3...............................................................................................76   

Table 3.3 Putative c-di-GMP-related proteins in B. cenocepacia K56-2......................................90  

 

List of Figures  

Figure 1.1 Schematic diagram of a flagellum in Gram-negative bacteria.....................................21 

Figure 1.2 Schematic diagram of metabolism of c-di-GMP and virulence-associated 

                  phenotypes mediated through c-di-GMP receptors in bacteria....................................31 

Figure 2.1 Growth kinetics of B. cenocepacia K56-2 WT............................................................51 

Figure 2.2 Swimming motility phenotype and flagellin expression analysis of                             

B. cenocepacia K56-2 WT.........................................................................................52 

Figure 2.3 The effect of individual amino acids on growth of B. cenocepacia  

                   K56-2 WT...................................................................................................................55 



X 

 

Figure 2.4 The effect of individual amino acids on swimming motility and flagellin        

expression of B. cenocepacia K56-2 WT..................................................................56 

Figure 2.5 Flagellar phenotypic analysis of B. cenocepacia K56-2 WT.......................................58  

Figrue 2.6 Bright-field microscopic images of B. cenocepacia K56-2 WT stained 

 flagella..........................................................................................................................59 

Figure 2.7 Swimming motility, flagellar morphology and flagellin expression analysis                 

of flhF deletion and overexpression in strains of B. cenocepacia K56-2 WT.............61 

Figure 2.8 The flhBAFG operon and its transcription activity.......................................................63 

Figure 3.1 Swimming motility, flagellin expression and electron micrographs of  

                 B. cenocepacia K56-2 WT in c-di-GMP modulating conditions.................................85 

Figure 3.2 Swimming motility of P. aeruginosa in c-di-GMP modulating conditions.................86 

Figure 3.3 Detection of intracellular c-di-GMP levels in B. cenocepacia K56-2 using  

                 RP-HPLC......................................................................................................................87 

Figure 3.4 Predicted domains encoded by c-di-GMP metabolizing genes in B. cenocepacia  

                  K56-2 WT....................................................................................................................91 

Figure 3.5 Growth kinetics of B. cenocepacia K56-2 WT and twelve c-di-GMP mutants...........93 

Figure 3.6 Swimming motility phenotype of twelve c-di-GMP mutants and flagellin 

                 expression analysis of WT, WT::BCAL1069 c-di-GMP mutant and complemented 

strain............................................................................................................................94 

Figure 3.7 Swimming motility of WT and WT::BCAL1068 mutant............................................95 

Figure 3.8 Multiple sequence alignment analysis of active site residues in BCAL1069               

and c-di-GMP metabolizing proteins...........................................................................98 

Figure 3.9 The effect of individual amino acids on swimming motility of B. cenocepacia  



XI 

 

                  K56-2 WT and WT::BCAL1069 c-di-GMP mutant....................................................99 

Figure 3.10 Swimming motility analysis of WT::BCAL1069 mutant expressing BCAL1069 

                 gene in trans................................................................................................................100 

Figure 3.11 Growth kinetics of B. cenocepacia K56-2 WT, BCAL1069 c-di-GMP 

                   mutant and complemented mutant in minimal medium supplemented with       

individual amino acids..............................................................................................101 

Figure 3.12 Protease activity of B. cenocepacia K56-2 WT, WT::BCAL1069  

                   c-di-GMP mutant and complemented mutant...........................................................103 

Figure. 3.13 Biofilm formation of c-di-GMP of B. cenocepacia K56-2 WT,  

                    WT::BCAL1069 c-di-GMP mutant and complemented mutant..............................104 

Figure. 3.14 Intracellular levels of c-di-GMP of B. cenocepacia K56-2 WT,  

                    WT::BCAL1069 c-di-GMP mutant and complemented mutant..............................106 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



XII 

 

 

 

 
Abbreviations 

 

Å                   angstrom 

BDSF            Burkholderia diffusible signal factor 

Bp                 base pair 

Bcc                Burkholderia cepacia complex 

CBPs             c-di-GMP binding proteins 

CCW             counter clockwise 

CW                clockwise 

c-di-GMP      cyclic dimeric guanosine monophosphate 

CF                  cystic fibrosis 

Cm                 chloramphenicol 

Del                 deletion 

DGC              diguanylate cyclase  

DUF              domain of unknown function 

G + C            guanosine plus cytosine  

GIs                genomic islands 

Hrs                 hours 

HPLC            high-pressure liquid chromatography 

IS                   insertion sequence 

Kan                kanamycin 

LB                  lysogeny broth 

Mbp               mega base pair 

mM                millimolar 

min                minutes 

MSA             multiple sequence alignment 

nm                 nanometer 

ul                   microlitre 

MOPS           3-(N-morpholino)propane sulfonic acid  



XIII 

 

OD                optical density 

PAGE            polyacrylamide gel electrophoresis 

PBS               phosphate-buffered saline  

PCR              polymerase chain reaction 

PDE              phosphodiesterase  

RP-HPLC     reverse-phase high performance liquid chromatography 

SDS              sodium dodecyl sulfate 

SCFM           synthetic cystic fibrosis sputum medium 

Sec                second 

Tc                 tetracycline 

Tp                 trimethoprim 

UV               ultraviolet 

WT               wild type 

                     

 
 

 

 

 

 

 

 

 

 

 

 



XIV 

 

 

 



1 

 

 

 

 

 

 

 

 

 

Chapter - 1 

Literature Review 

 

 

 

 

 

 

 

 

 

 

 

 



2 

 

1.1  The genus Burkholderia 

The genus Burkholderia is a group of Gram-negative β-proteobacteria, which refers to 

virtually ubiquitous, obligate aerobic and rod-shaped motile bacteria. In 1950, W. H. Burkholder 

discovered a plant pathogen, Pseudomonas cepacia, as the causative agent of sour skin rot in 

onions (Burkholder 1950). Yabuuchi et al. transferred seven of the Pseudomonas species into the 

new Burkholderia genus on the basis of 16S rRNA sequences, DNA-DNA homology, the 

composition of cellular lipid, fatty acids and phenotypic characteristics (Yabuuchi et al. 1992). 

These seven Burkholderia species were recognized as human and plant pathogens; two of the 

species were later transferred to the genus Ralstonia (Yabuuchi et al. 1992). Since the 

Burkholderia genus was described for the first time, almost 100 species had been validly 

assigned to it (http://www.bacterio.net/ burkholderia.html) (Eberl and Vandamme 2016). 

Recently, two genera have been created from the Burkholderia genus into Paraburkholderia and 

Burkholderia sensu stricto clad. The Paraburkholderia are classified as the alleged “good ones” 

among the environmental species, whereas, the other group is comprised of human and 

phytopathogenic species that are known as the alleged “bad ones” (Sawana et al. 2014).  

Burkholderia is associated with various ecological niches. Biotechnological potentials of this 

genus have been explored, such as the production of commercially important hydrolytic enzymes 

and bioactive compounds that induce plant growth and degrade recalcitrant pollutants (Eberl and 

Vandamme 2016; Mahenthiralingam et al. 2005). However, the use of Burkholderia in industries 

and agriculture is limited because some of the strains pose a potential threat to human health.  

Recent studies demonstrated that members of the Burkholderia genus have been isolated 

from various environmental settings such as soil, water bodies, and plant roots (Fang et al. 2011; 

Stopnisek et al. 2014; Weisskopf et al. 2011). In soil, the presence of Burkholderia can be 

http://www.bacterio.net/
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dependent on the soil pH and its intrinsic ability towards acidic tolerance, producing a 

competitive advantage in an acidic soil environment (Stopnisek et al. 2014). This advantage can 

also result in the co-occurrence of Burkholderia within a wide range of fungal species (Stopnisek 

et al. 2016). Burkholderia is inherent in the soil, the close association of Burkholderia species 

with plants has emerged, revealing its plant dependence. Burkholderia has an endophytic 

lifestyle, freely residing within the rhizosphere of various plants. It also has a symbiotic 

relationship with the host plant. For instance, B. phytofirmans not only protects plants from 

pathogens but also induces plant resistance to low temperature, high salts, and drought 

conditions (Miotto-Vilanova et al. 2016; Pinedo et al. 2015; Sheibani-Tezerji et al. 2015; Su et 

al. 2015). Bacteria of the genus Burkholderia can also dwell symbiotically in various insects 

(Lee et al. 2015; Takeshita et al. 2015). 

The above examples show a picture of Burkholderia as ‘good bugs’ due to their 

beneficial impact on the environment and plant growth. However, a group of Burkholderia 

species, the Burkholderia cepacia complex (Bcc), has emerged as threatening opportunistic 

human pathogens for cystic fibrosis and immunocompromised patients. This ability of the Bcc 

species to infect humans has raised serious concerns, leading to uncertainty regarding their full 

biotechnological potential. 

 

1.1.1  The Burkholderia cepacia complex (Bcc) 

The Burkholderia cepacia complex (Bcc) is a group of closely related taxonomical 

species of extremely versatile Gram-negative bacteria (De Smet et al. 2015; Peeters et al. 2013; 

Vandamme and Dawyndt 2011). The Bcc species are ubiquitously present in throughout the 

environment and have been characterized for their beneficial roles with plants and 
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bioremediation capacity (Mahenthiralingam and Vandamme 2005). Unlike most bacteria, the 

genomes of the Bcc species sizes can range between 7 to 9 Mbp consisting of multiple 

chromosomes, which are among the largest known bacterial genomes (Agnoli et al. 2012; 

Holden et al. 2009; Wattam et al. 2014). The large and complex genomes of the Burkholderia 

species encode for extraordinary metabolic capacities and degradation pathways, which may 

have evolved during adaptation to various ecological niches from soil to plants, and now lungs of 

cystic fibrosis (CF) patients (Mahenthiralingam and Vandamme 2005; Vandamme and Dawyndt 

2011). From the 1980’s to until today, the emerging cases of Burkholderia infections among CF 

patients represent a serious concern (Goldmann and Klinger 1986; Isles et al. 1984; Zlosnik et al. 

2015). It has been proposed that due to the extraordinary catabolic capacities of the Bcc, these 

bacteria have the ability to utilize host nutrients like carbon and energy sources for their survival 

and regulate pathogenesis-mediated factors.  

The genetic complexity and heterogeneity of the Bcc species pose difficulties for an 

accurate identification of Burkholderia isolates. Due to the incorrect identification and 

classification between environmental and clinical isolates, Vandamme et al. categorised 

Burkholderia strains into five genomovars representing groups of genetically distinct species 

which can be phenotypically similar (Vandamme et al. 1997). In subsequent years, more of the 

Bcc related species were identified and classified into nine genomovars as described in 

Mahenthiralingam et al. 2005. To this day, twenty Burkholderia species are reported in the 

Burkholderia cepacia complex (Bcc) (De Smet et al. 2015; Eberl and Vandamme 2016) (Table 

1). 
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Table 1. List of 20 Burkholderia cepacia complex (Bcc) species and their respective strain 

obtained from De Smet et al. (2015) and Eberl and Vandamme (2016).   

 

Burkholderia species                         Strain   

Burkholderia cepacia ATCC 25416T (U96927) 

Burkholderia cenocepacia IIIC LMG 16656T (AF148556) 

Burkholderia multivorans LMG 13010T (ST-397) 

Burkholderia contaminans LMG 23361T (JX986975) 

Burkholderia lata 383T (CP000151) 

Burkholderia metallica R-16017T (AM747632) 

Burkholderia arboris R-24201T (AM747630) 

Burkholderia pyrrocinia LMG 14191T (U96930) 

Burkholderia stabilis LMG 14294T (STAF097533) 

Burkholderia seminalis R-24196T (AM747631) 

Burkholderia anthina R-4183AT (J420880) 

Burkholderia ambifaria AMMDT (AF043302) 

Burkholderia diffusa R-15390T (AM747629) 

Burkholderia vietnamensis LMG 10929T (AF097534) 

Burkholderia latens R-5630T (AM747627) 

Burkholderia pseudomultivorans LMG 26883T (ST-536) 

Burkholderia dolosa LMG 18943T (ST-72) 

Burkholderia ubonensis LMG 20358T (ST-299) 

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

Burkholderia stagnalis R-52095 (ST-865) 
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1.1.2 Ecological niches of the Bcc 

As mentioned earlier, members of the Bcc have been identified in diverse environmental 

niches including, water bodies, soil, and plant rhizospheres (Coenye and Vandamme 2003; Fang 

et al. 2011; Maravic et al. 2012). Species of the Bcc were reported as universal contaminants of 

cosmetics and pharmaceutical solutions. Moreover, they have also been found in unpasteurized 

milk, gelatin, sterile solutions and disposable equipment, which may lead to nosocomial 

infections (Coenye and LiPuma 2003; Jimenez 2001; Moore et al. 2001). The Bcc are primarily 

known as soil bacteria because of their routine identification in bulk soil samples (Ramette et al. 

2005). The presence of Bcc bacteria in rhizosphere or soil around roots can be abundant, and 

sometimes they can outcompete other bacteria in the population in the area near the roots 

(Chelius and Triplett 2001; Pirone et al. 2005). A field test study showed that Bcc strains can 

colonize in the rhizospheres of various crops such as radish, sunflower, rice, pea, maize, and corn 

worldwide. These bacteria have also been used to control seedling and root diseases in vitro 

(Coenye and Vandamme 2003; Compant et al. 2008).  

In the environment, the Bcc bacteria developed a close association with plants and 

insects, which can be both pathogenic and symbiotic. For instance, the well-known Burkholderia 

species, B. cepacia, induces onion rot and demonstrates an endophytic relationship with the plant 

host Oryza sativa (Burkholder 1950; Singh et al. 2006). A study suggested an endosymbiotic 

link between plant-associated insects (Atta sexdens rubripilosa ant) and B. cenocepacia, where 

the ant-associated B. cenocepacia secretes a potent antifungal agent to inhibit pathogenic fungi 

growth (Santos et al. 2004). Moreover, Bcc species have been associated with plant nodulation 

such as endosymbionts of beneficial fungi (Compant et al. 2008). In these diverse ecological 

conditions, the various roles of the Bcc strains are cited such as biocontrol of plant disease, plant 
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growth stimulation, plant resistance against abiotic stress and pollutant degradation 

(bioremediation) (Compant et al. 2008).    

 

1.1.3 Genomes of the Bcc species 

In 2004, the first genome of the Burkholderia genus was made publicly available, 

indicating that these bacteria can possess a genome size of more than 8 megabase pairs (Mbp) 

(Chain et al. 2006; Holden et al. 2004). Among the most studied bacteria, Escherichia coli 

possesses a single chromosome genome, which is between 4 to 5 Mbp that encodes about 4000 

proteins (Blattner et al. 1997). As such, the genomes of the Bcc species can be twice the size of 

that of E. coli genome; however, unlike E. coli, most of the Burkholderia genes remain 

uncharacterized. The large genomes of Burkholderia species are enriched in secondary 

metabolism and regulatory genes. The genomic plasticity and metabolic versatility might explain 

the reason that large genome species like the Bcc are prevaelent in diverse environmental 

settings, such as soil, water or in plants, where energy resources can be limited (Compant et al. 

2008; Konstantinidis and Tiedje 2004). 

The Bcc species metabolic versatility can be ascribed to their multiple large size 

chromosomes, which can be as many as three in numbers. These three chromosomes range in 

ranges: (1) is 3.3-3.9 Mbp; (2) 2.4-3.6 Mbp; and (3) 0.5-1.4 Mbp (Holden et al. 2009; Komatsu 

et al. 2003). For example, the three circular chromosomes in the B. cenocepacia J2315 strain are 

3.8 Mbp, 3.2 Mbp, and 0.87 Mbp in size.  The total genome size of B. cenocepacia J2315 is 8.06 

Mbp, with a guanine and cytosine (G + C) content of approximately 65.9 % (Holden et al. 2009). 

This G + C content is similar to the Pseudomonas species and typically higher than most of the 

other bacteria such as E. coli, Staphylococcus aureus, Campylobacter jejuni, and Helicobacter 
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pylori (Lassalle et al. 2015; Yabuuchi et al. 1992). The three replicons in the Bcc strains are 

classified as chromosomes because they encode essential genes required for growth, and 

ribosomal RNA operons (Bentley and Parkhill 2004; Holden et al. 2009). Yet, most of the 

housekeeping genes are located on the first chromosome like in B. cenocepacia 

(Mahenthiralingam and Vandamme 2005). The Bcc strains can also possess plasmids in addition 

to the three chromosomes. For instance, B. vietnamiensis G4 has five plasmids, and B. 

cenocepacia has one plasmid (Bentley and Parkhill 2004). 

 The genomes of the Burkholderia members also represent plasticity, versatility and 

flexibility (Chain et al. 2006; Holden et al. 2004; Holden et al. 2009). For instance, the B. 

pseudomallei genome contains 16 genomic islands (GIs), which represents 6.1% of the entire 

genome. These islands were not discovered in B. mallei, indicating both genome flexibility and 

versatility among the Burkholderia genus (Holden et al. 2004). Commonly, GIs are the regions 

acquired through horizontal gene transfer and possess different G + C content than the rest of the 

genome. GIs contain genes with mobile genetic elements, such as insertion sequence (IS), 

plasmids, transposons, and bacteriophages, which are striking features of genomes of 

Burkholderia strains (Mahenthiralingam and Vandamme 2005). The IS elements can play a role 

in genomic rearrangements, inactivation, and regulation of gene expression (Lessie et al. 1996). 

The genome of the epidemic strain B. cenocepacia J2315 was found to be rich in IS elements, 

retaining 84 IS elements (Graindorge et al. 2012). The B. mallei genome revealed more than 

12000 simple sequence repeats, and variation in these repeats in a key gene can lead to a 

mechanism of creating antigenic variation (Nierman et al. 2004).  

The presence of GIs in the Bcc species was predicted likewise in other Gram-negative 

bacteria. For example, in B. cenocepacia J2315 strain approximately 10% of the total genomic 
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DNA is represented by GIs (Holden et al. 2009). Some of the GIs have been called pathogenicity 

islands because of their involvement in the pathogenicity of Burkholderia species (Baldwin et al. 

2004). Accordingly, the pathogenic strain B. cenocepacia J2315 was found to have GIs, but in 

the non-epidemic B. cenocepacia strain these islands were missing (Baldwin et al. 2004). The 

variation in the Bcc species genome size and presence of GIs is believed to result from horizontal 

gene or DNA transfer. For instance, in B. xenovorans, 20% of the genome sequence was 

acquired through gene transfer (Chain et al. 2006; Holden et al. 2009). 

 The Burkholderia database (www.burkholderia.com observed on 15/August/2017) 

contains complete genomes of 123 strains, including the Bcc genomes (Winsor et al. 2008). 

Despite the sequenced genomes, the functions of many genes are still uncharacterized. Some of 

the genes encode domains of unknown function (DUF), making the genomes of the Burkholderia 

species more perplexing. Studying the uncharacterized regions, including DUF, of the genomes 

of Burkholderia will provide an understanding of their roles in virulence, survival and/or 

adaptability in different environmental conditions.    

 

1.1.4 The Bcc as human pathogens 

 

Although the strains of Bcc have been isolated from diverse natural habitats, in early time 

these bacteria were rarely linked with human infections because of low pathogenicity. In the 

early 1980s, the Bcc species emerged as respiratory pathogens in CF patients, resulting in an 

outcome of decline in pulmonary functioning and high mortality (Corey and Farewell 1996; Isles 

et al. 1984). Similar outcomes were also observed among the patients, who developed advanced 

lung disease and underwent lung transplantation (De Soyza et al. 2001; Kalish et al. 2006). 

Studies found that the Bcc species can spread from person to person through healthcare, medical, 

http://www.burkholderia.com/
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and dental equipment (Govan et al. 1993; Pankhurst and Philpott-Howard 1996; Saiman et al. 

2014). Due to stringent efforts to control and prevent infections, transmission of the Bcc bacteria 

is reduced among CF patients. However, new strains have been identified from recent Bcc 

infections, which indicate acquisition of novel Bcc isolates from the environment (Saiman et al. 

2014).    

Several outbreaks and sporadic infections associated with the Bcc have been reported, 

such as lower respiratory tract infection, neonatal meningitis, urinary tract infections, wound 

infections, and bloodstream infection in immunocompromised patients (Hamill et al. 1995; Liao 

et al. 2011; Mann et al. 2010; Martone et al. 1987). These outbreaks have been attributed to 

contaminated intravenous and nebulized medications, disinfectants, skin products, and 

inadequate decontamination of medical devices in hospital settings (Balkhy et al. 2005; Dolan et 

al. 2011; Moehring et al. 2014; Pegues et al. 1994; Schaffner et al. 1973). The chronic 

respiratory infections of the Bcc are a serious threat to CF individuals and associated with a 

transient and persistent colonization, resulting in chronic lung infection (Lipuma 2010). The 

occurrence of these bacteria can increase with age and vary among CF centers (Lipuma 2010). In 

CF patients, Bcc infection is characterized by the rapid decline of lung functioning and 

necrotizing pneumonia. And in some cases, Bcc infections lead to septicemia (also known as 

“cepacia syndrome”), resulting in early death (Isles et al. 1984).  

B cenocepacia and B. multivorans are the most common clinically isolated Bcc species in 

North America and Europe. Only in the USA, 70% of patient isolates belong to these two species 

(Lipuma 2010; Speert et al. 2002). In a longitudinal study conducted by Zlosnik et al. in Canada, 

isolates collected from CF patients during a 30 year period timeline also determined the 

prevalence of these two Burkholderia species.  Before 1995, major Bcc infections were caused 
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by epidemic clones of B. cenocepacia, and after 1995, B. multivorans was among one of the 

most predominant species (Zlosnik et al. 2015). Also, female mortality was disproportionally 

observed with B. cenocepacia infections when compared to the other Burkholderia species 

(Zlosnik et al. 2015). Though all the Bcc species have been isolated from CF and non-CF 

patients, most of the clinical isolates detected belong to B. cepacia, B. multivorans B. 

cenocepacia B. vietnamiensis B. dolosa and B. lata (Baldwin et al. 2007; Pope et al. 2010; Reik 

R et al. 2005; Vicenzi et al. 2016).  

The Bcc strains pose a serious threat to CF individuals and people with chronic 

granulomatous disease because these bacteria are intrinsically resistant to a wide range of 

antibiotics available to treat infected patients (Lipuma 2010; Maignan et al. 2013; Peeters et al. 

2009; Zlosnik et al. 2015). In vitro studies conducted on the clinical isolates of Bcc species 

showed resistance towards disinfectants and antimicrobial agents such as chloramphenicol, 

trimethoprim, polymixin, and cephalosporin (Knapp et al. 2013; Peeters et al. 2009; Zhou et al. 

2007). The cause of resistance to the multiple antibiotics has been attributed to reduced outer 

membrane permeability, modification of antibiotic targets, and efflux pumps (Bazzini et al. 

2011; Nikaido and Pages 2012; Parr et al. 1987; Pope et al. 2008; Rhodes and Schweizer 2016; 

Tseng et al. 2014).  The latest study identified resistance developed by the Bcc strains towards 

benzalkonium chloride (BZC), a compound that is widely used in disinfectants, sanitizers, and 

antiseptics. The proposed intrinsic resistance mechanisms for the BZC molecule proposed are 

based on efflux pumps and complete biodegradation of this molecule (Ahn et al. 2016).  

1.2 Cystic Fibrosis             

Cystic fibrosis (CF) is a well characterized autosomal recessive genetic disease, 

predominately present in the Caucasian population of European descent. The probability of 
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occurrence of this genetic disease is 1 in 2500 live births (Dupuis et al. 2005). In 1989, a CFTR 

(cystic fibrosis transmembrane conductance regulator) encoding gene was identified, whose 

mutation results in CF disease. At least 1,700 different mutations are known to cause of loss of 

CFTR function (Cuthbert 2011). However, one of the most common mutations is the deletion of 

the phenylalanine amino acid at the 508th position, resulting in an impaired trafficking of CFTR 

and decreased localization into the epithelial cell membrane (Alexander et al. 2011; Cuthbert 

2011).  

CFTR, an ATP-dependent ABC transporter type protein, is a chloride ion channel that 

also regulates fluid transport across the epithelial cell membrane. In CF individuals, a non-

functional CFTR causes failure in an anion transportation and disruption in airways, affecting 

organs like the alimentary canal, sweat ducts, reproductive tracts, bladder, and the exocrine 

pancreas (Cuthbert 2011; Lyczak et al. 2002). One of the therapeutic challenges in CF 

individuals is to improve airway function, since airway defenses are severely compromised, 

causing major morbidity and mortality (Cuthbert 2011). In CF airways, the proper functioning of 

CFTR fluid secretion and salt transportation are impaired, resulting in the accumulation of thick 

mucus on the surface of the epithelium. In a healthy individual, the airway surface fluid gets 

cleared up by ciliary actions (Goss and Burns 2007; Randell et al. 2006). The liquid from the 

airway surface epithelium and submucosal glands contains ions, glycoproteins, mucin, 

lactoferrins, immunoglobin IgA, antimicrobial surfactant proteins, defensins, and secretory 

inhibitors (Cuthbert 2011). Attempts have been made to study depth, pH, and composition of 

airway surface liquid in CF airways tissue, but the results were highly diverse (Verkman et al. 

2003). 
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The CF airways environment, rich in viscous mucus, leads to bacterial infections (Matsui 

et al. 1998). Initially, Haemophilus, influenzae and S. aureus were the known primary pathogens 

found in the infected CF airways of infants and children (Filkins and O'Toole 2015; Millar et al. 

2009). It has been reported that the polymicrobial community in airways of CF patients changes 

with age from childhood to adulthood (Filkins and O'Toole 2015). For instance. Pseudomonas 

aeruginosa and B. cenocepacia are the best known pathogenic bacteria in adult individuals with 

CF. In adult CF sputum samples, additional bacterial species were detected, belonging to the 

genus Streptococcus, Prevotella, Neisseria, Veillonella, Catonella and Porphyrmonas (van der 

Gast et al. 2011). Due to the recent advancement in molecular identification methods, some 

fungi (Candida spp. and Aspergillus spp.) and viruses (influenza and respiratory syncytial) have 

also been recognized (Etherington et al. 2014; Gilligan 2014; Willger et al. 2014). The presence 

of a diverse range of microorganisms in chronically infected CF lungs indicates the existence of 

a complex polymicrobial community. B. cenocepacia infections are difficult to eradicate from 

CF lungs, raising a significant concern in the CF centers across the world (Corey and Farewell 

1996; Zlosnik et al. 2015). The B. cenocepacia-infected CF individuals develop chronic and 

persistent infections, which exacerbate lung function impairment due to inflammation, reducing 

long-term survival of CF patients (Goss and Burns 2007). 

 

1.2.1 Cystic fibrosis sputum mimicking environment 

In CF airways, the prevalence of various respiratory pathogens, including the Bcc 

species, have been reported (Hauser et al. 2011; Millar et al. 2009). After colonization in the 

infected lungs, pathogenic bacteria can grow within the sputum of CF airways. Sputum samples 

are usually collected from CF patients to detect and identify the presence of pathogenic bacteria 
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in the lungs and airways (Corey et al. 1984; Emerson et al. 2010; Kolak et al. 2003). CF sputum 

is a complex mixture rich in mucus, bacterial products and inflammatory components (Palmer et 

al. 2005). The sputum also contains different amino acids, small peptides, and carbohydrates, 

where these components can serve as a physical substrate and an energy source for bacterial 

growth and infection (Cuthbert 2011; Palmer et al. 2005). To study the physiology of CF 

pathogens, the use of patient CF sputum is impractical because of patient-to-patient variability 

and antibiotic usage. Also the consistency of sputum changes after sterilization. 

A defined medium that nutritionally mimics CF sputum was developed and called 

synthetic CF sputum medium (SCFM). CF sputum samples from 12 non-exacerbating adults 

were collected and analyzed by enzymatic and chromatographic techniques to identify the 

nutritional value of SCFM (Palmer et al. 2007). In Table 1.2, the SCFM composition is 

described with the concentration of components. The SCFM is a non-viscous medium due to 

lack of mucin, which imparts viscosity when present in the high concentration. This medium is 

highly rich in amino acids, which is evident from the SCFM composition (Table 1.2) (Palmer et 

al. 2007). The define nature of SCFM allows to assess the roles of particular nutritional cues, 

which is difficult in the case of undefined and complex CF sputum samples from patients. 

Nutritional cues of CF sputum mimicking conditions have been used to investigate the growth 

and physiology of CF pathogens. P. aeruginosa showed a similar growth rate and gene 

expression profile in both SCFM and CF sputum conditions (Palmer et al. 2007). Also in P. 

aeruginosa, the amino acids, glutamate, arginine, alanine, aspartate, and proline, were the 

preferred carbon sources utilized from the CF sputum medium and SCFM (Palmer et al. 2007). 

The growth kinetics of B. cenocepacia displayed high cell density growth in CF sputum 

conditions in comparison to soil extract medium   (Yoder-Himes et al. 2009l; 2010). 
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Table 1.2 The composition of SCFM as described in Palmer et al. (2007) 

 

Components Concentration (mM) 

Ions                              Na+ 66.6 

K+ 15.8 

NH4
+ 2.30 

Ca2+ 1.70 

Mg2+ 0.60 

Cl- 79.10 

NO3
+ 0.35 

PO4 2.50 

SO4
2- 0.27 

Amino acids             Serine 1.40 

Threonine 1.00 

Alanine 1.80 

Glycine 1.20 

Proline 1.70 

Isoleucine 1.10 

Leucine 1.60 

Valine 1.10 

Aspartate 0.80 

Glutamate 1.50 

Phenylalanine 0.50 

Tyrosine 0.80 

Tryptophan 0.01 

Lysine 2.10 

Histidine 0.50 

Arginine 0.30 

Ornithine 0.70 

Cysteine 0.20 

Methionine 0.60 

Others                      Glucose 3.2 

Lactate 9 

FeSO4 (µM) 3.6 
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The usage of SCFM in various studies demonstrated its suitability for studying 

differential gene expression associated with virulence factors of the opportunistic CF pathogens 

(Palmer et al. 2005; Yoder-Himes et al. 2009; Yoder-Himes et al. 2010). It is noteworthy that 

while designing SCFM, the collected CF sputum samples represent non-exacerbating adults. 

Hence, this medium may represent a certain stage of lung infection in CF patients, and variation 

in nutrient and composition of CF sputum cannot be ruled out during different stages of the 

disease and clinical treatments (Palmer et al. 2007). Because of its known composition, SCFM 

enables to identify the role of amino acids or nutritional cues associated with regulation of 

virulence factors to be identified. In this thesis, I used SCFM to mimic CF sputum conditions to 

understand the regulation of swimming motility of B. cenocepacia in CF sputum nutritional 

conditions.   

 

1.2.2 Virulence factors and motility of pathogens under CF conditions     

The pathogenicity of bacteria is dependent on virulence factors, which bacteria express 

and utilize to cause disease in a host. A number of virulence factors have been described in 

pathogens, including members of the Bcc species and P. aeruginosa (Ben Haj Khalifa et al. 

2011; Loutet and Valvano 2010; Mahenthiralingam et al. 2005). Still, the precise role of these 

virulence factors in CF airways remains to be fully elucidated. While infecting CF airways, 

pathogenic bacteria undergo various stress conditions such as antimicrobial agents, innate 

immune defense, oxygen limitations, and nutrient availability (Saldias and Valvano 2009; Sass et 

al. 2013). In response to these stressful situations, a wide-range of virulence factor-associated 

genes are differentially expressed that are involved in biofilm formation, exopolysaccharide 

production, efflux pump expression, coping with low oxygen availability, quorum sensing, 
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motility, and flagella biosynthesis (Drevinek et al. 2008; Drevinek and Mahenthiralingam 2010; 

Palmer et al. 2005). Considering the relevance of mimicking CF conditions, SCFM has been 

utilized to study global gene-expression in CF pathogens (Behrends et al. 2009; Palmer et al. 

2007; Turner et al. 2015; Yoder-Himes et al. 2010). Recently, in P. aeruginosa, RNA-based 

transcriptional profiling was performed to study differential regulation of genes after anoxic 

growth in the SCFM condition, suggesting a role for anoxic conditions in biofilm formation and 

antibiotic resistance (Tata et al. 2016). The clinical isolates of P. aeruginosa showed a reduction 

in swimming motility and down-regulation of fliC gene expression in CF sputum 

(Mahenthiralingam et al. 1994; Palmer et al. 2005; Palmer et al. 2007; Smith et al. 2006).       

In genomic and transcriptomic studies, attempts have been made to understand the Bcc 

species ability to thrive in the ecological niches, soil and CF sputum by studying differential 

gene expression (Kalferstova et al. 2015; Nunvar et al. 2016; Yoder-Himes et al. 2009; Yoder-

Himes et al. 2010). In B. cenocepacia, genes-associated with flagellar synthesis and chemotaxis 

were upregulated in CF sputum conditions (Yoder-Himes et al. 2009; Yoder-Himes et al. 2010). 

Flagellar genes encode proteins that are required for synthesis of a flagellum, which is a whip-

like structure present on the cell membrane. A flagellum assists in bacterial motility and is one of 

the virulence factors that has been well-studied because it contributes to establishing infections 

(Tomich M et al. 2002; Urban TA et al. 2004). In a longitudinal study, swimming motility was 

observed in 62% of B. cenocepacia clinical isolates obtained from chronically infected patients; 

whereas 38 % of the clinical isolates were non-motile (Zlosnik et al. 2014). While studying more 

progressed stages of CF infections, B. cenocepacia blood isolates showed a reduction in 

swimming motility, including downregulation of flagellar genes in the patients. In 6 out of 8 

patients, loss of motility was detected 2 years before they developed cepacia syndrome (CS), 
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while loss of motility was not observed in 17 patients that had not developed CS at the time of 

the study (Kalferstova et al. 2015). Despite a swimming positive phenotype among B. 

cenocepacia isolates, no correlation was observed between motility and clinical outcome of 

chronic lungs infection (Zlosnik et al. 2014). This indicates that the significance of swimming 

motility in Bcc species during the stages of infections is not well understood. 

   

1.3 Bacterial Flagella 

The flagellum is a lash-like structure that protrudes from the cell surface, representing the 

largest structure on the bacterial surface. The primary role of a flagellum is to help in bacterial 

locomotion, also called motility. The flagellum as a propeller, assists bacteria to swim through a 

liquid and/or over a semi-solid surface (Atsumi et al. 1996; McCarter and Silverman 1990). 

Movement of a single cell in liquid or through small pores of semi-solid agar is known as 

swimming, whereas, movement of multicellular bacterial rafts over a semi-solid surface is 

known as swarming (Kearns 2010). For both kinds of bacterial movement, swimming and 

swarming, an operational flagellum is required.  A flagellum, which is a complex nanomachine, 

plays vital roles in bacterial processes such as motility, chemical tactic responses (chemotaxis), 

colonization of hosts, adhesion, biofilm formation, and dispersion (Smith and Hoover 2009).  

Both Gram-negative and Gram-positive bacteria can possess flagella, which can be 

arranged in various flagellation patterns in terms of localization and numbers, on the bacterial 

surface depending on the species. The number of flagella may differ from 1 to 25 as in the case 

of Bacillus subtilis to several hundred in the swarming cell as in the case of Vibrio 

parahaemolyticus (Schuhmacher et al. 2015; Shinoda and Okamoto 1977). When single or 

multiple flagella are localized to one or both the poles, the flagellar morphology is called 
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monotrichous or lophotrichous respectively. Whereas, when flagella are present all over the cell 

surface (lateral or non-polar), the flagellation pattern is called peritrichous. Some examples of 

the described flagellation include: (1) monotrichous (e.g. Vibrio, Caulobacter, Pseudomonas, 

Shewanella), (2) amphitrichous (flagella at both the poles e.g. Campylobacter), (3) lophotrichous 

(e.g. Helicobacter, Agrobacterium) and (4) peritrichous (e.g. E. coli, B. subtilis) (Schuhmacher et 

al. 2015). It was found that some bacterial species can exhibit a two flagellar system, which can 

be localized at different genomic regions containing separate flagellar genes clusters (McCarter 

2004; McCarter 2005). Depending on the lifestyle and changing environmental conditions, the 

polar flagellum is encoded by specific flagellar operons that enable swimming motility in liquids. 

Whereas, the lateral flagella are encoded by other flagellar operons, supporting swarming of 

bacteria in a viscous environment or over a semi-solid surface (Bubendorfer et al. 2014; 

McCarter 2004; Merino et al. 2006). Despite various numbers and localization patterns of 

flagella in diverse bacterial species, the structure of a flagellum is highly conserved (Murray and 

Kazmierczak 2006). 

    

1.3.1 Flagellum structure 

All of the flagellated species, including both Gram-negative and Gram-positive bacteria, 

demonstrate three basic structures of a flagellum: (a) the basal body, (b) the hook, and (c) the 

filament (Fig. 1.1) (Zhu et al. 2013). The basal body, also called the engine, is anchored within 

the bacterial cell membrane. It is comprised of distinct substructures: the rotor and C ring 

complex, the stator, the MS and P rings, the flagellar protein export apparatus, and the rod. The 

hook connects the basal body to the filament of the flagellum (Chevance and Hughes 2008). All 

of the parts of a flagellum are shown in schematic diagram (Fig. 1.1).  
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Each of the three parts of a flagellum has its own function and role. In the basal body, the 

export apparatus is a type three secretion system, which transports axial flagellar proteins outside 

of the cell membrane through the rod for the assembly of hook and filament (Minamino and 

Macnab 1999). The rings in the basal body provide support to the rod that traverses through the 

cell envelope. Further, the C ring, also called the switch complex, is involved in switching the 

direction of flagellum rotation (McMurry et al. 2006). The basal body is called an ‘engine’ due 

to the presence of rotor and stator protein complexes. These complexes together provide power 

to rotate the flagellum at an rpm ranging from a few hundred to one hundred thousand rpm 

(Chevance and Hughes 2008; Gabel and Berg 2003; Zhu et al. 2013). The stator and rotor 

protein complexes generate rotational torque by either a sodium or hydrogen ionic flux, creating 

an ionic gradient across the cell membrane (Lloyd et al. 1996). The rotor has the ability to 

change the direction of the flagellum rotation between clockwise (CW) and counter clockwise 

(CCW) through interaction with the chemosensory system components (Chevance and Hughes 

2008). The hook, also known as a universal joint, provides the flexibility that helps in the angular 

rotation of the filament (Berg and Anderson 1973). Also, the hook helps to bundle up the 

flagella, which protrude from a different location to work effectively in moving the bacteria 

forward. A filament or propeller is an essential part of the flagellum for bacterial motility. The 

thickness of a filament can be 20 nm thick, while its length typically varies between 10-15 µm. A 

filament is composed of a single protein called flagellin, and there can be up to 20,000 subunits 

of flagellin polymerized during the synthesis of a filament. The flagellin protein is capped by a 

scaffold allowing the folding and polymerization when flagellin subunits are transported to the 

top of the structure during the synthesis of the filament (Chevance and Hughes 2008). The details 
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 Figure 1.1 Schematic diagram of a flagellum in Gram-negative bacteria: (A) The electron 

micrograph shows a single polar flagellum on the bacterial cell membrane. The white box 

represents the described structure of the flagellum in part B of this figure. In this image, B. 

cenocepacia is used to represent a flagellated bacterium.  (B) A flagellum is divided into three 

major parts: basal body, hook, and filament. The basal body is comprised of a rotor, stator, rod, 

MS-ring, P-ring, L-ring, and rod. The hook connects the basal body to the filament, which can 

rotate in both anti-clockwise and clockwise direction. The power to rotate a filament is generated 

by proton or sodium ion flux through stator proteins, which are attached to the rotor of the basal 

body. The flagellar genes that encode structural and regulatory proteins are highly conserved in 

Gram-positive and Gram-positive negative, including B. cenocepacia.       
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of flagellum substructures are shown in Fig. 1.1.  

        

1.3.2 Flagellum biosynthesis 

Flagellum biogenesis is a complex process that involves transcription of flagellar gene in 

the hierarchy of classes of flagellar gene operons (Tsang and Hoover 2014). Approximately, 50 

flagellar gene products are required for functional flagellum construction, where nearly half 

encode structural components, and the rest are responsible for the regulation of flagellar 

synthesis (Liu and Ochman 2007; Macnab 2003). The flagellar genes can be present within a few 

flagellar operons or localized as more than 14 flagellar operons in the bacterial chromosome(s), 

depending on the bacterial speices. Homologs of these flagellar genes with similar genetic 

organization are observed among bacterial species such as Vibrio, E. coli, and Pseudomonas 

(Kirov 2003).   

Flagellum biogenesis involves temporal regulation of the transcription of both structural 

and regulatory genes. This transcriptional regulation ensures that genes are transcribed when 

needed in the hierarchy of classes of flagellar gene operons, encoding various parts of the 

flagellum (Tsang and Hoover 2014). During flagellum assembly, the basal body gets synthesized 

first followed by hook formation, and finally, the filament construction takes place. So, if there is 

any defect in a flagellar gene product, which can disrupt the assembly of the basal body or the 

hook, then filament formation is inhibited.  

In Salmonella and E. coli, the three classes of flagellar operons (early, middle and late), 

which are regulated through various flagellar regulators at the different steps of flagellum 

synthesis, have been well characterized (Chilcott and Hughes 2000; Kutsukake et al. 1990). At 

the beginning of flagellum synthesis, a master regulator induces the expression of early operons, 
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encoding transcriptional factors or regulators that further induce the expression of flagellar genes 

associated with the middle operon (Kutsukake et al. 1990). In E. coli and S. Typhimurium, the 

master regulator is the FlhDC complex, which regulates flagellar gene expression in a positive 

fashion. Bacteria that do not possess the FlhDC complex use an alternative sigma factor σ54 (also 

called RpoN) to initiate and regulate transcription of early flagellar operon genes (Helmann 

1991). An essential requirement for σ54-dependent regulation is the presence of an activator that 

initiates the transcription with the help of a σ54–RNA polymerase holoenzyme and a promoter 

region to form an open promoter complex (Popham et al. 1989). This activator can be identified 

as a master regulator, such as FlrA in Vibrio species and FleQ in Pseudomonas species (Tsang 

and Hoover 2014). Further, the products of regulatory genes from the early operons induce 

transcription of the flagellar genes belonging to the middle operons, resulting in the synthesis of 

the hook and a sigma factor σ28, FliA. The late flagellar operons are dependent on FliA for the 

transcription of the filament protein (flagellin), FlgM (anti- σ28 factor), motor proteins and 

chemotaxis proteins (Tsang and Hoover 2014; Zhu et al. 2013). FlgM binds to FliA, inhibiting 

the activity of FliA. Once the basal body and mature hook are completely synthesized, FlgM is 

secreted via export apparatus relieving the inhibition of FliA activity. This results in transcription 

of the flagellin gene followed by assembly of the flagellin proteins in the growing filament, 

finishing synthesis of the flagellum (Tsang and Hoover 2014). Once the flagellum is synthesized, 

its rotation is important for bacterial motility that is mediated through chemotaxis signal 

transduction. In the signaling cascade, Methyl-accepting chemotaxis protein senses signals, 

activating histidine kinase (CheA) and phosphorylation of the response regulator (CheY), which 

results in interaction of CheY-P and motor proteins and controls rotation of flagellum.       
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1.3.3 Regulation of flagella localization and number 

In various pathogenic bacteria, including E. coli, Salmonella, Vibrio, P. aeruginosa, and 

Campylobacter, the process of flagellum synthesis is well studied (Schuhmacher et al. 2015; 

Tsang and Hoover 2014). Over the past two decades, research has been focused on the regulation 

of flagella localization and their number on the bacterial cell surface. For instance, 

environmental conditions can influence bacterial flagellation pattern (Kirov 2003; Zhu et al. 

2013). Flagellar morphology can be effectively maintained in cells over generations, attributing a 

trait to every flagellated bacteria. There are a handful of bacterial flagellation patterns known. 

‘Lateral’ and ‘polar’ are the commonly used terminologies to define flagella location. 

The flagellar regulatory genes that are involved in controlling bacterial flagellation 

pattern have been identified. The product of the fleN gene (also referred as flhG) encoding 

protein was recognized as a regulator of flagellation in two bacteria bearing a single polar 

flagellum, P. aeruginosa, and Vibrio sp. (Correa et al. 2005; Dasgupta et al. 2000). When the 

flhG was insertionally inactivated in Vibrio and Pseudomonas, the mutant demonstrated a non-

motile phenotype (lack of swimming) and multiple polar flagella, indicating that impaired 

swimming motility was due to lack of functional flagella (Correa et al. 2005; Dasgupta et al. 

2000). In Bacillus cereus and Burkholderia species, flhG is present in an operon, which has flhF 

as an upstream gene (Salvetti et al. 2007; Winsor et al. 2008). Moreover, flhF and flhG genes are 

conserved among bacterial species, including Vibrio, Campylobacter, Pseudomonas, 

Burkholderia, Helicobacter, Bacillus, and Shewanella (Schuhmacher et al. 2015). The FlhF is a 

GTPase that belongs to a signal recognition particle subfamily group and shares homology to Ffh 

and FtsY (Schuhmacher et al. 2015). FlhF contains two conserve NG and B domains. The N-

domain is a regulatory domain, and the G-domain is a GTPase sequence-containing domain. The 
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B-domain, natively unfolded, can vary in size and conservation among bacterial species, 

highlighting its species-specific role (Green et al. 2009; Schuhmacher et al. 2015).  

The role of flhF has been associated with flagellation regulation in pathogenic bacteria 

(Murray and Kazmierczak 2006; Pandza et al. 2000; Schuhmacher et al. 2015). The loss of FlhF 

resulted in swimming and swarming motility defects, which were due to a lack of directional 

movement of lateral flagella (Murray and Kazmierczak 2006; Pandza et al. 2000). A 

transcriptional analysis of V. cholera flagellar genes demonstrated that flhF is a positive 

regulator of flagellar late genes, class III gene transcription (Correa et al. 2005). Moreover, the 

overexpression of FlhF resulted in an increase of polar flagella number (Kusumoto et al. 2006). 

In the Galleria mellonella infection model, the B. cereus ∆flhF mutant showed significant 

attenuation in pathogenicity in comparison to the WT strain (Mazzantini et al. 2016). Further, the 

FlhF and FlhG proteins interact with each other to control flagellation in Vibrio (Kusumoto et al. 

2008). Still, the whole mechanism of how FlhF and FlhG regulate precise localization and 

number of flagella in bacteria is not known yet. Taken together, the evidence from multiple 

studies indicates a the role for FlhF in controlling flagellation and flagella biosynthesis on the 

bacterial cell surface in Vibrio, Campylobacter, Shewanella, Bacillus and Pseudomonas 

(Balaban et al. 2009; Correa et al. 2005; Gulbronson et al. 2016; Murray and Kazmierczak 2006; 

Salvetti et al. 2007; Schuhmacher et al. 2015). 

 

1.3.4 Role of flagella in pathogenicity 

 For pathogenic bacteria, it is important that the bacteria move towards the site of 

colonization in a host. Subsequently, these pathogenic bacteria can colonize and invade into host 

tissues or organs, where then they proliferate, causing a bacterial infection or disease in a host 
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(Duan et al. 2013). Flagella play a vital role to cause an infection in the host tissues or organs by 

facilitating bacterial dissemination. Flagella are not only locomotive organelles, but they are also 

needed for tactic responses (chemotaxis), colonization of hosts, biofilm formation, dispersion of 

bacteria, and translocating virulence proteins into the host cell through export apparatus (Duan et 

al. 2013; Smith and Hoover 2009). The bacterial chemoreceptor systems facilitate bacterial 

movement towards favorable environmental niches or away from detrimental conditions by 

changing the rotational direction of a flagellum. This results in an adjustment in bacterial cell 

movement in response to a changing environment (Chaban et al. 2015; Soutourina and Bertin 

2003). Motility plays a role in in vivo pathogenicity in various flagellated bacterial pathogens 

such as E. coli, V. cholera, P. aeruginosa, and Burkholderia spp. (Duan et al. 2013; Josenhans 

and Suerbaum 2002; Tomich et al. 2002). In Aeromonas species, studies suggested that the 

lateral flagella presence increased biofilm formation, invasion ability, and cell adherence.  Also, 

the lateral flagella played a role in persistent dysenteric infections in the gastrointestinal tract 

(Gavin et al. 2003; Kirov 2003). Moreover, flagella are considered to be vital for disseminating 

bacteria from one infection site to another and have been characterized as virulence determinants 

in pathogenic bacteria (Chua et al. 2003; Urban TA et al. 2004).  

As mentioned earlier, flagella contributes to bacterial pathogenicity through various roles, 

one of which is biofilm formation. Biofilms are microbial communities that are attached to a 

solid surface and encased in a self-produced exopolymeric matrix, and they are developed in four 

stages: 1) transportation to a solid surface, 2) initial attachment to the surface, 3) microcolony 

formation, and 4) biofilm maturation (Tolker-Nielsen et al. 2000).  Flagella are involved in all 

the stages of biofilm formation, as shown in E. coli, Listeria monocytogenes, P. aeruginosa, and 

Yersinia enterocolitica (Kim et al. 2008; Lemon et al. 2007; Sauer et al. 2002; Wood et al. 
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2006). For maximum adherence to a host cell surface, expression of flagella is required. For 

instance, enteropathogenic E. coli flagella exhibited direct binding to HeLa cells, and  a flagellin 

(FliC) mutant was found to be defective in adherence to epithelial cell line (Giron et al. 2002). 

Further, in different pathogens, various studies supported a role for flagella in adherence and 

invasions of host cells (Chaban et al. 2015). The flagellum export apparatus shares homology 

with the type III secretion system (TTSS), which can export and inject virulence factors in a host. 

For example, in Y. enterocolitica, secretion of a virulence-associated phospholipase is dependent 

on the functional flagellar export apparatus, and similar results were observed in Bacillus. 

thuringiensis (Ghelardi et al. 2002; Young et al. 1999). Moreover, C. jejuni secretes virulence 

factors such as the Campylobacter invasion protein (Cia), together with FlaC, FspA, FspA (Duan 

et al. 2013). These secreted proteins can modulate C. jejuni virulence and its pathogenicity, 

including induction of apoptosis in a host cell (Duan et al. 2013). The above evidence highlight 

the various roles of bacterial flagella in pathogenicity.    

A flagellum is composed of flagellin (FliC), which is a major structural filament protein. 

Flagellin has been identified as a major factor in inducing an inflammatory response through a 

Toll-like receptor 5 (TLR5) signaling pathway (Eaves-Pyles et al. 2001). Flagellin is a pathogen-

associated molecular pattern (PAMP) that triggers pro-inflammatory responses. The presence of 

residues (89-96) in the flagellin N-terminal domain can potentially stimulate TLR5 activity. 

However, the other domains, D2 and D3, in flagellin are also required to induce the activity 

(Steiner 2007). During the synthesis of the filament, these 89-96 residues get buried inside in the 

protofilament and are assumed to be exposed in a monomeric unit of flagellin. Thus, bacteria can 

employ techniques by hiding these residues to escape the inflammatory response of TLR5 in the 

host (Smith et al. 2003).   
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1.4 Cyclic dimeric guanosine monophosphate (c-di-GMP) 

The intracellular signal small molecule, cyclic dimeric guanosine monophosphate (c-di-

GMP), was discovered by Moshe Benziman and colleagues and is widely present in bacterial 

species. C-di-GMP was identified as an essential allosteric factor needed for the activation of 

cellulose synthesis in Gluconacetobacter xylinus (Ross et al. 1987). The cellulose synthase 

activity is efficiently regulated by c-di-GMP. In another study, the activity of cellulose synthase 

of A. tumefaciens was found to be dependent on c-di-GMP, suggesting a wider distribution of c-

di-GMP in bacterial species (Amikam and Benziman 1989). The bacterial phylogenetic 

distribution of genes-associated with c-di-GMP has been highlighted in a review by Römling et 

al., displaying this small molecule as a universal bacterial second messenger molecule (2013). 

Further, the wide presence of c-di-GMP was demonstrated by the analysis of 794 members of the 

phyla proteobacteria, of which completely sequenced genomes possessed more than ten thousand 

c-di-GMP metabolism-related genes (Römling et al. 2013).  

The structure of c-di-GMP consists of two guanine bases linked by a ribose and a 

phosphate group (Fig. 1.2). Structural analyses revealed that c-di-GMP forms a stable dimeric 

structure, which is arranged in a stack of self-intercalated guanine units (Egli et al. 1990). 

However, studies have reported both monomeric and dimeric forms of c-di-GMP, and these two 

forms of c-di-GMP were recognized in the crystallized structure of the c-di-GMP-metabolizing 

and binding proteins (Chan et al. 2004; Navarro et al. 2009; Römling et al. 2013; Tchigvintsev et 

al. 2010; Wassmann et al. 2007). Oligomers, tetramers, and octamers of c-di-GMP have also 

been observed in vitro. However, their physiological significance is not known yet (Gentner et 

al. 2012). 
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1.4.1 Metabolism of c-di-GMP   

The same group who discovered c-di-GMP, identified and sequenced the genes that 

encode enzymes associated with the metabolism of c-di-GMP. The intracellular levels of c-di-

GMP are modulated by two enzymes of opposite activity, diguanylate cyclases (DGCs) and 

phosphodiesterases (PDEs). The DGC enzymes contain a GGDEF domain, which is involved in 

the synthesis of a c-di-GMP molecule from two GTP (guanosine 5´-triphosphate) molecules 

(Fig. 1.2) (Ross et al. 1987; Ryjenkov et al. 2005). A metal ion, Mg+2 or Mn+2, is required for the 

enzymatic activity of DGCs. An EAL domain in PDE enzymes degrades c-di-GMP into a linear 

pGpG, which is subsequently degraded into two GMP molecules by an oligoribonuclease (Fig. 

1.2) (Orr et al. 2015; Schmidt et al. 2005a; Tal et al. 1998). An HD-GYP domain-containing 

protein is also known to degrade the c-di-GMP molecule. However, the HD-GYP domain is also 

widely present, but less prevalent than the EAL domain in c-di-GMP degrading proteins. 

The GGDEF domain was first described in the response regulator PleD in Caulobacter 

crescentus and designated on the basis of the highly conserved amino acid sequence motif, Gly-

Gly-Asp-Glu-Phe or GGDEF (Hecht et al. 1995). Initially, three domain architectures, PAS-

GGDEF-EAL, were identified in six of the DGC and PDE enzymes in G. xylinus. Later, these 

three domains were recognized as the most common domain architectures in c-di-GMP 

metabolizing proteins. The PAS (Per/Arnt/Sim) domain of DGCs shares significant similarity 

with the oxygen- and redox- sensing domains present in various bacterial signaling proteins 

(Römling et al. 2013; Tal et al. 1998). The GGDEF and EAL domains are tandemly arranged in 

a c-di-GMP metabolizing protein or enzyme, raising a question: How does an enzymatic activity 

of one domain prevail over the other when both the GGDEF and EAL domains are present in the 

same enzyme?  
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Studies have suggested that the GGDEF domain of DGCs is sufficient for the synthesis of 

c-di-GMP (Aldridge et al. 2003; Ausmees et al. 2001).  For instance, phosphorylation of the 

receiver (REC) domain in the P. aeruginosa WspR and Borrelia burgdroferi Rrp1 DGCs results 

in the activation of the GGDEF domain (De et al. 2009; Ryjenkov et al. 2005). Bioinformatics, 

biochemical and structural analyses of the GGDEF domain demonstrated substantial secondary 

and tertiary structural similarity to the type III adenylate cyclase (Sinha and Sprang 2006). 

However, the primary sequence of the adenylate/guanylate cyclase catalytic and GGDEF 

domains are remotely related. After the first experimental evidence of c-di-GMP synthesis by the 

phosphorylated PleD, several GGDEF domain-containing proteins were confirmed to have in 

vitro c-di-GMP synthesis activity (Hickman et al. 2005; Paul et al. 2004; Ryjenkov et al. 2005). 

Bacterial enzymes containing the GGDEF domain belonging to distinct phylogenetic tree 

branches, Thermotogae, Deinococcus-Thermus, Cyanobacteria, and Spirochaetes, were shown 

to synthesize c-di-GMP from a GTP substrate (Ryjenkov et al. 2005). 

An EAL domain is sufficient for c-di-GMP hydrolysis under overexpressed EAL domain 

conditions, showing inhibition of biofilm phenotype (Simm et al. 2004; Tischler and Camilli 

2004). For example, in E. coli, the YahA and DosP EAL-domain containing proteins hydrolyze 

c-di-GMP, but not cyclic AMP, suggesting that the EAL domain phosphodiesterase activity is 

specific to c-di-GMP (Schmidt et al. 2005b; Tuckerman et al. 2009). The hydrolysis of c-di-

GMP is Mn+2 or Mg+2 dependent and is strongly inhibited by the presence of Ca+2. Moreover, 

structural and biochemical studies of c-di-GMP-related proteins have provided deep insights and 

understanding into the hydrolysis of c-di-GMP (Chou and Galperin 2016; Navarro et al. 2009; 

Tchigvintsev et al. 2010). 
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Figure 1.2 Schematic diagram of metabolism of c-di-GMP and virulence-associated 

phenotypes mediated through c-di-GMP receptors in bacteria: A c-di-GMP molecule is 

synthesized from two GTP molecule by GGDEF domain-containing proteins, diguanylate 

cyclases (DGCs). The c-di-GMP is degraded by EAL containing-domain proteins, 

phosphodiesterases (PDEs) to pGpG (5'-phosphoguanylyl-(3',5')-guanosine), which is further 

degraded into two GMP molecules by an oligoribonuclease. C-di-GMP as a monomer or dimer 

binds to c-di-GMP receptors, which regulate a wide range of bacterial phenotypes.  
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The mechanisms that affect the activation/inactivation of GGDEF domain-containing 

proteins have been characterized. The first mechanism involves a sensory or receiver domain, 

which upon activation induces conformational changes, subsequently altering the enzyme’s c-di-

GMP synthesis activity (De et al. 2009; Guvener and Harwood 2007; Huangyutitham et al. 2013; 

Wassmann et al. 2007). The second mechanism uses an inhibitory (I) site located upstream to a 

GGDEF domain that results in a feedback inhibition or self-inhibitory mechanism. This 

mechanism is mediated by c-di-GMP binding to the inhibitory I-site, an allosteric site present in 

the vicinity of the GGDEF domain, altering the GGDEF domain activity (Christen et al. 2006; 

De et al. 2009). Approximately half of the GGDEF domain-containing DGCs possess an I site 

(Seshasayee et al. 2010).  

The genomes of a wide range of bacterial species show sensory and receiver domains 

linked to the c-di-GMP metabolizing domains (Galperin 2010). Sensory and receiver domains 

are part of signal transduction pathways. During a signaling mechanism, a sensory domain 

senses an environmental cue or a small molecule, transducing the signal response to the cognate 

receiver domain through phosphorylation. There are various types of sensory (input) domains, 

such as PAS, GAF, Cache, whereas there is only one receiver (output) domain, REC. Initially, 

the combination of c-di-GMP metabolizing domains and output domains (response regulators) 

were classified as an integral part of signal transduction systems (Galperin et al. 2001; Galperin 

2006). The most common domains in c-di-GMP proteins identified so far are REC, PAS and/or 

GAF in combination with GGDEF and /or EAL domains (Römling et al. 2013). A recent study 

showed that a Cache domain has also been observed in c-di-GMP-related proteins (Mills et al. 

2015) 
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1.4.2 Regulation of bacterial cellular processes and phenotypes by c-di-GMP 

Several bacterial species contain numerous c-di-GMP metabolizing genes, which also 

encode signaling-related domains. The presence of signaling (sensory and receiving) domains 

indicate an underlying c-di-GMP signaling network and responsiveness of bacteria to dynamic 

environmental conditions. (Galperin et al. 2001; Galperin 2005b). In response to changing 

environmental cues, variation of c-di-GMP levels in cells regulate bacterial physiology for 

growth and survival (Shanahan and Strobel 2012). Since the discovery of c-di-GMP, numerous 

studies have shown its involvement in various bacterial phenotypes such as transmission, 

survival, stress, cell-cell communication, invasion, antimicrobial resistance, and production of 

virulence factors, such as toxins, (Fig. 1.2) (Römling et al. 2013). One of the essential roles of c-

di-GMP in the pathogenic bacteria Salmonella enterica, E. coli, and P. aeruginosa is to control 

the transition between planktonic to sessile (biofilm) lifestyles (Fazli et al. 2014; Ha and O'Toole 

2015a; Povolotsky and Hengge 2012; Tischler and Camilli 2004). Moreover, c-di-GMP regulates 

not only the lifestyle transition but also swimming, swarming, building of the three-dimensional 

structure of the biofilm and biofilm dispersal (Barken et al. 2008; Merritt et al. 2007; Römling et 

al. 2013).  

Other studies have identified c-di-GMP binding proteins (CBPs), also called c-di-GMP 

receptors, which interact with c-di-GMP. At the downstream end of a c-di-GMP signal 

transduction pathway, a CBP bound to c-di-GMP can regulate genes or proteins at the 

transcriptional or post-translational level to control biological outputs such as cellulose synthesis, 

exopolysaccharide secretion, swimming velocity, and flagellar synthesis (Shanahan and Strobel 

2012). The CBPs include PilZ domain proteins, transcription factors, and degenerate GGDEF or 

EAL domain proteins (Fig. 1.2) (Shanahan and Strobel 2012). Initially, PilZ domain proteins 
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were the only identified CBPs. The first CBP identified was a glycosyltransferase, BcsA, which 

is involved in cellulose synthesis (Amikam and Galperin 2006). Since then, more PilZ domain-

containing CBPs have been verified experimentally such as YcgR in E. coli, DgrA in C. 

crescentus, PlzC and PlzD in V. cholera (Christen et al. 2007; Pratt et al. 2007; Ryjenkov et al. 

2006). The YcgR and DgrA proteins control the swimming motility phenotype mediated through 

flagellar motor control (Christen et al. 2007; Ryjenkov et al. 2006). 

The list of CBPs that lack a PilZ domain is continuously increasing. For example, in P. 

aeruginosa, a c-di-GMP-bound transcriptional regulator, FleQ, derepresses transcription of the 

pel operon (biofilm-related genes) and downregulates flagellar gene expression (Hickman and 

Harwood 2008). In V. cholera, four CBPs were identified that include VpsT, VpsR, FlrA and 

MshE, and in addition to these, Clp protein was shown to bind c-di-GMP in Xanthomonas 

species (Krasteva et al. 2010; Roelofs et al. 2015; Srivastava et al. 2013; Tao et al. 2010). Some 

of the bacterial species do not contain PilZ domain proteins, suggesting an existence of non-PilZ 

c-di-GMP binding receptors (Amikam and Galperin 2006). The first candidate for such receptor 

was predicted to be a GGDEF domain with an allosteric site.  The inhibitory (I) site present in 

the vicinity of the GGDEF domain is also considered as CBPs such as seen in the PleD protein, 

which regulates pellicle formation in P. aeruginosa (Christen et al. 2006; Lee et al. 2007). 

Similar results were observed for an EAL domain-containing protein that has lost PDE activity, 

but the c-di-GMP binding activity was retained (Navarro et al. 2009). To date, few I-site GGDEF 

and enzymatically inactive EAL domains-containing proteins have been identified (Römling et 

al. 2013; Shanahan and Strobel 2012). High-throughput methods are developed to identify more 

CBPs that lack PilZ domains. For instance, a pulldown assay that uses a c-di-GMP-affinity resin 

has been used to capture c-di-GMP-CBPs complex from cell extracts (Duvel et al. 2012; Nesper 
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et al. 2012). Besides the known CBPs, the discovery of a riboswitch specific to c-di-GMP was 

unpredicted, and so far two types of riboswitches have been identified (Lee et al. 2010a). While 

only a few CBPs that lack the PilZ domain are known in bacteria, it is likely that more such 

CBPs will be elucidated, linking c-di-GMP mediated-regulation of virulence factors in 

pathogenic bacteria. 

 

1.4.3 Role of c-di-GMP in bacterial motility 

One of the mechanisms to achieve a transition from motility to sessility in bacteria is 

through regulation of c-di-GMP levels. The majority of bacteria reside on a biotic or abiotic 

surface where they grow and form a colony and/or biofilm. In search of a surface, bacterium 

utilizes its flagellum or flagella to contact a surface followed by a permanent attachment on the 

surface using bacterial adhesive components and extracellular polysaccharide (EPS) (Römling et 

al. 2013). Once bacteria are attached and have formed the colony or biofilm, multiple 

mechanisms are involved in the transition from the planktonic to sessile mode of growth (Monds 

and O'Toole 2009). This transition in lifestyle is facilitated through modulation of intracellular c-

di-GMP levels.  

Studies that have revealed regulation of flagellar function after the initial surface 

attachment steps (O'Toole and Kolter 1998) suggesting a mechanism that is mediated through an 

intracellular signal molecule, such as c-di-GMP. If flagella kept rotating, then the cell would 

swim away from the first attached surface. Once bacteria are permanently attached to the surface, 

different and slower mechanisms are involved that down regulate or turn off synthesis of 

flagellar genes (Römling et al. 2013) 
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An example of c-di-GMP-dependent regulation of motility in bacteria is that of P. 

aeruginosa, in which expression of flagellar genes is controlled by a master regulator, FleQ 

(Dasgupta et al. 2000). FleQ is an enhancer binding protein, which has an AAA (ATPases 

Associated with diverse cellular Activites)-sigma54-interaction domain and helix-turn-helix 

binding domains. Harwood et al. showed that FleQ is a c-di-GMP responsive transcription 

factor, and the interaction of FleQ with c-di-GMP represses flagellar synthesis by 

downregulating expression of flagellar genes (Baraquet and Harwood 2013; Hickman and 

Harwood 2008). Some of the bacterial genomes do not encode the FleQ protein. For example, 

the genome of E. coli encodes a FlhDC complex as a flagellar master regulator, which is 

different from the master regulator in P. aeruginosa. This is in agreement with the different 

mechanisms of swimming motility regulation at the transcriptional level observed in E. coli and 

P. aeruginosa. 

Besides the effect of c-di-GMP on flagellar-associated gene expression, c-di-GMP 

controls bacterial motility at the post-translational level. In E. coli, a PilZ domain-containing 

protein, YcgR, is one of the earliest c-di-GMP-binding proteins identified, which was associated 

with bacterial motility (Ryjenkov et al. 2006). These results lead to the hypothesis that c-di-GMP 

regulates the functioning of flagella at the post-translational level by direct interactions with the 

motor of a flagellum (Ryjenkov et al. 2006; Wolfe and Visick 2008). In E. coli and S. enterica, 

two models have emerged by which the YcgR-c-di-GMP complex mediates motility. The first 

model suggests that the YcgR interacts weakly with the FliG and FliM rotor proteins, but in the 

presence of c-di-GMP, the YcgR-c-di-GMP complex strongly interacts with the rotor proteins 

(flagellar switch), stabilizing the counter-clockwise (CCW) rotation of the flagellum (Fang and 

Gomelsky 2010; Paul et al. 2010). Also, at high c-di-GMP levels, the flagellar rotation was 
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reduced by 30 % when YcgR was overexpressed (Paul et al. 2010). The mechanism of 

modulating flagellar rotation to biased CCW through the YcgR-c-di-GMP complex was named 

“backstop brake”. In the second model, the YcgR protein bound to c-di-GMP interacts with the 

MotA subunit of the stator complex of the flagellum. This interaction results in interference in 

the energy transfer between stator and rotor, which slows down the flagellum rotation (Boehm et 

al. 2010). An inverse correlation was observed between the velocity of flagellum rotation and 

intracellular levels of c-di-GMP, supporting the second model (Boehm et al. 2010). The above 

studies show that bacterial motility can be regulated through c-di-GMP by affecting flagella 

functional. 

 

1.5 The role of motility in Bcc: knowledge gaps  

          Studies have demonstrated that the flagellum is a virulence factor in Burkholderia 

species. For example, in B. pseudomallei, flagella were characterized as virulence determinants, 

since a flagellin mutant was attenuated in pathogenicity when compared to the WT strain in an 

intranasal mice infection model (Chua et al. 2003). Further, in a murine agar bead model of lung 

infection, all the mice infected with a B. cenocepacia fliC mutant survived, whereas 40% 

exhibited mortality after 3 days when infected with the WT strain (Urban TA et al. 2004). 

Another study showed that a chronic clinical isolate of B. cenocepacia increased flagellin 

production after sequential passage through a pulmonary infection mouse model (Chung and 

Speert 2007). Besides the role of flagella in pathogenicity, expression of flagellar genes has also 

been studied in CF sputum conditions. Transcriptomic analysis of B. cenocepacia in CF sputum 

and SCFM exhibited upregulation of virulence genes, including flagellar genes (Drevinek et al. 
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2008; Yoder-Himes et al. 2009). The above evidence highlights the importance of flagella in the 

pathogenicity of Burkholderia species. 

In longitudinal studies, data showed that Bcc chronic isolates from CF patients exhibited 

both swimming motile and non-motile phenotypes (Kalferstova et al. 2015; Zlosnik et al. 2014). 

Noticeably, 6 out of 8 isolates of B. cenocepacia collected a few months prior to cepacia 

syndrome (CS) displayed a non-motile phenotype. Moreover, B. cenocepacia isolates from blood 

samples showed downregulation of flagellar genes (Kalferstova et al. 2015). While the number 

of isolates precludes a definitive conclusion, these authors proposed that the loss of motility in B. 

cenocepacia isolates could be a marker for the development of CS (Kalferstova et al. 2015). 

Subsequently, a recent genomic and phenotypic analysis of 215 B. cenocepacia isolates from 16 

patients collected over a period of 2-20 years displayed that the isolates from the same patient 

exhibited a reduction in swimming motility compared with the earlier isolates, which exhibited 

high swimming motility (Lee et al. 2017). The same study observed loss-of-function mutations 

in genes associated with a decrease in swimming motility, highlighting the genotypic flexibility 

of B. cenocepacia during chronic infection of CF lungs (Lee et al. 2017). However, this trend 

was not observed for all patients as the isolates of some patients showed the same motility 

phenotype over time. These findings suggest that B. cenocepacia uses distinct adaptation and 

pathogenic mechanisms during infections in the lungs of CF patients (Kalferstova et al. 2015; 

Lee et al. 2017).  

Despite the importance of flagella as a virulence factor of Bcc isolates, there are no 

studies that provide insight into mechanisms that regulate swimming motility at the molecular 

level in CF sputum conditions. Studies have shown that swimming motility can be regulated 

during different steps at both the transcriptional and post-translational level (Shanahan and 
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Strobel 2012). The expression and function of regulatory proteins that control flagella 

biosynthesis is not understood in CF sputum conditions. Moreover, few CBPs that control 

biofilm formation are known to the date, but only one c-di-GMP metabolizing gene, rpfR, has 

been linked to the regulation of swarming motility in B. cenocepacia (Deng et al. 2013; Fazli et 

al. 2011; Fazli et al. 2017). The rpfR encodes a PAS sensory domain that senses a small molecule, 

Burkholderia diffusible signal factor (BDSF), which binds to the PAS sensory domain, resulting 

in a change in intracellular c-di-GMP concentrations. In S. Typhimurium, one of the sensory 

domain (Cache) containing proteins, STM1987, senses arginine amino acids to modulate 

intracellular c-di-GMP levels (Mills et al. 2015). In B. cenocepacia, the role of c-di-GMP-related 

genes, which encode signaling domains, in swimming motility has not been studied yet in amino 

acid rich CF sputum conditions. 

In this thesis, I focus on how the nutritional cues present in CF conditions regulate 

flagella biosynthesis and swimming motility of B. cenocepacia. This study represents a step 

towards understanding the regulation of one of the virulence factors, flagella, during initial 

colonization of the CF lungs by B. cenocepacia. In the future, the understanding of virulence 

factors mechanisms can potentially reveal novel targets that can attenuate Bcc bacterial 

pathogenicity and help in eradicating CF lung infections.        
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1.6 Thesis Rationale  

The B. cenocepacia chronic isolates from CF patients were motile (swimming), and 

flagellar genes of B. cenocepacia were upregulated in nutritional cues of CF sputum conditions. 

However, some of the Bcc clinical isolates, which were collected during the progressing stages 

of chronic CF airways infections, exhibited a less motile to non-motile phenotype. These 

findings suggest that distinct mechanisms are associated with regulation of swimming motility of 

B. cenocepacia to adapt to the lungs of CF patients. Moreover, nutritional cues of the CF lung, 

which is rich in amino acids, could act as cues for upregulation of flagellar genes and flagellar 

function. Flagella could be one of the virulence factors that are utilized by Bcc species during the 

initial stage of colonization and the spread of infection in the lungs, resulting in chronic 

infection. Studies in other bacterial species have demonstrated that swimming motility can be 

regulated with or without changing flagellar gene expression levels.  Intracellular c-di-GMP can 

control motility at the level of flagella functioning, which is independent of flagellin.  To gain a 

deeper understanding of the swimming motility in B. cenocepacia, it is important to investigate 

how flagella biosynthesis and functioning are regulated in CF sputum conditions.  

Hypothesis: I hypothesize that nutritional cues of CF sputum conditions regulate structural 

and functional changes in flagella to control motility through transcriptional regulation and c-di-

GMP genes in B. cenocepacia K56-2.   

Thesis objectives:  

1. To elucidate the mechanism by which synthetic cystic fibrosis sputum medium regulates 

flagellar biosynthesis in B. cenocepacia K56-2 strain. 

2. To identify the role of c-di-GMP-related genes in swimming motility of B. cenocepacia K56-2 

strain in CF sputum nutritional conditions. 
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Chapter – 2 

 

Synthetic cystic fibrosis sputum medium regulates flagellar 

biosynthesis through the flhF gene in Burkholderia cenocepacia 
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2.1 Introduction 

Burkholderia cenocepacia is a species of the Burkholderia cepacia complex (Bcc), a 

group of at least 18 distinct species of extremely versatile gram-negative bacteria (Vandamme 

and Dawyndt 2011). Ubiquitously present in the environment, Bcc bacteria have been found in 

various natural settings, such as soil, fresh water, and in association with plants, insects, and 

animals (Coenye and Vandamme 2003; Vial et al. 2011). As opportunistic pathogens, Bcc 

bacteria are concerning because they establish chronic infections in the lung of people with the 

genetic disease cystic fibrosis (CF). Bcc infections in CF patients are characterized by a rapid 

decline in lung function and necrotizing pneumonia, which can result in early death (Isles et al. 

1984). Eradication of Bcc infections is challenging due to the high antibiotic resistance of Bcc 

(Conway et al. 2003; Nzula et al. 2002; Sass et al. 2011). Therefore, it is important to identify 

new targets for therapeutic strategies to eliminate Bcc infections among CF and 

immunocompromised patients.  

There is accumulating evidence that the nutritional environment of the infection site can 

modulate the virulence of infecting bacteria (Palmer et al. 2007). The sputum of CF patients is a 

complex mixture rich in mucous, amino acids, and carbohydrates that support the proliferation of 

CF pathogens  (Palmer et al. 2005; Palmer et al. 2007). During growth in basal salt medium 

containing 12.5 % CF sputum, B. cenocepacia clinical isolates showed differential regulation of 

several virulence factors, including antibiotic resistance, motility and iron uptake (Drevinek et al. 

2008). With the goal of mimicking the nutritional conditions of the CF lung without the 

variability of CF sputum samples, a defined synthetic CF sputum medium (SCFM) was 

developed (Palmer et al. 2007) and utilized to analyse the transcriptomic response of B. 

cenocepacia growing in CF conditions (Yoder-Himes et al. 2010). Despite different platforms 
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for data acquisition and analysis, the transcriptomes of B. cenocepacia grown with CF sputum or 

in SCFM showed that several genes putatively involved in flagellum biosynthesis were 

upregulated (Drevinek et al. 2008; Yoder-Himes et al. 2010). 

Flagella are the locomotive organelles required for bacterial motility, chemotaxis, host 

colonization, biofilm formation, and dispersion of bacteria (Smith and Hoover 2009). The 

flagellar structure, which is comprised of approximately 25 different proteins, extends outside of 

the cell surface. The outermost part, the flagellar filament is composed of flagellin (FliC) and is a 

major factor in inducing inflammatory responses (Eaves-Pyles et al. 2001). Although the 

flagellar structure is overall well conserved among bacteria, the location and number of flagella 

vary and are characteristic for flagellate bacterial species (Schuhmacher et al. 2015). Data on the 

flagellar morphology of Burkholderia species is scarce; two studies describe B. pseudomallei and 

B. cenocepacia as having one single polar flagellum, which contributes to virulence (Chua et al. 

2003; Urban TA et al. 2004).  

Although all Bcc species are capable of infecting CF patients, B. cenocepacia is one of 

the most prevalent species associated with high morbidity and mortality (Zlosnik et al. 2014; 

Zlosnik et al. 2014). Despite the contribution of the flagellum to B. cenocepacia virulence and 

the existing evidence of increased flagellar gene expression in CF nutritional conditions, it is 

uncertain if upregulation of flagellar genes in B. cenocepacia results in flagellum structural or 

functional changes. In this study, we examined flagellin expression and flagellar morphology of 

B. cenocepacia grown in CF conditions compared to minimal medium. We found that the 

nutritional conditions of the CF lung induce expression of multiple flagella on the cell surface. 

We further demonstrate that the putative GTPase FlhF, which is involved in flagellar localization 

and biosynthesis in other species (Correa et al. 2005; Murray and Kazmierczak 2006), is a 
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positive regulator of swimming motility, flagellin expression, and flagellar biosynthesis in B. 

cenocepacia. 

2.2  Materials and Methods 

2.2.1 Bacterial strains, plasmids and growth conditions 

 The bacterial strains and primers used in this study are summarized in Table 2.1 and 

Table 2.2. The B. cenocepacia K56-2 wild type (WT) strain is a clinical isolate obtained from a 

CF patient. The bacterial strains were grown overnight in MOPS with glucose 5mM or 20mM, as 

indicated. Cells were washed in PBS and inoculated in SCFM, MOPS-glucose 20mM or MOPS-

glucose 5mM with or without amino acids according to the design of the experiment. When 

appropriate, media was supplemented with trimethoprim (100µg/ml for B. cenocepacia or 

50µg/ml for Escherichia coli), tetracycline (100µg/ml for B. cenocepacia or 50µg/ml for E. coli), 

kanamycin (25 µg/ml for E. coli) or xylose at 0.2% final concentration to induce the xylose 

inducible promoter on the pflhF plasmid. To construct pflhF, the flhF gene was PCR amplified 

(primers 1 & 2) and cloned into pAS2 backbone under a xylose inducible promoter. The 

resulting pflhF was introduced into WT and an unmarked flhF deletion mutant resulting in 

WT+pflhF and ∆flhF+pflhF strains, respectively. SCFM and MOPS-glucose 20mM were 

prepared as described previously (Palmer et al. 2007). To study the effect of individual amino 

acids, MOPS-glucose 5mM were supplemented with individual amino acids at the same 

concentration present in SCFM conditions. For growth assays, an aliquot of 200µl growth media 

was inoculated with bacterial cells at a starting optical density at 600 nm (OD600) of 0.04 in 

triplicate in a 96-well plate. The plate was incubated at 37°C with continuous shaking for 24 hrs 

in a BioTek Synergy 2 plate reader. Readings were taken hourly at OD600 and values were 
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converted to 1-cm-path-length OD600 by prior calibration with a GeneQuantTM III 4283, version 

4283V1.6. 

 

Table 2.1 Strains and plasmids used in this chapter 2. 

 

Strains/Plasmids Features Reference or Source 

B. cenocepacia   

     K56-2 (LMG18863)               Wild-type strain, ET12 clonal related 

to J2315, cystic fibrosis isolate 

(Duan et al. 2003; 

Mahenthiralingam et al. 2000) 

    ∆flhF  Deletion of flhF in K56-2 This study 

    ∆flhF + pflhF  Complementation of ∆flhF strain 

with pflhF in trans  

This study 

    K56-2 + pflhF  Overexpression of flhF in trans  This study 

    K56-2 + pflhFprom flhFOperonPromoter::luxCDABE 

transcriptional fusion in pMS402 

This study 

    K56-2 + pMS402 lux-based promoter reporter plasmid (Duan et al. 2003) 

E. coli   

     DH5α F- φ80 lacZΔM15 endA1 recA1 

hsdR17(rK⁸ mK⁷) supE44 thi-1 Δ 

gyrA96 (ΔlacZYAarg-F)U169 relA1 

Invitrogen 

     SY327 araD Δ(lac pro) argE (Am) recA56 

Rifr nalA λ pir 

(Miller and Mekalanos 1988) 

Plasmids   

     pRK2013 Helper plasmid, Kanr (Figurski and Helinski 1979) 

     pGPI-SceI DHFR, SceI recognition sequence, 

Tpr 

(Flannagan et al. 2008) 

     pDAI-SceI DHFR promoter controlling e-ISce-I, 

Tcr 

(Flannagan et al. 2008) 

     pBK1 Fusion of upstream and downstream 

of flhF locus 

This study 
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     pflhF flhF cloned under xylose inducible 

promoter in pAS2, Tpr  

This study 

     pflhFprom flhFOperonPromoter::luxCDABE 

transcriptional fusion in pMS402 

This study 

     pMS402 lux-based promoter reporter plasmid; 

Kanr, Tpr 

(Duan et al. 2003) 

 

Kanr: Kanamycin resistance; Tpr: Trimethoprim resistance; Tcr: Tetracycline resistance 

 

 

Table 2.2 Primer used in chapter 2 
 

1. flhF Forward    ATAGCATATGTTGAACATTCGCAAATTCACCG 

2. flhF Reverse    ATATTCTAGATTATCCAAATCGCACCTCGTGCA 

3. ∆flhF confirm Forward  GCAAGCGATGCTGCGTCAACAGAA 

4. ∆flhF confirm Reverse  AAGATTCACCACGGTGGACGTGCA 

5. flhFprom Forward   TAATCTCGAGGGTGATGACGATGAAGAAGCTCG 

6. flhFprom Reverse   ATATGGATCCTGGCGGCTTCAGGTCTTGTCGA 

 

* Bases underlined represent restriction enzyme recognition sites.  

 

2.2.2 Molecular biology techniques 

The helper strain, E.coli pRK2013 (Table 1), was used for genetic manipulations in B. 

cenocepacia K56-2 via triparental mating. E coli SY327 Z-competent cells (Zyma Research, 

USA) were used to maintain the pBK1 plasmid. Polymerase chain reactions (PCR) were carried 

out with either Taq DNA polymerase (Qiagen) or HotStar HiFidelity Taq polymerase (Qiagen) 

with optimized conditions for each pair of primers. The DNA ligase and restriction enzymes 

(New England Biolabs) were used as recommended by manufacturers. QIAquick purification kit 

(Qiagen) and QIAprep Miniprep kit (Qiagen) were used to purify PCR products and plasmids 

respectively.  
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2.2.3 Construction of B. cenocepacia K56-2 flhF unmarked deletion mutant 

A previously developed unmarked deletion system for the genus Burkholderia was used 

to create an flhF deletion mutant with some modifications (Flannagan et al. 2008). Briefly, the 

upstream and downstream regions of the flhF locus (approximately 480 bp) were synthesized by 

Blue Heron Biotechnology, USA, to form a fusion product with flanking XbaI and EcoRI 

restriction sites. The fusion product was digested with XbaI and EcoRI restriction enzymes and 

inserted into the XbaI-EcoRI digested pGPI-SceI. The resulting plasmid pBK1 was introduced 

into B. cenocepacia K56-2 WT by triparental mating, which lead to plasmid targeted insertion 

via homologous recombination. Conjugates with pBK1 integrated into the chromosome were 

selected on LB medium supplemented with trimethoprim. In the next step, pDAI-SceI, encoding 

genes for I-SceI endonuclease and tetracycline resistance, was introduced into the conjugate via 

triparental mating. Trimethoprim sensitive and tetracycline resistant clones were selected and 

screened for the flhF deletion by PCR analysis using primers flanking the flhF gene. The pDAI-

SceI plasmid in positive clones was removed by sequentially sub-culturing the clones in 

antibiotic-free LB medium. The replica plate method was employed to confirm the loss of the 

plasmid indicated by tetracycline sensitivity. The presence of the deletion was also confirmed by 

PCR amplification (primers 3 & 4) and sequencing of the flanking regions of the flhF gene. 

 

2.2.4 Bioluminescence reporter assay for promoter activity 

The PCR amplified flhBAFG operon promoter (primers 5 & 6) was fused to the 

luxCDABE reporter system (Aubert et al. 2013) in pMS402 resulting in the pflhFprom plasmid. 

Overnight cultures were washed in PBS and diluted to a starting OD of 0.04 in SCFM and 

MOPS-glucose 20 mM. Two hundred microliter aliquots were loaded in a black 96-well 
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microplate with clear bottomed wells and incubated at 37°C with shaking. The OD600 and 

relative bioluminescence were measured using a Biotek Synergy 2 plate reader at 1- hour interval 

for 24 hrs. 

 

2.2.5 Western blot 

The WT and mutant strains were grown overnight in SCFM, MOPS-glucose 20 mM and 

MOPS-glucose 5mM with or without amino acids. To ensure equal amounts of protein were 

loaded, whole cell lysates were prepared from same volumes of cultures adjusted to an OD600 of 

0.5. To prepare the whole cell lysates, the cells were thawed, pelleted and resuspended in 2X 

SDS loading dye. After boiling, the whole cell lysates were run in a 12% SDS-PAGE to separate 

protein and transferred onto PVDF membrane. Then, the FliC protein expression level was 

detected with the FliC specific primary anti-flagellin antibody raised in rabbit (kindly gifted by 

Dr. David Speert) and the secondary specific rabbit antibody tagged with alkaline phosphatase 

(Sigma-Aldrich, USA). Finally, the FliC-primary antibody complex and secondary antibody 

interaction were detected with an NBT/BCIP detection kit (Roche, USA). The ImageJ software 

was used to analyze the relative band intensity of the Western blot bands, and the fold change 

was calculated in reference to MOPS-glucose.  

 

2.2.6 Swimming motility assay, electron microscopy, and flagella staining 

To examine WT and mutant swimming motility on semi-solid 0.3% agar, 5 µl of 

inoculum was stabbed on semi-solid plates. The plates were then incubated statically at 37 °C for 

24 h. The motility halos were recorded quantitatively by measuring the circular zone of turbidity, 

which corresponds to the bacteria swimming away from the point of the inoculation. For electron 
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microscopy sample preparation, a drop of the diluted overnight bacterial culture grown in SCFM 

and MOPS-glucose 20mM was spotted on carbon-coated grids and stained with 2% uranyl 

acetate for 30 sec. After drying the grids for 30 min, they were observed under the Hitachi H-

7000 Electron Microscope. Flagella staining was performed as described previously (Heimbrook 

et al. 1989). Briefly, a sample of an overnight culture was taken with a loop and deposited on a 

clean microscope slide. The culture drop was covered with a cover slip, and a few drops of 

Remel flagella stain (Thermoscientific, USA) were applied at the end of the cover slip. After 30 

min, the stained flagella images were obtained with an AxioCamMR attached to an Axio 

ImagerZ1 (Carl Zeiss) at 100X magnification using a bright field filter.     

 

2.2.7 Statistical Analysis 

Motility halos of bacterial swimming and transcriptional activation of flhF operon 

promoter were compared and statistically analyzed. Data of the two groups were analyzed with 

an unpaired Student’s t-test, and one way ANOVA followed by the Dunnett’s multiple 

comparisons test was used for more than two groups. P-values were calculated using GraphPad 

Prism version 5.02 for Windows7, GraphPad Software, La Jolla California USA. Differences 

were considered significant when P-value was less than 0.05. 

 

2.2 Results 

2.2.1 CF nutritional conditions increase B. cenocepacia K56-2 swimming 

motility and flagellin expression 

To study the regulation of virulence factors in B. cenocepacia K56-2 in CF nutritional 

conditions, we used SCFM, a medium developed from the average concentrations of nutrients 
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found in CF sputum (Palmer et al. 2007). SCFM contains 3.2 mM glucose and a final total amino 

acid concentration of 19 mM. To compare SCFM-grown cells to those grown in minimal 

medium with an equivalent amount of energy source, MOPS-buffered minimal medium with 

20mM glucose was included as a control.  Similar growth kinetics was observed between P. 

aeruginosa grown in CF sputum medium and MOPS medium containing 20 mM glucose  

(Palmer et al. 2005). In the previous studies performed in the B. cenocepacia clinical isolates 

J2315 and AU1054, flagellar gene transcription was increased in response to CF nutritional 

conditions (Drevinek et al. 2008; Yoder-Himes et al. 2010). Since gene expression is subject to 

post-transcriptional regulation, we investigated whether the increase in flagellar gene expression 

resulted in elevated flagellin synthesis and/or motility. In agreement with previous results, SCFM 

supported the growth of B. cenocepacia K56-2 (WT) to a higher population density relative to 

MOPS-glucose 20mM (Fig. 2.1). CF conditions also improved motility as the swimming ability 

of the WT strain increased by ~2 fold in semi-solid SCFM in comparison to MOPS-glucose 

20mM (Fig. 2.2A & B). In addition, Western blot analysis of flagellin showed ~2.2 fold 

upregulation of flagellin in SCFM in comparison to MOPS-glucose 20mM (Fig. 2.2C). There 

was a slight difference between the migration distance of the native flagellin and the recombinant 

protein control produced in E. coli, likely due to the glycosylation of flagellin previously 

observed in B. cenocepacia (Hanuszkiewicz et al. 2014). Taken together, CF sputum conditions 

induce flagellar gene upregulation, flagellin expression and swimming motility in B. 

cenocepacia. 
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Figure 2.1 Growth kinetics of B. cenocepacia K56-2 WT. The WT strain growth curves are 

shown in SCFM and MOPS-glucose 20 mM. Cell cultures were grown for 24 hours at 37 °C. 

 

 

 

 

 

 

 

 

 



52 

 

 

 

 
 

Figure 2.2 Swimming motility phenotype and flagellin expression analysis of B. cenocepacia 

K56-2 WT. (A & B) Motility analysis. The motility of WT strain was examined in semi-solid 

SCFM and MOPS-glucose 20 mM 0.3% agar plates. Motility halos were recorded after 24 hours 

of incubation time. Results correspond to three independent experiments and '*' denotes 

significant p-values (p < 0.05). (C) Detection of flagellin by Western blot. Whole cell lysates and 

pure flagellin were run on 12% SDS-PAGE. The flagellin protein was detected using anti-

flagellin primary antibody and secondary antibody cross-linked to alkaline phosphatase. Western 

blot and was performed twice independently. One representative experiment is shown. 
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2.2.2 Individual amino acids increase B. cenocepacia K56-2 swimming motility 

but not flagellin expression 

We next investigated the contribution of the individual amino acids present in SCFM to the 

motility and flagellin expression phenotypes. We examined the growth and motility of the WT 

strain in MOPS with individual amino acids as a sole carbon source (Table 2.3). Five amino 

acids, namely arginine, glutamate, histidine, phenylalanine, and proline, were further 

investigated as they supported growth and induced high motility. To investigate the contribution 

of individual amino acids to the previously observed motility and flagellin phenotypes, cultures 

were grown with the aforementioned amino acids added individually at the same concentrations 

present in SCFM. As the concentration of each individual amino acid might be too low to 

support the growth we added 5 mM glucose as the carbon source. Regardless of the presence of 

the particular amino acid, the cultures reached stationary phase at the same cell density as 

cultures grown in MOPS-glucose 5mM only (Fig. 2.3). However, the individual amino acids 

significantly induced motility when compared to the MOPS-glucose 5mM control (Fig. 2.4A). 

This motility was comparable to what was observed in SCFM. To find out if individual amino 

acids induce increased flagellin expression, we performed a Western blot analysis of total 

proteins from cells grown in MOPS-glucose 5mM supplemented with each of the five amino 

acids. Unlike what was observed for cells grown in CF conditions (Fig. 2.2C), flagellin 

expression did not increase in the presence of individual amino acids (Fig. 2.4B). Taken together, 

these results suggest that the observed increase in motility associated with individual amino acids 

does not depend on increased flagellin expression and is more likely due to a chemotactic effect. 

 

 



54 

 

Table 2.3 Growth and swimming motility of the B. cenocepacia K56-2 WT in MOPS-amino 

acids 5 mM as an individual carbon source.  

Amino Acid Growth Motility 

Alanine ++ + 

Arginine ++ ++ 

Aspartate + + 

Cysteine - - 

Glutamate + ++ 

Glycine - - 

Histidine + ++ 

Isoleucine - - 

Leucine - - 

Lysine + + 

Methionine - - 

Ornithine - - 

Phenylalanine ++ ++ 

Proline + ++ 

Serine - - 

Threonine - - 

Tyrosine - - 

Tryptophan + + 

Valine - - 

The symbols “++”, “+” and “-” represent high, moderate and no growth or motility respectively. 

 

 

 

 



55 

 

 

 

 

 

 

Figure 2.3 The effect of individual amino acids on growth of B. cenocepacia K56-2 WT. 

Growth curves of WT strain in the presence of individual amino acids + MOPS-glucose 5mM. 

The amino acid concentrations added in the minimal medium were as follows: arginine - 0.3 

mM; glutamate - 1.5 mM; histidine - 0.5 mM; phenylalanine - 0.5 mM and proline - 1.7 mM. 
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Figure 2.4 The effect of individual amino acids on swimming motility and flagellin 

expression of B. cenocepacia K56-2 WT. (A) Motility halos of the WT strain in MOPS-glucose 

5mM + individual amino acid at the same concentration found in SCFM. MOPS-glucose 5mM 

was used as a control to compare motility. The motility assay was performed three times 

independently, and '*' denotes significant p-values (p < 0.05). (B) Western blot of WT whole cell 

lysates in the same condition as those used for the growth and motility analysis. Lane 1 shows 

the detection of purified flagellin protein as a positive control. Western blot and growth assays 

were performed twice independently. One representative experiment is shown.     

 

 



57 

 

2.2.3 CF nutritional conditions induce multiple flagella in B. cenocepacia K56-

2 

To further investigate the increase in flagellin expression observed during growth in SCFM, we 

used transmission electron microscopy (TEM) and the flagella stain technique (Heimbrook et al. 

1989). Previous work has shown that B. cenocepacia cells grown on an LB plate are 

monotrichous (Urban TA et al. 2004). Similarly, TEM images showed cells grown in MOPS-

glucose 20mM as having a single, long polar flagellum (Fig. 2.5B). However, in TEM images of 

cells grown in SCFM, an increased number of flagella was observed (Fig. 2.5A). Some flagella 

were detached from the cells and were broken highlighting the previously described fragility of 

B. cenocepacia flagella (Urban TA et al. 2004). The microscopic images suggested that the 

increase in B. cenocepacia flagellin protein expression and motility are likely due to multiple 

flagellated bacterial subpopulations present in SCFM condition, which are more numerous than 

in MOPS-glucose 20mM. To quantify the differences in the flagellation patterns between the two 

conditions, we classified one hundred cells shown in the images, as having multiple flagella, a 

single flagellum, or being aflagellated. The ratio of multiple: single: aflagellated cells under 

SCFM conditions was 7:2:1, while in MOPS-glucose 20mM conditions, the ratio was 2:3.5:4.5 

(Fig. 2.5C). In SCFM-grown cells, flagella were localized laterally but close to the pole (Fig. 

2.5A); however, in MOPS-glucose 20mM, flagella were mostly localized at the pole (Fig. 2.5B). 

Also, 45% of the bacteria did not have flagella in MOPS-glucose 20mM, while in SCFM only 

10% of bacteria were aflagellated (Fig. 2.5C). To confirm the flagellation phenotype in SCFM 

and MOPS-glucose 20mM, we stained B. cenocepacia K56-2 flagella with the Remel flagella 

stain dye and the stained flagella were observed under bright-field microscopy.  
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Figure 2.5 Flagellar phenotypic analysis of B. cenocepacia K56-2 WT. Transmission electron 

microscopy (TEM) of the WT strain in SCFM (A) and MOPS-glucose 20 mM (B). (C) 

Distribution of the WT strain flagellation pattern in SCFM and MOPS-glucose after 24 hours of 

growth. The arrows show the attachment site of flagella. Cell count was based on TEM images 

(n=100). 
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Figure 2.6 Bright-field microscopic images of B. cenocepacia K56-2 WT stained flagella. 

The bacterial flagella were stained using Remel flagella dye. (A) Stained multiple flagellated WT 

strain cells in CF nutritional conditions. (B) Stained polar flagellum or aflagellated cells in 

MOPS-glucose 20 mM. Scale bars represent 2µm in all images. 
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In SCFM, the WT strain displayed multiple flagella localized close to the pole (Fig. 2.6A). On 

the other hand, MOPS-glucose 20mM grown cells demonstrated a single polar flagellar 

morphology, similar to what was observed with TEM (Fig. 2.6B). Taken together, the flagellar 

morphology analysis showed that CF nutritional conditions induce multiple flagellar biosynthesis 

of B. cenocepacia.  

 

2.2.4 flhF regulates flagellin expression and flagellation pattern 

flhF encodes a signal recognition type (SRP)-type GTPase protein, which is one of the 

regulators of the hierarchy for flagella biosynthesis (Bange et al. 2011; Carpenter et al. 1992). 

Previous studies showed a role of flhF in flagellar biosynthesis and localization in various 

bacterial genera such as Pseudomonas, Vibrio, Campylobacter and Shewanella  (Balaban et al. 

2009; Correa et al. 2005; Kusumoto et al. 2008; Murray and Kazmierczak 2006; Schuhmacher et 

al. 2015). We then investigated if the flhF gene of B. cenocepacia K56-2 strain was involved in 

regulating the number and localization of flagella during growth in SCFM. We constructed flhF 

unmarked deletion mutant (∆flhF) and characterized its swimming motility, flagellin expression 

and flagellar morphology in CF conditions. The ∆flhF mutant exhibited 2.5 fold reduction in 

swimming motility and ~ 4 fold down-regulation in flagellin expression (Fig. 2.7A & C). When 

∆flhF was complemented with the flhF gene in trans under a xylose inducible promoter, both 

motility and flagellin expression were restored although not to WT levels. Further, we examined 

the effect of FlhF protein overexpression in the WT strain. Overexpression of FlhF caused 2.4 

and ~2.3 fold reduction in swimming motility and flagellin expression, respectively in the WT 

strain (Fig. 2.7A & C). To study whether the flhF gene regulates the flagellation pattern  
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Figure 2.7 Swimming motility, flagellar morphology and flagellin expression analysis of 

flhF deletion and overexpression in strains of B. cenocepacia K56-2 WT. Motility (A), 

flagellation pattern (B) and flagellin expression levels (C) of WT, ∆flhF mutant, ∆flhF+flhF 

complement and WT+flhF overexpression strain. The motility assay was performed three times 

independently. '*' denotes significant p-values (p < 0.05). The WT motility was used as a control 

for comparisons. 
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of B. cenocepacia K56-2 during growth in CF conditions, we obtained TEM images of WT and 

∆flhF grown in SCFM. The ∆flhF mutant exhibited 80% aflagellated, 14% single and 6% 

multiple flagellated bacterial subpopulations (Fig. 2.7B). This indicates that ∆flhF has a major 

role in the biosynthesis of flagella. The ratio of multiple to single flagella in WT and ∆flhF were 

3.5 and 0.43 respectively (Fig. 2.7B). When ∆flhF was complemented (∆flhF+pflhF), the 

flagellation pattern was restored although not completely to the WT level (Fig. 2.7B). These 

observations suggest that the flhF gene is also involved in the flagellation pattern observed in CF 

conditions. Noticeably, in ∆flhF and WT overexpressing flhF, large bacterial subpopulations 

exhibited aflagellated morphology (Fig. 2.7B) indicating that perturbations of the FlhF protein 

levels dramatically alter the proportion of flagellated cells. Taken together, these results suggest 

that FlhF positively regulates motility, flagellin expression, and flagellation pattern in B. 

cenocepacia K56-2. 

 

2.2.5 The flhBAFG operon is induced in CF conditions  

To examine the transcriptional activity of B. cenocepacia WT flhF operon, the WT strain 

was transformed with a plasmid encoding the flhBAFG operon promoter (Fig. 2.8A), upstream to 

the luxCDABE genes cluster in a transcriptional reporter system. The WT strain harboring the 

reporter system was grown in SCFM or MOPS-glucose 20mM, and the bioluminescence 

produced upon transcriptional activation was plotted against the OD600 of bacterial growth. In 

SCFM, the bioluminescence reached a maximum at an approximate OD600 of 2.2, which 

corresponds to mid-exponential growth (Fig. 2.1) and the signal was ~ 2.6 folder higher in 

SCFM than in MOPS-glucose 20mM (Fig. 2.8B). Statistical analysis of the differences between  
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Figure. 2.8 The flhBAFG operon and its transcription activity. (A) Schematic of the flagellar 

flhBAFG operon. The angle arrow represents the promoter upstream of the flhB gene. To 

examine transcriptional activity, a 531 bp fragment containing the flhB promoter was amplified 

and cloned upstream of the lux operon in the bioreporter system. (B) The flhF promoter sequence 

was transcriptionally fused upstream to luxCDABE gene cassette (flhF-lux) on a plasmid 

(pflhFprom) and introduced into the WT strain. Bioluminescence was measured hourly in 

response to activation of the flhF operon promoter in SCFM and MOPS-glucose 20mM 

conditions. The transcriptional activity assay was performed three times showing similar results. 

One representative graph is shown. (C) The graph shows RLU/OD600 at the mid-exponential 

phase of OD600 2.2 in SCFM and MOPS-glucose 20mM. '*' denotes significant p-values (p < 

0.05).   
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relative luminescence in SCFM and control media during the mid-exponential phase showed a 

significant increase in the activation of the flhF operon promoter in SCFM (Fig. 2.8C). Overall, 

these results suggest that CF conditions increase transcription of the flhBAFG operon and that the 

increased transcription of the flhF gene has an effect on flagellin expression and flagellation 

pattern, which in turns increases swimming motility.  

 

2. 3 Discussion 

The aim of this study was to investigate B. cenocepacia motility and regulation of the 

virulence factor flagellin in SCFM, which mimics CF nutritional conditions. SCFM supported 

growth to high population densities (Fig. 2.1A), which is in agreement with the growth of B. 

cenocepacia J2315, HI2424 and Pseudomonas aeruginosa in similar conditions (Palmer et al. 

2007; Yoder-Himes et al. 2009; Yoder-Himes et al. 2010). The swimming motility of B. 

cenocepacia K56-2 and expression of flagellin increased in SCFM in comparison with minimal 

medium (Fig. 2.2B & D). Swimming motility, but not an expression of flagellin, was also 

increased in response to five amino acids present in SCFM (Fig. 2.4A). These amino acids were 

arginine, glutamate, histidine, phenylalanine, and proline all of which B. cenocepacia could 

utilize as a sole carbon source (Table 3.3). Studies have shown that amino acids act as 

chemoattractants in bacterial species such as E. coli and Bacillus subtilis (Yang et al. 2015). 

Bacteria move towards preferential nutrient sources as demonstrated by the strong correlation 

between chemotaxis and amino acids utilization in E. coli (Yang et al. 2015). As we did not find 

an increase in flagellin expression levels in cells grown in MOPS-glucose 5mM supplemented 

with individual amino acids in comparison to cells grown in glucose MOPS-glucose 5mM, we 

conclude that amino acids may increase motility through a chemotactic effect, which affects 
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rotation of flagellum at the functional level, thereby controlling swimming motility of B. 

cenocepacia (Fig. 2.2C).   

Electron microscopy images of cells grown in CF nutritional conditions showed cells 

with multiple polar or laterally localized flagella. Also, the total flagellated subpopulations of 

cells grown in SCFM were larger than the ones grown in MOPS-glucose 20mM (Fig. 2.5). 

Flagellum biogenesis is a very complex process where dozens of structural and regulatory genes 

are expressed hierarchically (Tsang and Hoover 2014). Bacterial species are typically described 

as presenting polar or lateral flagellar morphology. However, under certain conditions bacteria 

can adjust their flagellation patterns. Lateral flagella are observed in viscous environments, 

whereas polar flagella are noticeable in swimming conditions (Atsumi et al. 1996; McCarter 

2004). In V. parahaemolyticus, an iron-depleted growth medium was shown as a second signal, 

after viscosity, to induce lateral flagella (McCarter 2004). Similarly, our results suggest that CF 

nutritional conditions can mediate a change in flagellar number and localization (Fig. 2.5).   

Although the process of flagellar biogenesis is conserved in most bacterial species, the 

regulatory mechanisms vary (Jang et al. 2014). In Vibrio, Campylobacter, Shewanella and 

Pseudomonas species, FlhF is a regulatory protein associated with positioning and biosynthesis 

of flagella (Balaban et al. 2009; Kusumoto et al. 2008; Murray and Kazmierczak 2006; 

Schuhmacher et al. 2015). The flhF gene is present in an operon, flhBAFG, in B. cenocepacia 

K56-2 chromosome 1 (Winsor et al. 2008). Upon deleting flhF, we found that flagellin 

expression and swimming motility was reduced (Fig. 2.7). The aflagellated morphology of the 

∆flhF mutant indicates a primary role of flhF in flagellar synthesis (Fig. 2.7B). However, the 

flhF gene is also involved in flagellar localization as indicated by the ratio of multiple to single 

polar flagella in WT strain ∆flhF mutant. Overexpression of FlhF in Pseudomonas and Vibrio 



66 

 

species resulted in polar or lateral hyperflagellation, respectively depending on the species 

(Kazmierczak and Hendrixson 2013). On the contrary, B. cenocepacia FlhF overexpression 

caused a reduction in flagellin, swimming motility and flagella biosynthesis (Fig. 2.7). This 

reduction suggests that after a certain amount of FlhF protein is produced, it may negatively 

regulate its own gene expression and flagellar biosynthesis. Further, the transcriptional reporter 

system identified that the flhF operon was activated in SCFM than in MOPS-glucose 20mM 

(Fig. 2.8).  

On the basis of our results, it is likely that flagellin and flagellar morphology regulation 

may play a role in the initial stages of colonization when the nutritional environment of the CF 

lung is sensed by B. cenocepacia. The increase in swimming motility may contribute to 

spreading and development of B. cenocepacia chronic infection. The role of bacterial flagella in 

the pathogenicity of B. cenocepacia has been intensively studied due to various reasons. 

Flagellum acts as an adhesin to contact epithelial cells during the initial stages of colonization 

(Mahenthiralingam et al. 2005) and helps in the invasion of host cells (Tomich M et al. 2002). 

Flagellin is sensed as a ligand of Toll-like receptor 5, which results in the induction of the 

inflammatory host defense response for pathogen eradication (Hayashi et al. 2001). Since 

various studies have already demonstrated the role of flagella as a virulence factor (Balloy et al. 

2007; Roberts et al. 2015; Tomich et al. 2002; Urban et al. 2004), regulatory proteins that inhibit 

flagellar biosynthesis can be potential targets to develop therapeutic molecules to treat B. 

cenocepacia infections. 
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3.1 Introduction 

Cyclic-dimeric-guanosine monophosphate or c-di-GMP is an intracellular second 

messenger molecule present in a wide range of bacterial species, including pathogenic bacteria 

(Camilli and Bassler 2006). Since the c-di-GMP molecule was discovered, numerous studies 

have focused on c-di-GMP mediated mechanisms that regulate cellular processes (Camilli and 

Bassler 2006; Chan et al. 2004; Chan et al. 2004; Christen et al. 2006; Römling et al. 2013). 

Initially, c-di-GMP was associated with exopolysaccharide synthesis and biofilm formation. 

Subsequently, the c-di-GMP role was recognized in the transitioning of bacterial lifestyle from 

planktonic to sessile (Simm et al. 2004). To date, the roles of c-di-GMP have been linked to 

various bacterial phenotypes and processes, such as cellular development and morphogenesis, 

host cell adherence, virulence factor secretion, invasion, antimicrobial resistance, modulation of 

immune response, and motility (Jenal et al. 2017; Römling et al. 2013). 

In response to a change in bacterial milieu, temporal and spatial changes of c-di-GMP 

levels are controlled through sensing and regulatory mechanisms, which alter bacterial 

physiology and phenotypes (Shanahan and Strobel 2012). A c-di-GMP molecule is synthesized 

and degraded by GGDEF and EAL domain-containing proteins, respectively. Most of the 

bacterial c-di-GMP metabolizing domains are part of signal transduction pathways, which result 

in various biological outputs (Galperin et al. 2001; Galperin 2005a). The GGDEF and EAL 

domains can be present in conjunction with diverse signaling sensory domains such as GAF, 

PAS, Cache, HAMP, and a receiver domain, REC (Galperin 2005a; Römling et al. 2013). The 

sensory domains recognize small molecules that subsequently activate the receiver domain, 

resulting in functional changes in bacterial physiology and virulence factors, including motility 

(Galperin et al. 2001; Römling et al. 2013). In Salmonella Typhimurium, the amino acid arginine 
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can modulate c-di-GMP levels through a PAS-GGDEF domain-containing protein, leading to 

cellulose secretion and an increase in biofilm formation (Mills et al. 2015). Moreover, a 

systematic study showed that three signaling domain-containing c-di-GMP proteins regulate 

swimming motility and virulence in the rice pathogen, Xanthomonas oryzae (Wei et al. 2016). 

These findings suggest that pathogenic bacteria respond to environmental/nutritional cues and 

regulate virulence factors by modulating c-di-GMP levels through signal transduction pathways. 

The Burkholderia cepacia complex (Bcc) is a group of twenty extremely versatile Gram-

negative bacteria (De Smet et al. 2015; Eberl and Vandamme 2016). The Bcc species have been 

isolated from various ecological niches, suggesting that they have diverse metabolic capabilities 

to thrive in different environmental settings, including the lungs of cystic fibrosis (CF) patients. 

While all Bcc bacteria can cause infection in CF patients, Burkholderia cenocepacia is one of the 

most prevalent species of the Bcc (Zlosnik et al. 2014; Zlosnik et al. 2014). The Bcc infections 

are difficult to eradicate due to their high intrinsic antibiotic resistance (Ahn et al. 2016; Conway 

et al. 2003; Nzula et al. 2002; Sass et al. 2011). Therefore, it is important to identify new targets 

for therapeutic strategies to eliminate the Bcc infections among CF and immunocompromised 

patients. To identify new targets, one of the strategies is to understand the regulatory networks of 

virulence factors that contribute to bacterial pathogenicity. A well-known bacterial virulence 

factor is flagellum, which mediates bacterial motility. C-di-GMP metabolizing proteins 

associated with the regulation of flagella function and swimming motility could be potential 

antimicrobial targets.  

Despite a plethora of c-di-GMP data on other pathogenic bacteria, our knowledge 

regarding the roles of putative c-di-GMP-related genes in the regulation of virulence factors is 

limited in B. cenocepacia. Although, the genome of B. cenocepacia encodes approx. 25 c-di-
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GMP-related genes, there is only one gene that has been studied. In B. cenocepacia H111, the 

rpfR (BCAM0580) c-di-GMP gene, which encodes PAS-GGDEF-EAL domains, was shown to 

have a role as a positive regulator of swarming motility, protease activity, and biofilm formation 

(Deng et al. 2013). Also, the deletion of rpfR attenuated the pathogenicity of B. cenocepacia in a 

Caenorhabditis elegans infection model. The RpfR protein has PAS, GGDEF and EAL domains. 

In this protein, the PAS domain senses the Burkholderia diffusible signal factor (BDSF), 

resulting in conformational changes that stimulate the PDE activity of the RpfR protein (Deng et 

al. 2013). The identification of sensory domains in c-di-GMP-related genes in B. cenocepacia 

indicates the presence of signal transduction pathways that may sense signal cues to control 

swimming motility through a c-di-GMP turnover. Moreover, studies have demonstrated that the 

c-di-GMP binding proteins, BerB and BerA, interact with c-di-GMP to regulate biofilm 

formation in B. cenocepacia (Fazli et al. 2011; Fazli et al. 2017).  

Previously, we showed that the synthetic CF sputum medium (SCFM), which is rich in 

amino acids, induces swimming motility of the clinical isolate B. cenocepacia K56-2 by 

upregulating flagellin synthesis and the number of flagella (Kumar and Cardona 2016). 

However, individual amino acids of SCFM were able to induce swimming motility without 

affecting flagellin levels. Motility of bacteria can be controlled at the level of functioning of 

flagella through a chemoreceptors mechanism or change in intracellular c-di-GMP levels (Fang 

and Gomelsky 2010; Römling et al. 2013). Considering the role of c-di-GMP-mediated signal 

transduction pathways in swarming and swimming motility, we hypothesized that c-di-GMP 

genes may regulate swimming motility of B. cenocepacia in response to nutritional cues in CF 

sputum conditions. To address our hypothesis, we performed a systematic analysis of twelve 

sensory domains-containing c-di-GMP proteins for their role in the B. cenocepacia K56-2 
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motility during growth in SCFM. The most significant reduction in swimming motility was 

exhibited by a strain harboring an insertional mutation in the gene locus BCAL1069. This mutant 

showed decrease in swimming motility and protease activity, which was accompanied by an 

increase in c-di-GMP, when compared to the WT strain. Further, the swimming motility of the 

BCAL069 mutant in the presence of individual amino acids indicated that the BCAL1069 genes 

mediates motility of B. cenocepacia K56-2 in response to arginine and glutamate. Taken 

together, our study demonstrated the role of BCAL1069 in swimming motility of B. cenocepacia 

in response to amino acids in CF sputum conditions.  

 

3.2  Materials and Methods 

3.2.1 Bacterial strains, plasmids and growth conditions 

 The bacterial strains used in this study are summarized in Table 3.1. Primers are listed in 

Supplementary Table 1. The B. cenocepacia K56-2 wild type (WT) strain is a clinical isolate 

obtained from a CF patient and belongs to Rapid Amplification of DNA polymorphism (RAPD) 

and electrophoretic type (ET) twelve. The bacterial strains were grown in MOPS with glucose 

20mM or SCFM overnight, as indicated. Cells were washed in PBS and inoculated in SCFM, or 

MOPS-glucose 5mM with or without amino acids according to the experimental design. When 

appropriate, media was supplemented with trimethoprim (100µg/ml for B. cenocepacia or 

50µg/ml for Escherichia coli), chloramphenicol (200µg/ml for B. cenocepacia or 20µg/ml for E. 

coli), kanamycin (25 µg/ml for E. coli) or rhamnose at 0.2% final concentration. To study the 

effect of individual amino acids, MOPS-glucose 5mM were supplemented with individual amino 
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acids at the same concentration present in SCFM conditions. SCFM and MOPS-glucose 20mM 

were prepared as described previously (Palmer et al., 2007). 

For genetic manipulations in B. cenocepacia K56-2 via triparental mating, the helper 

strain E. coli pRK2013 was used. E coli SY327 Z-competent cells (Zyma Research, USA) were 

used to maintain the pBK1 plasmid. Polymerase chain reactions (PCR) were carried out with 

either Taq DNA polymerase (Qiagen) or HotStar HiFidelity Taq polymerase (Qiagen) with 

optimized conditions for each pair of primers. The DNA ligase and restriction enzymes (New 

England Biolabs) were used as recommended by manufacturers. QIAquick purification kit 

(Qiagen) and QIAprep Miniprep kit (Qiagen) were used to purify PCR products and plasmids 

respectively. 

 

3.2.2 Growth assays 

Growth experiments were performed in 96-well format in a total volume of 200µl. 

Bacterial cells were inoculated at a starting optical density at 600 nm (OD600) of 0.04 in triplicate 

The plate was incubated at 37°C with continuous shaking for 24 hours in a BioTek Synergy 2 

plate reader. Readings were taken hourly at OD600 and values were converted to 1-cm-path-

length OD600 by prior calibration with a GeneQuantTM III 4283, version 4283V1.6. 
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Table 3.1 Strains and plasmids used in chapter 3 

 
Strains/Plasmids Relevant genotype or phenotype Reference or Source 

P. aeruginosa   

     PAO1 Wound isolate, sequenced laboratory 

strain. 

(Holloway 1955) 

    PAO1 + pSCrhaB2 Rhamnose inducible  pSCrhaB2 plasmid 

in PAO1 

This study 

    PAO1 + pWspR Rhamnose inducible pWspR plasmid in 

PAO1 

This study 

    PAO1 + pRocR Rhamnose inducible pRocR plasmid in 

PAO1 

This study 

 

E. coli 

  

     DH5α F- φ80 lacZΔM15 endA1 recA1 

hsdR17(rK⁸ mK⁷) supE44 thi-1 Δ gyrA96 

(ΔlacZYAarg-F)U169 relA1 

Invitrogen 

     SY327 araD Δ(lac pro) argE (Am) recA56 Rifr 

nalA λ pir 

(Miller and Mekalanos 

1988) 

B. cenocepacia K56-2   

     B. cenocepacia  

K56-2 (LMG18863)               

Wild-type (WT) strain, ET12 clonal 

related to J2315, cystic fibrosis isolate 

(Mahenthiralingam et 

al. 2000) 

    WT + pSCrhaB2  Rhamnose inducible pSCrhaB2 plasmid 

in K56-2, TpR 

(Cardona and Valvano 

2005) 

    WT + pBKrhaB2  Rhamnose inducible pSCrhaB2 plasmid 

in K56-2, CmR 

This study 

    WT + pWspR Rhamnose inducible pWspR plasmid in 

K56-2, CmR 

This study 

    WT + pRocR Rhamnose inducible pRocR plasmid in 

K56-2, CmR 

This study 

B. cenocepacia K56-2 

c-di-GMP mutants  
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    WT::BCAM1160 K56-2, BCAM1160::pBCAM1160, TpR This study 

    WT::BCAM1554 K56-2, BCAM1554::pBCAM1554, TpR  This study 

    WT::BCAM2836 K56-2, BCAM2836::pBCAM2836, TpR  This study 

    WT::BCAL1020 K56-2, BCAL1020::pBCAL1020, TpR This study 

    WT::BCAM1161 K56-2, BCAM1161::pBCAM1161, TpR This study 

    WT::BCAM0580 K56-2, BCAM0580::pBCAM0580, TpR This study 

   WT:: BCAL1069 K56-2, BCAL1069::pBCAL1069, TpR This study 

    WT::BCAL2852 K56-2, BCAL2852::pBCAL2852, TpR This study 

    WT::BCAM0748 K56-2, BCAM07489::pBCAM0748, TpR This study 

    WT::BCAM2822 K56-2, BCAM2822::pBCAM2822, TpR This study 

    WT::BCAM2256 K56-2, BCAM2256::pBCAM2256, TpR This study 

    WT::BCAM1670 K56-2, BCAM1670::pBCAM1670, TpR This study 

    WT::BCAL1068 K56-2, BCAL1068::pBCAL1068, TpR This study 

 WT::BCAL1069/pBCAL1069 K56-2, BCAL1069::p1069, TpR 

pBCAL1069, CmR 

This study 

 

Plasmids 

 

  

     pRK2013 Helper plasmid, RK2 derivative, KmR, 

mob+ tra+ ColE1 

(Figurski and Helinski 

1979) 

     pGPΩTp OriR6K, TpR cassette, mob+, TpR (Flannagan et al. 2007) 



75 

 

     pSCrhaB2 Rhamnose inducible promoter, oripBBR1 

rhaR, rhaS, PrhaB, TpR, mob+                              

(Cardona and Valvano 

2005) 

     pKD3 Template plasmid for mutagenesis, CmR (Datsenko and Wanner 

2000) 

     pBKrhaB2 Rhamnose inducible promoter, oripBBR1 

rhaR, rhaS, PrhaB, CmR mob+                              

This study 

     pWspR wspR of P. aeruginosa PA01 cloned in 

pBKrhaB2, CmR 

This study 

     pRocR rocR of P. aeruginosa PA01 cloned in 

pBKrhaB2, CmR 

This study 

     pBCAM1160I                                      pGPΩTp, 326-bp internal fragment from 

BCAM1160 

This study 

     pBCAM1554I pGPΩTp, 493-bp internal fragment from 

BCAM1554 

This study 

     pBCAM2836I pGPΩTp, 320-bp internal fragment from 

BCAM2836 

This study 

     pBCAL1020I pGPΩTp, 360-bp internal fragment from 

BCAL1020 

This study 

     pBCAM1161I pGPΩTp, 377-bp internal fragment from 

BCAM1161 

This study 

     pBCAL1069I pGPΩTp, 380-bp internal fragment from 

BCAL1069 

This study 

     pBCAM0580I pGPΩTp, 345-bp internal fragment from 

BCAM0580 

This study 

     pBCAL2852I pGPΩTp, 338-bp internal fragment from 

BCAL2852 

This study 

     pBCAM0748I pGPΩTp, 317-bp internal fragment from 

BCAM0748 

This study 

     pBCAM2822I pGPΩTp, 302-bp internal fragment from 

BCAM2822 

This study 

     pBCAM2256I pGPΩTp, 324-bp internal fragment from 

BCAM2256 

This study 

     pBCAM1670I pGPΩTp, 324-bp internal fragment from 

BCAM1670 

This study 
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     pBCAL1068I pGPΩTp, 343-bp internal fragment from 

BCAL1068 

This study 

     pBCAL1069 pBKrhaB2, BCAL1069 gene This study 

Kmr: Kanamycin resistance; Tpr: Trimethoprim resistance; Cm
r
: Chloramphenicol

  

 

Table 3.2. Primers used in chapter 3. 
 

No. Primer name  Sequence 

686 PAO1 wspR R ATTACATATGCACAACCCTCATGAGAGCAAG 

687 PAO1 wspR R ATATTCTAGATACTGCACTTGCGCCCCACAG 

688 PAO1 rocR R GAGACATATGAATGATTTGAATGTTCTGGTGTTGGAGG 

689 PAO1 rocR R GTACTCTAGATTTTGATCGCATGAAAGGTCTGTG 
 

782 WT::BCAM1160 F ATTATCTAGAAAAGTTCTCGCTACAGCATCGG 

783 WT::BCAM1160 R ATTAGAATTCATCGGTTTCGATGTCCTCG 

784 WT::BCAM1554 F ATATTCTAGATCGATGCTCGTCACGCTGTTCG 

785 WT::BCAM1554 R ATTAGAATTCGCATCGCCGCGAGATAGATC 

786 WT::BCAM2836 F ATATTCTAGATCGCTGAGCGACCTCGTGATC 

787 WT::BCAM2836 R  ATTAGAATTCAGCGGCATGAACGTGCAGTC 

788 WT::BCAL1020 F TAATTCTAGATGCTACAGCTATTCCAAAGCCG 

789 WT::BCAL1020 R ATATGAATTCTGACGTAAAGCCCCACGTTCG 

790 WT::BCAM1161 F ATTATCTAGAATGGTGCTGCTGGTCGACG 

791 WT::BCAM1161 R ATATGAATTCGCAGCAGGTTCAGGTACGAG 

792 WT::BCAL1069 F ATTATCTAGAGCAACTGGCTGGAACAGACG 

793 WT::BCAL1069 R ATATGAATTCGTCGTGGTGCATTTCGTAC 

794 WT::BCAM0580 F TATATCTAGAACCTCGTGCTCGACATCTTGC 

795 WT::BCAM0580 R ATTAGGTACCCGAAAAAGCCCGTGATGTTGC 

832 WT::BCAL2852 F ATTATCTAGACCTGTGCGTGCTACAGCTAT 

833 WT::BCAL2852 R ATTAGAATTCGGTGGATCGTGAAGTATCTG 

834 WT::BCAM0748 F TAATTCTAGATCGTGGCACGCATTCTGTCG 

835 WT::BCAM0748 R TAATGAATTCCACGAAAATGGAGCCGAGATAGG 

836 WT::BCAM2822 F ATATTCTAGATTCCTGCTGCCGTACCTGATC 



77 

 

837 WT::BCAM2822 R TAATGAATTCTAGATGCCGCCGAGGTACTTG 

866 WT::BCAM2256 F ATTATCTAGAGCAACAACCTGAACCTGCTG 

867 WT::BCAM2256 R TATAGAATTCCGAGCAGGAATCCGAAGAAC 

869 WT::BCAM1670 F TATATCTAGAATCGTGGTCAATCACGAGACG 

870 WT::BCAM1670 R ATTAGAATTCATTGAGCATCACGTTCATGCG 

857 WT::BCAL1068 F ATTATCTAGACGATGAAGAACGACGACCTCG 

858 WT::BCAL1068 R ATTAGAATTCATCAGCGTGCAGACGACGG 

461 P53 pGpΩTp TAACGGTTGTGGACAACAAGCCAGGG 

825 WT::BCAM1160 Up GGGCACGAAAAGGCACGAAATATCG 

826 WT::BCAM1554 Up TTCCGTTCGCAACGATGCTGCCT 

827 WT::BCAM2836 Up CATTTCGTGATGCTGATGGCCGAG 

828 WT::BCAL1020 Up CCCTTATTTCGTTGTGGCAGTCGG  

829 WT::BCAM1160 Up GCATCGACCATGACGATTGACCTGAC 

830 WT::BCAL1069 Up CTTCACGTCAGCGAGAAACATGGAAGC 

838 WT::BCAL2852 Up GAGACTTTGTATGCGAAATCACGTCCGACC 

839 WT::BCAM0748 Up CGGCAATACGCAAAATCGACCGATC 

840 WT::BCAM2822 Up GGTAGTCATACGAACAATCGCATCGACC 

868 WT::BCAM2256 Up TCGACATCAATCTCGATGCCGTCG 

871 WT::BCAM1670 Up CACGAGCATCTCGTATGGCTTCAGC 

859 WT::BCAL1068 Up ACGGAGATGGGCTGCAATCACATCC 

876 pKD3-CAT F TGATGATATCTCATCGCAGTACTGTTGTATTC 

877 pKD3-CAT R TATAATGCATAAGTATAGGAACTTCGGCGC 
 

851 Complement 

BCAL1069 gene  F 

GAGACATATGGAAGCCAACAGGAAACAG 

852 Complement 

BCAL1069 gene R 
AGAGTCTAGATGGTTGACATACGGATCTGTC 

 

 

* Bases underlined represent restriction enzyme recognition sites and respective name are given below:  

 

CATATG  -  NdeI ;  TCTAGA  -   XbaI ; GAATCC  -   EcoRI ; GGTACC – KpnI ; GATATC -  EcoRV ; ATGCAT 

– NsiI 
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3.2.3 Cloning of c-di-GMP genes in B. cenocepacia 

To construct c-di-GMP modulating B. cenocepacia K56-2 (WT) strains, wspR or rocR 

genes were PCR amplified using Pseudomonas aeruginosa PAO1 genome as a template (primers 

described in Table 3.2). The genes and plasmid were digested using NdeI and XbaI, and the 

digested genes and plasmid were ligated using T4 ligase enzyme. This results in cloning of wspR 

and rocR genes into the pSCrhaB2 backbone under a rhamnose inducible promoter. The resulting 

pWspR and pRocR plasmids were introduced into the B. cenocepacia K56-2 WT strain, resulting 

in WT/pWspR and WT/pRocR strains, respectively.  

 

3.2.4 Insertional mutagenesis of c-di-GMP metabolizing genes  

Insertional mutagenesis with the plasmid pGPΩTp was utilized (Flannagan et al. 2007). 

First, an internal fragment approx. 300 - 400 bp of the gene of interest was PCR amplified using 

forward and reverse primers (Table 3.2). The PCR-amplified internal fragment and pGPΩTp 

were digested with the restriction enzymes, XbaI and EcoRI. The digested internal fragments and 

plasmid were ligated with T4 ligase enzyme, and the ligation products transformed in to E. coli 

SY327. The resulting plasmids (Table 3.1) were introduced into B. cenocepacia K56-2 WT 

strain, generating exconjugants that were selected for trimethoprim resistance. In the 

exconjugates, the suicide plasmid is incorporated into the chromosome in a target-specific 

fashion via single homologous recombination. Colony PCR was performed to confirm the 

insertion of the suicide plasmid in the target gene by using specific primers upstream to 5' of the 

internal fragment a primer that anneals with the plasmid (p53 reverse primer). The c-di-GMP 

mutants were named after their gene, for instance, WT::BCAL1069 mutant indicates insertional 

mutagenesis in the BCAL1069 gene.  
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3.2.5 Complementation of the WT::BCAL1069 mutant 

Plasmid pBKrhaB2 was created using pSCrhaB2 as the backbone. The dihydrofolate 

reductase gene of pSCrhaB2 was replaced with the chloramphenicol acetyltransferase (CAT) 

gene, which was amplified from pKD3 with the help of primers, 876 & 877. The amplified CAT 

gene and pBKrhaB2 were digested with EcoRV and NsiI. The digested CAT gene was ligated 

into digested pBKrhaB2 using T4 ligase enzyme. The resulting plasmid pBKrhaB2 was utilized 

for complementation experiments. To complement the WT::BCAL1069 mutant, the BCAL1069 

gene was PCR amplified using primers 851 and 852. The PCR-amplified BCAL1069 and 

pBKrhaB2 were digested with NdeI and XbaI, and the digested gene and plasmids were ligated 

using T4 ligase. The pBCAL1069 plasmid was introduced into the BCAL1069 mutant strain, 

creating the WT::BCAL1069/pBCAL1069 strain. 

 

3.2.6 Western blot 

The WT and c-di-GMP mutant strains were grown overnight in SCFM. To ensure equal 

amounts of proteins were loaded, cell cultures from the same volume were adjusted to an OD600 

of 1.0. To prepare the whole cell lysates, the cells were thawed, pelleted and resuspended in 2X 

SDS loading dye. After boiling, the whole cell lysates were separated by 12% SDS-PAGE to 

separate protein and transferred onto PVDF membrane. Then, the FliC protein expression level 

was detected with the FliC specific primary anti-flagellin antibody raised in rabbit (kindly gifted 

by Dr. David Speert) by incubating the membrane for 45 min at 4 ºC on the shaker. Again, the 

membrane was incubated in the secondary specific rabbit antibody tagged with alkaline 

phosphatase (Sigma-Aldrich, USA) for 45 minutes on a shaker. The ratio of primary and 

secondary antibodies dissolved in blocking buffer were 1:20000 and 1:30000, respectively. 



80 

 

Finally, the FliC-primary antibody complex and secondary antibody interaction were detected 

with an NBT/BCIP detection kit (Roche, USA). 

 

3.2.7 Swimming motility assay 

Overnight grown cell cultures were washed twice in PBS and the cell OD600 was adjusted 

to 1.0. To examine the swimming motility of the WT and c-di-GMP mutants, 5 µl of bacterial 

inoculum was stabbed on 0.3% agar semi-solid plates. The plates were then incubated at 37 °C 

for 24 h. The motility halos were recorded quantitatively by measuring the circular zone of 

turbidity, which corresponds to the bacteria swimming away from the point of the inoculation. 

Motility halos of WT and mutants were compared and statistically analyzed.  

 

3.2.8 Electron microscopy 

For electron microscopy sample preparation, a drop of the diluted overnight bacterial 

culture grown in SCFM was spotted on carbon-coated grids and stained with 2% uranyl acetate 

for 30 sec. After drying the grids for 30 min, they were observed under the Hitachi H-7000 

Electron Microscope.    

 

3.2.9 Protease activity assay 

Extracellular protease activity of WT and mutants was measured qualitatively using 1.5% 

agar containing 2% skim milk. The plates were inoculated with 5 µl of bacterial cell culture 

adjusted to an OD600 of 3.0 and incubated for 48 hours at 37 °C. Protease activity was indicated 

by a clear (lysis) zone around the bacterial colony. Protease activity of WT and mutants were 

compared and statistically analyzed. 
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3.2.10 Biofilm formation assay 

Bacterial attachment or biofilm formation was studied by measuring adherence to the 

wells of a 96-well polystyrene plastic plate using the method of Merritte et al. 2005 (Merritt et 

al. 2005). Overnight cultures were adjusted to initial inoculum of OD600 0.04 in SCFM in the 

wells of the 96-well plate. The plate was then incubated statically at 37°C for 48 hrs. After the 

incubation period, planktonic bacteria were removed, and adhered bacteria washed three times in 

PBS, and then stained with 0.1% crystal violet for 30 min. The stain was removed carefully; the 

attached cells were again washed with PBS and the stained bacteria eluted with 20:80 (v/v) 

acetone: ethanol mixture. Eluted bacteria (attached growth) readings were measured at OD600 

using the Bio-Tek plate reader.   

 

3.2.11 Extraction and quantification of c-di-GMP  

 The extraction of c-di-GMP in B. cenocepacia K56-2 was performed as previously 

described (Roy et al. 2013). Briefly, bacterial cell cultures were grown for 24 hours in SCFM 

with or without or supplementation with 0.2% rhamnose. A ten milliliters volume of cell culture 

was standardized to OD600 2, followed by washing the cells twice in ice cold H20 at 16,000 x g 

for 3 min. Cells were resuspended in 1000 µl of H20 and boiled at 100 °C for 10 min. To the 

same tube, 1000 µl of ice cold 67% ethanol was added, and the suspension was vortexed for 15 

sec and centrifuged (16,000 x g, 3 min). The supernatant containing extracted c-di-GMP was 

transferred to a new microfuge tube, and the extraction procedure was repeated. The supernatant 

from the two extractions was dried using a vacuum centrifuge (Thermo, SpeedVac). The visible 

white pellet, nucleotide extract, was resuspended in 200 µl H20, followed by filtering (0.2 um 

filter, GE). The nucleotide extract was stored at -80 °C until used. Using reverse-phase high-
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performance liquid chromatography (RP-HPLC), c-di-GMP was detected and quantified by 

injecting 40 µl of nucleotide extract into the column.  

Detection and quantification of intracellular c-di-GMP was performed using a Waters 

HPLC Separation Module 2695 equipped with an autosampler, degasser and UV/Vis detector set 

to 256 nm (PDA Detector Model 2996). Separation of molecules in the extract was achieved by 

μBondapakTM Waters C18 (3.9 × 300 mm) column particle diameter of 15–20 μm, with 125 Å 

pores at a flow rate of 1 ml min-1. Solvents containing methanol 100 % (solvent A) and 

trifluoroacetic acid 0.075 % (solvent B) were used. To elute c-di-GMP, the following gradient 

was used: 0.01 to 10 min, 5 % solvent A (= 5 % solvent A and 95 % solvent B); 10 to 20 min, 5 

% to 20 % solvent A; 20 to 25 min, 20 % solvent A, 25 to 30 min, 20 % to 5 % solvent A. The 

area under the curve or peak was used to quantify the c-di-GMP concentration, and change in the 

c-di-GMP levels in strains are represented in percentage.  

 

3.2.12 Statistical analysis 

An unpaired Student’s t-test was used to analyze data from two groups, and one way ANOVA 

followed by the Dunnett’s multiple comparisons test was used to analyze data for more than two 

groups. P-values were calculated using GraphPad Prism version 6 for Windows7, GraphPad 

Software, La Jolla California USA. Differences were considered significant when the P-value 

was less than 0.05.  
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3.3 Results 

3.3.1 Increased c-di-GMP levels regulate swimming motility of B. cenocepacia 

K56-2    

A previous study identified a role for c-di-GMP gene, rpfR, in regulating swarming 

motility of B. cenocepacia (Deng et al. 2013). While this study did not examine swimming 

motility of the rpfR mutant, whether the reduction in swarming motility was caused by a defect 

in flagellar biosynthesis or flagellar function was not determined. However, an increase in c-di-

GMP levels can affect flagellar gene expression at the transcriptional level or the functioning of 

flagella at the post-translational level, resulting in a reduction in motility (Baraquet and Harwood 

2013; Boehm et al. 2010; Shanahan and Strobel 2012). To address whether c-di-GMP regulates 

the swimming motility of B. cenocepacia, we cloned the wspR and rocR genes from P. 

aeruginosa PAO1 and overexpressed them in B. cenocepacia K56-2 (WT). The wspR and rocR 

genes encode well-characterized diguanylate cyclase (DGC) and phosphodiesterase (PDE) 

enzymes that modulate intracellular c-di-GMP levels by synthesizing and degrading c-di-GMP, 

respectively (Hickman et al. 2005; Rao et al. 2008). Fig. 3.1A shows that the swimming motility 

of the WT/pWspR strain is reduced under the WspR protein overexpression condition in the WT 

strain. However, when the RocR protein was overexpressed, the WT/pRocR strain did not show 

any increase in motility as expected, and exhibited swimming motility comparable to the WT 

strain (Fig. 3.1A). Similarly, when WspR and RocR where overexpressed in P. aeruginosa 

PAO1, overexpression of WspR decreased swimming motility but overexpression of RocR had 

no effect (Fig. 3.2).   

To confirm that overexpression of the WspR protein changed the c-di-GMP levels in the 

WT/pWspR strain, we measured intracellular c-di-GMP levels in the WT/pWspR strain by High-
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Pressure Liquid Chromatography (HPLC). Fig. 3.3 shows the chromatogram of the WT/pWspR 

nucleotide extract with an increased peak in comparison to the WT nucleotide extract at the 

retention time of approx. 7.8 min. On the contrary, the nucleotide extracts of WT and WT/pRocR 

strains exhibited a small peak at the same retention time, suggesting low levels of c-di-GMP 

concentration in these strains (Fig. 3.3). The UV trace of the c-di-GMP standard corresponds to 

the peak of WT/pWspR. To confirm that the observed peak corresponded to c-di-GMP, we 

spiked the nucleotide extracts of strains with c-di-GMP. The same peak with a higher intensity 

was observed, confirming that the elution time and UV trace corresponded to c-di-GMP. 

To investigate if induced intracellular c-di-GMP levels affect flagellar functions in the 

WT strain at the transcriptional level or post-translational level, we detected flagellin protein 

expression by Western blot and observed the presence of flagella by electron microscopy. The 

flagellin levels in the WT/pWspR strain were similar to the WT strain (Fig. 3.1 B). In agreement 

with lack of upregulation of flagellar synthesis, similar flagellation patterns were observed in the 

WT and c-di-GMP modulating strains, WT/pWspR and WT/pRocR by electron microscopy (Fig. 

3.1 C). Taken together, these results indicate that the induced c-di-GMP levels reduce the 

motility of B. cenocepacia K56-2 (WT) strain through a mechanism that affects the functioning 

of flagella independently of flagellin expression levels and flagellar synthesis.  
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Figure 3.1 Swimming motility, flagellin expression and electron micrographs of B. 

cenocepacia K56-2 WT in c-di-GMP modulating conditions. (A) The bar graph shows 

swimming motility halos of strains that have different intracellular c-d-GMP levels. Motility of 

the strains was examined in semi-solid CF sputum conditions 0.3% agar plates after 24 hours at 

37○C. Experiments were performed three-times independently in duplicate. '*' denotes significant 

p-values (p<0.05). (B) Whole cell lysates of strains were used to separate proteins by 12% SDS-

PAGE followed by detection of flagellin protein using anti-flagellin primary antibody and 

alkaline phosphatase crosslinked to secondary antibody. From two Western blots, one 

representative experiment is shown. (C) Electron micrographs of uranyl acetate stained WT 

strains displaying flagella under c-di-GMP varying conditions. WT/pWspR represents high 

intracellular c-di-GMP levels and WT/pRocR represents WT-like levels of c-di-GMP.    
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Figure 3.2 Swimming motility of P. aeruginosa PAO1 in c-di-GMP modulating conditions. 

The bar graph shows swimming motility halos of strains with varying intracellular c-di-GMP 

levels. Motility of the strains was examined in LB semi-solid (0.3%) agar plates after 24 hours of 

incubation at 37○C. The motility assay was performed three-times independently in duplicates 

and '*' denotes significant p-values (p<0.05).                                      
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Figure 3.3 Detection of intracellular c-di-GMP levels in B. cenocepacia K56-2 using RP-

HPLC. The peak of intracellular c-di-GMP is highlighted in the chromatograms of nucleotide 

extracts from WT (A), WT/pWspR (B) and WT/pRocR (C) strains. The retention time of c-di-

GMP was approx. 7.8 min, which is identified on the basis of standard c-di-GMP chromatogram 

(D). 
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3.2.2 The B. cenocepacia K56-2 genome encodes twelve proteins containing 

GGDEF/EAL and signaling domains 

C-di-GMP metabolic genes are numerous, ranging from approximately 30 to 50 in 

pathogenic bacteria such as Escherichia coli, P. aeruginosa and Vibrio cholerae (Ha and 

O'Toole 2015b; Povolotsky and Hengge 2015; Waters et al. 2008). We used the annotated 

genome of B. cenocepacia J2315 to identify putative c-di-GMP genes. Using BLAST (Basic 

Local Alignment Search Tool) and the Burkholderia.com database, we retrieved homologous 

genes from the draft genome of B. cenocepacia K56-2 (Altschul et al. 1990; Winsor et al. 2008). 

In total, we identified twenty-four putative c-di-GMP-related genes in the genome of the K56-2 

strain (Table 3.3). The GGDEF and EAL domains are typically linked to non-enzymatic domains 

that are involved in signal transduction systems (Galperin et al. 2001; Henry and Crosson 2011). 

We then used the SMART (Simple Modular Architecture Research Tool) bioinformatics 

software to predict signaling (sensory or receiver) domains present in conjunction with the 

GGDEF and EAL domains (Table 3.3) (Letunic et al. 2015; Schultz et al. 2000). Twelve of the 

c-di-GMP genes encode sensory or receiver domains on their N-terminus in addition to the 

GGDEF and/or EAL domains (Fig. 3.4). The BCAM0580 gene is also known as rpfR that has 

been characterized for its role in swarming motility, but not swimming motility (Deng et al. 

2013). In this study, this gene is included and will be examined for its swimming motility 

phenotype. Among the sensory domains contained in the c-di-GMP proteins, the PAS and Cache 

domains are the most common (Table 3.3). Also, more than half of these proteins possess a 

transmembrane domain, suggesting a periplasmic localization of some of these domains (Fig. 

3.4). The only c-di-GMP gene encoding a receiver (REC) domain is BCAM1161. In summary, 

the identification of sensory domains among the c-di-GMP metabolizing proteins  
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Table 3.3 Putative c-di-GMP-related proteins in B. cenocepacia K56-2  
 

Domains coded by c-di-GMP metabolizing proteins Number of genes encoding    

c-di-GMP proteins * 

GGDEF only 4 

EAL only 6 

GGDEF and EAL 2 

GGDEF and/or EAL with sensory domain (GAF, PAS, HAMP, 

Cache) 

                  11 

GGDEF with receiver domain (REC) 1 

* Represents total number c-di-GMP genes in the genome of B. cenocepacia K56-2 
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Figure 3.4 Predicted domains encoded by c-di-GMP metabolizing genes in B. cenocepacia 

K56-2 WT. Bioinformatics SMART and pfam tools were used to predict domains in amino acid 

sequences encoded by c-di-GMP genes. Domains of twelve proteins are shown that contain c-di-

GMP modulating domains GGDEF and EAL, including sensory and receiver domains-associated 

with signal transduction pathways. For genomic reference, genetic loci are obtained from the 

comprehensively annotated genome of B. cenocepacia J2315. BCAM0580 is annotated as rpfR. 

Domains  represented: EAL-putative phosphodiesterase; GG(D/E)EF-putative diguanylate 

cyclase; PAS-Per, ARNT, Sim; GAF-cGMP-specific phosphodiesterase, Adenylyl cyclase, 

FhlA; REC-cheY-homologous receiver domain; Cache-CAlcium channels and CHEmotaxis 

receptors; HAMP-Histidine kinases, Adenylate cyclases, Methyl accepting 

proteins and Phosphatases; blue bars-transmembrane domain. Domains in figure are not drawn to 

scale.  
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implicates a role in sensing environmental or nutritional cues and transducing these signals by 

changing c-di-GMP levels. 

 

3.3.3 Systematic analysis of the role of signaling domain-containing c-di-GMP 

proteins in B. cenocepacia K56-2 motility 

To find out whether these sensory domain-containing c-di-GMP proteins mediate a 

change in intracellular c-di-GMP levels in response to SCFM nutritional conditions, we created 

twelve c-di-GMP mutants using a rapid insertional mutagenesis strategy and examined their 

motility in CF sputum conditions. Except for BCAL1069, the c-di-GMP protein encoding genes 

are not present in an operon. Therefore, a polar effect on downstream genes was not expected. 

To rule out that phenotypes observed in WT::BCAL1069 could be caused by inactivation of the 

downstream gene BCAL1068, we created the insertional mutant WT::BCAL1068. All the c-di-

GMP mutants showed growth kinetics similar to the WT strain in CF sputum conditions (Fig. 

3.5). In addition, the WT::BCAM1161, WT::BCAM0580 (rpfR) and WT::BCAL1069 mutants 

exhibited a reduction in swimming motility in SCFM (Fig. 3.6A). The WT::BCAL1069 mutant 

showed the most significant defect in swimming motility. The decrease in motility was not due 

to polar effects on BCAL1068 as the WT::BCAL1068 mutant displayed a similar swimming 

motility to the WT strain (Fig. 3.7). To confirm that the reduced motile phenotype of 

WT::BCAL1069 mutant is due to the disruption of the BCAL1069 gene, we complemented the 

mutant with BCAL1069 in trans. The complemented strain showed partial restoration of the 

motile phenotype, demonstrating that the defect in WT::BCAL1069 motility is due to the 

inactivation of the BCAL1069 gene (Fig. 3.6A). In the previous chapter, we showed that SCFM 

conditions induced motility through an increased flagellin filament protein (Kumar and Cardona  
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Figure 3.5 Growth kinetics of B. cenocepacia K56-2 WT and twelve c-di-GMP mutants. The 

graph shows growth of the WT strain, twelve c-di-GMP mutants and complement 

WT::BCAL1069/ pBCAL1069 in CF sputum conditions. All the strains were grown at 37 °C for 

24 hours. The growth assay was performed twice and one representative is shown here.  
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Figure 3.6 Swimming motility phenotype of twelve c-di-GMP mutants and flagellin 

expression analysis of WT, WT::BCAL1069 c-di-GMP mutant, and complemented strain. 

(A) The swimming motility of the strains were examined in semi-solid CF sputum conditions 

0.3% agar plates after 24 hours at 37○C. The motility assay was performed three-times 

independently in duplicates and '*' denotes significant p-values (‘*’- p<0.05, ‘**’- p<0.001). (B) 

To detect flagellin protein, whole cell lysates of strains were used to separate proteins on 12% 

SDS-PAGE followed by flagellin detection using anti-flagellin primary antibody and alkaline 

phosphatase cross linked to secondary antibody. Western blots were performed twice and one 

representative is shown here. 
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Figure 3.7 Swimming motility of WT::BCAL1068 mutant. The bar graph shows swimming 

motility halos of WT, WT::BCAL1068 mutant. The swimming motility of the WT::BCAL1068 

mutant was compared to the WT strain to examine a polar effect of insertional mutagenesis of 

the BCAL1068 gene. Motility was measured in semi-solid 0.3% agar CF sputum conditions 

plates. The plates were incubated for 24 hours at 37○C. The motility assay was performed three-

times independently in duplicates and ‘NS’ denotes no significant difference. 
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2016). Next, we detected whether the motility defect in the WT::BCAL1069 mutant affects 

flagellin protein expression. Western blot analysis demonstrated no difference in flagellin 

expression (Fig. 3.6B). Taken together, the systematic analysis of the role of c-di-GMP genes in 

motility indicates that BCAL1069 positively regulates swimming motility of B. cenocepacia 

K56-2 in CF sputum conditions, without affecting flagellin expression.   

 

3.3.4 BCAL1069 protein responds to arginine and glutamate amino acids 

We further analyzed the BCAL1069 gene since its disruption resulted in the most 

significant defect in motility (Fig. 3.6A). On the basis of the SMART algorithm, the BCAL1069 

protein consists of a PAS (Per/Arnt/Sim) domain at the N-terminus, which is fused to the 

GGDEF and EAL domains. The protein has no predicted transmembrane-spanning regions, 

indicating a cytoplasmic location (Fig. 3.4). The PAS domain, which senses small molecule 

ligands is widely present in sensory and signal transduction proteins in bacteria (Ulrich et al. 

2005). Using bioinformatics tools, MAFFT and AliView, multiple sequence alignment (MSA) 

analysis of amino acids between BCAL1069 and GGDEF domain-containing proteins was 

performed (Katoh and Standley 2013; Larsson 2014). The MSA analysis indicates that the 

GGDEF domain is an enzymatically inactive invariant, since mutations in the GGDEF motif 

were observed in the conserved GGDEF domain (Fig. 3.8A). The BCAL1069 is likely a PDE 

with c-di-GMP degradation catalytic activity because the EAL motif is conserved in the EAL 

domain (Fig. 3.8B). This sensory protein may respond to an environmental signal(s) since it 

encodes a PAS sensory domain.  For instance, the PAS domain of the RpfR protein binds to a 

small molecule or ligand, BDSF, indicating that the PAS domain of BCAL1069 may sense 

individual amino acids as environmental or nutritional cues (Deng et al. 2013).    
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To identify if the BCAL1069 protein senses any particular nutritional cues in CF sputum 

conditions, the swimming motility of the WT::BCAL1069 mutant was examined in glucose-

minimal medium and also in glucose medium supplemented with individual amino acids at the 

same concentrations as in SCFM. The amino acids, arginine, glutamate, histidine, phenylalanine, 

and proline, were chosen because B. cenocepacia K56-2 exhibited high swimming motility when 

supplemented with these individual amino acids (Kumar and Cardona 2016). The reduced 

motility phenotype of the WT::BCAL1069 mutant was evident only in the presence of the amino 

acids arginine and glutamate, but not histidine, phenylalanine, and proline (Fig. 3.9A-F). No 

difference in swimming motility was observed among the WT, WT::BCAL1069 mutant and 

complemented WT::BCAL1069/pBCAL1069 strain in glucose-minimal medium (Fig.3.10). 

However, the swimming motility of the complemented mutant was restored to levels similar to 

the WT strain in the presence of arginine and glutamate (Fig. 3.10) The defect in the swimming 

motility of the WT::BCAL1069 mutant glucose-minimal medium supplemented with arginine 

and glutamate was not due to impaired growth as similar growth kinetics of the WT, 

WT::BCAL1069 and complemented mutant strains were observed (Fig. 3.11). Taken together, 

these results suggest that BCAL1069 can sense the presence of arginine and glutamate and 

induce swimming motility in B. cenocepacia K56-2.   
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Figure 3.8 Multiple sequence alignment (MSA) analysis of active site residues in 

BCAL1069 and c-di-GMP metabolizing proteins. The figure shows the alignment of a partial 

amino acid sequence of BCAL1069 with various GGDEF and EAL domain-containing proteins. 

The conserved residues in GGDEF (A) and EAL (B) motifs are highlighted in bold and black 

box. (A) In BCAL1069, the GGDEF motif displays three mutations (A, S, & K), when compared 

to the conserved GG(D/E)EF residues in GGDEF domain-containing proteins, WspR, RpfR, 

PleD, and AdrA. (B) In BCAL1069, the EAL motif is conserved as observed in other EAL 

domain-containing proteins, RpfR, RocR, YhjH, and VieA. The alignment of amino acid 

sequence of BCAL1069 and c-di-GMP-related proteins was performed and viewed using 

MAFFT and AliView (Katoh and Standley 2013; Larsson 2014). The conserved residues in 

proximity to the GGDEF and EAL motifs are shown on a colored background. The numbering of 

the residues shows the position of the amino acid in the protein. Amino acid sequence of the 

proteins are retrieved from the UniProt database. B. cenocepacia BCAL1069 (UniProt entry 

B4ED05), P. aeruginosa WspR (Q9HXT9) and RocR (UniProt entry Q9HX69), B. cenocepacia 

RpfR (UniProt entry B4EKM4), C. crescentus (UniProt entry Q9A515), S. Typhimuriam AdrA 

(UniProt entry Q9L401), E. coli YhjH (UniProt entry P37646), and V. cholera VieA (UniProt 

entry O68318).   
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Figure 3.9 The effect of individual amino acids on swimming motility of B. cenocepacia 

K56-2 WT and WT::BCAL1069 c-di-GMP mutant. (A - F) The swimming motility halos of 

the WT and WT::BCAL1069 mutant strains were examined in MOPS-glucose 5mM + individual 

amino acid (concentration as present in CF sputum conditions) at 37○C after 24 hours. The 

amino acid concentration is mentioned above each graph. The motility assay was performed 

three times independently in duplicate and '*' denotes significant p-values (p < 0.05).  
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Figure 3.10 Swimming motility analysis of WT::BCAL1069 mutant expressing BCAL1069 

gene in trans. The motility halos of WT, WT::BCAL1069 mutant, and complemented strain 

were examined in MOPS-glucose 5mM + individual amino acid (concentration as present in 

SCFM). The semi-solid plates were incubated for 24 hours at 37○C. The motility assay was 

performed three times independently in duplicate and '*' denotes significant p-values (p < 0.05).  
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Figure 3.11 Growth kinetics of B. cenocepacia K56-2 WT, BCAL1069 c-di-GMP mutant 

and complemented mutant in minimal medium supplemented with individual amino acids. 

The graph shows growth of WT, WT::BCAL1069 mutant and WT::BCAL1069/pBCAL1069 

complemented strain, which were examined in MOPS-glucose 5mM + individual amino acid 

(concentration as present in CF sputum conditions). Strain were grown for 24 hours at 37 °C. 

The growth assay was performed twice and one representative is shown here.  
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3.3.5 BCAL1069 protein regulates protease activity in B cenocepacia K56-2 

 

Protease activity and biofilm formation have been associated with c-di-GMP regulatory 

networks (Deng et al. 2013; Ryan et al. 2015). To study the functional relationship between the 

BCAL1069 protein and virulence factors, we investigated if BCAL1069 regulates protease 

activity and biofilm formation in B. cenocepacia K56-2. To examine protease activity, a clear 

zone around inoculated bacterial spots was measured at two different time points. After 24 hours, 

low level of protease activity was observed for only WT and complemented strains, whereas, 

clear zones were observed for the strains after 48 hours of incubation (Fig. 3.12A). The 

WT::BCAL1069 mutant showed a reduction in protease activity in comparison to the WT strain 

(Fig. 3.12B). In the complemented WT::BCAL1069/pBCAL1069 strain, the defect in protease 

activity was restored to WT levels, suggesting that the reduced protease activity is caused by 

insertional mutagenesis of BCAL1069 (Fig. 3.12). However, there were no significant difference 

in the biofilm formation ability of the BCAL1069 mutant in comparison to the WT strain (Fig. 

3.13). Taken together, the BCAL1069 regulates protease activity, but not biofilm formation in B. 

cenocepacia K56-2. 
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Figure. 3.12 Protease activity of B. cenocepacia K56-2 WT, WT::BCAL1069 c-di-GMP 

mutant and complemented mutant. (A) The figure shows protease activity of strains on 2% 

skim milk agar plates after 24 and 48 hours at 37○C. One representative of protease pates is 

shown here. (B) The bar graph displays qualitative analysis of proteolytic activity after 48 hours 

on 2% skim milk agar plates. Protease activity is represented in percentage relative to the WT 

strain. The protease assay was performed four times independently in three technical replicates 

and '*' denotes significant p-values (p < 0.05).  
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Figure 3.13 Biofilm formation of B. cenocepacia K56-2 WT, WT::BCAL1069 c-di-GMP 

mutant and complemented mutant. The graph shows biofilm formation of the strains in 96 

well plates after 48 hours of incubation time. The attached cells were resuspended in acetone: 

ethanol (20:80) and measured at OD600. The biofilm assay was performed three times 

independently with four technical replicates. ‘NS’ represents no significant difference. 
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3.3.6 BCAL1069 negatively regulates the intracellular c-di-GMP level in B. 

cenocepacia K56-2 

The BCAL1069 protein encodes an inactive GGDEF and an active EAL domain, since 

the mutations are observed in the GGDEF motif as indicated in the MSA analysis (Fig. 3.8). This 

motivated us to investigate whether intracellular c-di-GMP levels are modulated in the 

WT::BCAL11069 mutant. We extracted the nucleotide pool from the WT, WT::BCAL1069 and 

complemented WT::BCAL1069/pBCAL1069 strains grown in CF sputum conditions. The RP-

HPLC data showed that the insertional mutagenesis of BCAL1069 gene resulted in a substantial 

increase in the intracellular c-di-GMP levels (Fig. 3.14). Moreover, in trans expression of the 

BCAL1069 gene in the mutant restored intracellular c-di-GMP levels to the WT strain, 

suggesting that the increased levels of c-di-GMP are caused by interruption of the BCAL1069 

gene (Fig. 3.14). Taken together, our results suggest that the BCAL1069 protein possesses PDE 

activity, and the absence of PDE activity resulted in increased intracellular c-di-GMP levels in 

the WT::BCAL1069 mutant. 
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Figure 3.14 Intracellular levels of c-di-GMP in the B. cenocepacia K56-2 WT and 

WT::BCAL1069 c-di-GMP mutant and complemented mutant. The bar graph shows the 

percentage of intracellular c-di-GMP levels in the strains. Percentage represents area under the c-

di-GMP curve of the strain relative to the WT strain. Three independent experiments were 

performed. '*' denotes significant p-values (p < 0.05). 
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3.4 Discussion 

C-di-GMP, a second messenger intracellular signaling molecule, is involved in the 

regulation of a wide range of bacterial processes, and its metabolizing proteins are part of signal 

transduction pathways (Deng et al. 2013). The intracellular levels of this molecule are modulated 

by a GGDEF or an EAL domain-containing c-di-GMP protein. The c-di-GMP metabolizing 

domains, GGDEF and/or EAL, have been identified concomitant to signaling (sensory and 

receiver) domains. Sensory and receiver domains are an integral part of signal transduction 

pathways and mechanisms (Galperin et al. 2001). For instance, in P. aeruginosa, WspR and 

RocR c-di-GMP proteins are comprised of a receiver (REC) in addition to the GGDEF or EAL 

domain (Hickman et al. 2005; Rao et al. 2008). On the contrary, the STM1987 protein of S. 

Typhimurium possesses sensory Cache1 and GGDEF domains and is involved in cellulose 

synthesis associated with biofilm formation (Mills et al. 2015). More sensory domains linking to 

the c-di-GMP metabolizing domains were observed, such as HK, PAS, GAF, HAMP, and REC 

(Galperin et al. 2001; Galperin 2006). Studies have demonstrated that c-di-GMP has a role in 

swimming and swarming motility, protease activity, biofilm formation, and virulence (Deng et 

al. 2012; Plumley et al. 2016; Wei et al. 2016).   

It is well established that c-di-GMP modulation plays an important role in the bacterial 

response to extracellular signals and stress. For instance, P. aeruginosa induces c-di-GMP levels 

through two c-di-GMP genes, sadC and siaD, to upregulate biofilm formation to counter stress 

when exposed to tellurite (Chua et al. 2015). In B. pseudomallei, the cdpA and I2585::T24 genes 

positively modulate swimming motility irrespective of temperature (30◦C & 37◦C), whereas, a 

DGC mutant, II2523::T24, regulates biofilm formation in a temperature dependent manner 

(Plumley et al. 2016). A systematic analysis of eleven GGDEF, EAL and signaling domain-
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containing proteins identified two c-di-GMP mutants (XOC_2393 and XOC_4190), which 

positively modulated swimming motility and virulence in the rice pathogen, Xanthomonas 

oryzae (Wei et al. 2016). The above studies highlight the involvement of the c-di-GMP molecule 

in regulating virulence factors in response to different environmental conditions in various 

pathogenic bacteria, including those that infect both humans and plants.  

Despite various studies on the role of c-di-GMP genes in motility, in B. cenocepacia only 

one c-di-GMP gene, rpfR, has been characterized. This gene encodes PAS-GGDEF-EAL 

domains. The interaction of BDSF with the PAS domain of RpfR results in increased 

intracellular c-di-GMP levels, which consequently regulate swarming motility, biofilm 

formation, and protease activity (Deng et al. 2012). Moreover, in S. Typhimurium, the Cache 

domain of the STM1987 protein directly or indirectly senses the amino acid arginine to modulate 

the GGDEF domain activity, resulting in induced intracellular c-di-GMP levels (Mills et al. 

2015). These findings indicate that signaling domains in c-di-GMP proteins may play a role in 

sensing nutritional cues of CF sputum conditions to regulate swimming motility through the 

modulation of c-di-GMP levels. The genome of B. cenocepacia K56-2 encodes twelve c-di-GMP 

proteins that code the signaling domain linked to the GGDEF and/or EAL domains (Table 3.3 & 

Fig. 3.4). The rpfR gene (BCAM0580) is included in the list of twelve c-di-genes and was 

previously described as related to swarming, but not swimming motility. In this study, we 

created twelve insertional mutants and examined their swimming motility in CF sputum 

conditions. The WT::BCAL1069 mutant displayed the most significant swimming motility 

defect and an increase in intracellular c-di-GMP levels (Fig. 3.4A & 3.14). These results are in 

agreement with the earlier findings that suggest high c-di-GMP levels affect motility (McCarter 

and Gomelsky 2015; Ryjenkov et al. 2006; Wolfe and Visick 2008). The higher c-di-GMP 
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concentration in the WT:BCAL1069 mutant could be explained by the presence of an active 

EAL domain and a degenerate GGDEF domain (mutations in GGDEF motif) in the BCAL1069 

protein (Fig. 3.8). This BCAL1069 protein codes for a sensory PAS domain (Fig. 3.4), which 

detects signals or small molecules to transduce conformational change to its linked enzymatic 

domain (Ulrich et al. 2005). We hypothesized that the BCAL1069 protein responds to specific 

nutritional cues in CF sputum conditions. To find if the PAS domain-containing BCAL1069 

protein senses any specific amino acids in CF sputum conditions, swimming motility of the 

WT::BCAL1069 mutant was examined in glucose-minimal medium supplemented with 

individual amino acids. Our results suggested that swimming motility of the WT::BCAL1069 

mutant was reduced in the presence of arginine and glutamate, but not in histidine, 

phenylalanine, and proline (Fig. 3.9). This indicates that BCAL1069 has a role in mediating B. 

cenocepacia swimming motility by sensing the amino acids, arginine, and glutamate. 

Bacteria residing in diverse ecological niches are proposed to develop more complicated 

signaling systems than those bacteria which dwell in stable environmental settings (Galperin 

2005a). C-di-GMP regulatory networks are comprised of signal transduction systems, where c-d-

GMP regulate a biological process by binding to different c-di-GMP receptors at multiple steps 

(Orr et al. 2016). Once c-di-GMP is bound to its receptors, the resulting complex controls and 

affects particular bacterial phenotype(s) or cellular processes at the level of transcription, 

translation or post translation (Shanahan and Strobel 2012). Swimming motility is one of the 

bacterial phenotypes regulated by c-di-GMP at the transcriptional and post-translational level 

under induced c-di-GMP levels. For instance, in P. aeruginosa, the FleQ master regulator 

downregulates flagellar genes expression (Baraquet and Harwood 2013; Hickman and Harwood 

2008). Whereas, in E. coli the interaction of c-di-GMP with flagella motors and YcgR proteins 
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control functioning of flagella, which is similar to the chemotaxis-mediated protein (CheY) 

mechanism (Fang and Gomelsky 2010; Paul et al. 2010). Fig. 3.6 shows that the swimming 

motility of WT::BCAL1069 mutant was reduced without affecting flagellin expression. This 

indicates that c-di-GMP regulates swimming motility by induced intracellular c-di-GMP levels 

independent of flagellin expression and flagellar genes associated to synthesis of flagellum.  

The Bcc clinical isolates collected from a chronically infected patient have shown both 

motile and non-motile phenotypes (Lee et al. 2017; Zlosnik et al. 2014). The significance of B. 

cenocepacia swimming motility of is not understood since no correlation was observed between 

swimming motility and the clinical outcome of Bcc infections. Previously, we demonstrated that 

the CF sputum conditions induce swimming motility, flagellin expression and multiple 

flagellation through the flhF gene in B. cenocepacia K56 (Kumar and Cardona 2016). In this 

study, we unravel a link between B. cenocepacia swimming motility regulation and nutritional 

cues in CF conditions through the BCAL1069 c-di-GMP-related gene. The findings of chapter 

two and three suggest the role of nutritional cues in CF sputum in regulating swimming motility 

of B. cenocepacia by utilizing more than one mechanism during the initial stages of lung 

infection in CF patients. Once B. cenocepacia establishes an infection in the lungs of CF 

patients, bacteria undergo distinct adaptive strategies and evolution trajectories during chronic 

infections, resulting in phenotypic (e.g. swimming motility) and genotypic changes (Lee et al. 

2017). This may explain why Bcc, including B. cenocepacia, isolates from the same patient 

exhibit distinct swimming motile phenotypes over a time period of lungs infection. 
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Chapter – 4 

Conclusions and future directions 
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4.1 Conclusion and future directions 

Lungs of CF patients are susceptible to bacterial infections, such as Staphylococcus 

aureus, Pseudomonas aeruginosa, Haemophilus influenzae, and the Burkholderia cepacia 

complex (Bcc) (Hauser et al. 2011). B. cenocepacia, a member of the Bcc, is one of the most 

feared pathogens that causes lungs infection in CF patients and immunocompromised 

individuals. The infections of B. cenocepacia are associated with high mortality and known to 

develop necrotizing pneumonia and cepacia syndrome (Lipuma 2010; Speert et al. 2002). B. 

cenocepacia is intrinsically resistant to multiple antibiotics that are currently available, making 

the lungs infection difficult to eradicate (Knapp et al. 2013; Peeters et al. 2009; Zhou et al. 

2007). In a quest to identify novel antimicrobial targets, virulence factors-associated with B. 

cenocepacia have been studied, including flagella (Balloy et al. 2007; Roberts et al. 2015; 

Tomich et al. 2002; Urban et al. 2004). A flagellum on the bacterial membrane helps bacteria to 

move in liquid, viscous or semi-solid environments. Studies have shown that a flagellum is 

required to contact epithelial cells, establish infection during initial stages of colonization, and 

invade host cells (Mahenthiralingam et al. 2005; Tomich M et al. 2002). Since, flagellum has 

been demonstrated to be a virulence factor, flagellum biosynthesis and/or its regulatory 

mechanism can be a potential antimicrobial target for the treatment of B. cenocepacia lung 

infection in CF patients.       

The identification of B. cenocepacia in expectorated CF sputum samples prompted 

researchers to study its physiology and transcriptome in CF sputum conditions (Yoder-Himes et 

al. 2010; Zlosnik et al. 2014). To address this, a CF sputum mimicking medium was developed 

called synthetic CF sputum medium (SCFM) (Palmer et al. 2007). This medium has been used to 

study the transcriptomes of B. cenocepacia and P. aeruginosa (Palmer et al. 2007; Yoder-Himes 
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et al. 2010). The genes induced in CF sputum conditions were associated with amino acid 

metabolism, antimicrobial resistance, iron uptake and metabolism, chemotaxis, and flagellar 

genes, when compared to a minimal medium condition (Drevinek et al. 2008; Palmer et al. 2007; 

Yoder-Himes et al. 2010). In this study, we used SCFM to mimic CF sputum conditions and 

showed high cell density growth of B. cenocepacia K56-2 in SCFM (Fig. 2.1). This is in 

agreement with the growth kinetics of B. cenocepacia J2315, B. cenocepacia HI2424, and P. 

aeruginosa as observed in previous studies (Palmer et al. 2007; Yoder-Himes et al. 2009; Yoder-

Himes et al. 2010). The advantage of using SCFM is that it lacks the variability found in the 

sputum of CF patients. The defined composition of SCFM can assist in identifying the roles of 

amino acids as nutritional cues in growth and in the regulation of virulence factors, including 

flagella.  

A swimming motile phenotype has been observed in Bcc clinical isolates, including B. 

cenocepacia, from chronically infected lungs of CF patients (Kalferstova et al. 2015; Lee et al. 

2017; Zlosnik et al. 2014). However, some B. cenocepacia isolates collected from CF patients 

displayed a reduced swimming motility over a period of (2- 20) years when compared to the 

early isolates (Kalferstova et al. 2015; Lee et al. 2017). This indicates a phenotypic flexibility of 

B. cenocepacia during chronic infection in the CF lungs. Also, any link between swimming 

motility of the Bcc isolates and clinical outcome of the infections was not observed (Zlosnik et 

al. 2014). Despite the observed differences in flagellar gene expression in CF conditions, there 

was no evidence demonstrating that CF sputum conditions upregulate flagellin levels and the 

number of flagella. The first objective of the thesis was to demonstrate that nutritional cues of 

CF sputum induce swimming motility by regulating flagella biosynthesis in CF sputum 

conditions. We observed that nutritional cues associated with CF sputum conditions upregulate 
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B. cenocepacia K56-2 swimming motility (Fig. 2.2). Moreover, multiple flagella were observed 

in CF sputum conditions in contrast to the 1 or 2 polar flagella in MOPS-glucose (Fig. 2.5). The 

findings of the first objective are in agreement with previous studies, showing that the 

upregulation of the genes involved in flagellum synthesis correlates to an increased flagellin 

expression and number of flagella in CF sputum mimicking medium (Drevinek et al. 2008; 

Yoder-Himes et al. 2010; Kumar and Cardona 2016). However, no significant difference in 

flagellin expression was observed in MOPS-glucose supplemented with individual amino acids 

(Fig. 2.4). Amino acids are known as chemoattractants or chemorepellents in various bacteria, 

such as E. coli, and P. aeruginosa (Halvorson 1972; Van Der Drift and De Jong 1974). In a 

nutrient limiting condition, bacteria sense amino acids in its surrounding through chemotaxis 

receptors, controlling swimming motility through flagellum rotation from CCW to CW direction. 

A recent study showed a strong correlation between chemotaxis and amino acid utilization in E. 

coli, indicating bacteria move towards preferentially utilizable nutrients as a source for growth 

(Yang et al. 2015). I proposed that in CF sputum mimicking medium, SCFM, B. cenocepacia 

K56-2 regulates its swimming motility through the upregulation of flagellin and flagellar 

morphology in addition to chemotactic effect. 

Flagellum biogenesis is a complex process where dozens of structural and regulatory 

proteins are transcribed in a hierarchy (Tsang and Hoover 2014). Bacteria may possess two types 

of flagella, polar and lateral, which are required under different environmental circumstances 

(Atsumi et al. 1996; McCarter 2004). Lateral and multiple flagella enable bacterial swarming 

motility in viscous environments, whereas single or multiple polar flagella in bacteria are 

observed in swimming conditions. A recent study demonstrated the role of the secondary 

flagellar system (lateral flagella) in bacterial spreading (swimming movement) by increasing 
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directional persistence (Bubendorfer et al. 2014). In Aeromonas species, the presence of lateral 

flagella resulted in increased biofilm formation, invasion ability, and cell adherence (Gavin et al. 

2003). In V. parahaemolyticus, iron-depleted growth medium was shown as a second signal, 

after viscosity, to induce multiple lateral flagella (McCarter and Silverman 1989). In chapter two, 

I discovered that CF sputum nutritional cues increase flagella number per cell in B. cenocepacia 

K56-2 (Fig. 2.5). Further, I investigated into the mechanisms involved in regulating flagellation 

in B. cenocepacia K56-2. Studies have reported that flhF gene is conserved in various pathogenic 

bacteria and this gene encodes a flagellar regulatory protein, which is involved in regulation of 

flagella localization and biosynthesis (Kusumoto et al. 2008; Murray and Kazmierczak 2006; 

Schuhmacher et al. 2015). The flhF gene is also conserved in Burkholderia species and present 

in the flhBAFG operon on chromosome 1 (Winsor et al. 2008). Deletion of flhF in B. 

cenocepacia resulted in reduced swimming motility flagellin expression, flagella biosynthesis, 

and the ratio of multiple to single flagella in CF conditions (Fig. 2.7). Further, the promoter 

activity of the flhBAFG operon was induced in CF sputum conditions, suggesting upregulation of 

the flagellar genes associated to regulation and flagellum synthesis (Fig. 2.8). As a limitation, the 

results reported in chapter two do not indicate a specific nutritional cue or metabolite, which 

causes a change in flagellation and flagellin expression during the growth of B. cenocepacia in 

CF conditions. The findings of chapter two indicate the significance of inducing B. cenocepacia 

swimming motility upon detecting CF sputum nutritional cues. The upregulation of swimming 

motility of B. cenocepacia through flhF may play a role during the initial stages of lung infection 

in CF patients.    

 So far, I have identified one of the mechanisms that regulate the swimming motility of B. 

cenocepacia in CF sputum conditions. The results of unchanged flagellin in the presence of 
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individual amino acids suggested another mechanism was involved in the swimming motility 

regulation at the level of flagellar functioning or rotation. In chapter three, I investigated whether 

nutritional cues of CF sputum mediates the swimming motility of B. cenocepacia through 

another mechanism. Functioning of flagellum can be controlled by modulating rotation and/or 

torque of flagellar motor through chemotaxis and/or c-di-GMP-mediated mechanisms (Fang and 

Gomelsky 2010). In this study, I hypothesized that c-di-GMP plays a role in modulating the 

swimming motility of B. cenocepacia independent of flagellin expression. 

C-di-GMP is a bacterial second messenger molecule that regulates cellular processes and 

various phenotypes (Römling et al. 2013). For instance, P. aeruginosa induces c-di-GMP levels 

to upregulate biofilm formation in response to tellurite stress (Chua et al. 2015). In another 

study, in S. Typhimurium, cellulose synthesis is modulated through the STM1987 c-di-GMP- 

related protein (Mills et al. 2015). Despite a plethora of data on c-di-GMP in pathogenic bacteria, 

the role of c-di-GMP genes in the swimming motility of B. cenocepacia is very limited. Only one 

gene, rpfR, has been characterized that regulates swarming motility, biofilm formation, and 

protease activity (Deng et al. 2012). The rpfR encodes three domains, PAS, GGDEF, and EAL. 

C-di-GMP genes encode domains (GGDEF and EAL), which metabolize c-di-GMP molecule. A 

GGDEF domain-containing protein is involved in c-di-GMP synthesis, whereas an EAL domain-

containing protein degrades c-di-GMP. It is worth noticing that c-di-GMP metabolizing domains 

are identified in various arrangements. Some c-di-GMP genes encode only a GGDEF or an EAL 

domain, and sometimes both the domains are encoded by a gene in one polypeptide (Table 3.3 

and Fig. 3.4). A functional advantage for bacteria to have genes coding for both a GGDEF and 

an EAL domain in one protein is not understood. C-di-GMP molecules integrate into signaling 

transduction pathways when the c-di-GMP metabolizing domains are associated with a sensory 
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or receiver domain, resulting in the regulation of cellular processes and phenotypes (Galperin et 

al. 2001).  

  Bacteria employ signaling pathways to adapt to a dynamic and competitive 

environment. External cues or signals in an environment are sensed by a sensory domain, 

resulting in the activation of the receiver domain, which subsequently causes a change in 

bacterial cellular processes and/or phenotypes (Galperin 2006; Ulrich et al. 2005).  A bacterial 

phenotype can be regulated by multiple external signals through c-di-GMP proteins at different 

levels, making c-di-GMP-associated signal transduction pathways complicated (Orr et al. 2016; 

Shanahan and Strobel 2012). Studies have reported the role of signaling domain-containing c-di-

GMP proteins in the regulation of virulence factors, including swimming motility in human and 

plant pathogens (Deng et al. 2012; Wei et al. 2016). High levels of intracellular c-di-GMP are 

associated with reduced swimming motility. C-di-GMP can modulate bacterial motility at the 

levels of transcription and post-translation (functioning of flagella) (Shanahan and Strobel 2012). 

For example, in P. aeruginosa, flagellar gene expression is downregulated when c-di-GMP 

levels are increased; whereas, in E. coli, induced c-di-GMP levels affect functioning of flagella 

(Baraquet and Harwood 2013; Fang and Gomelsky 2010; Hickman and Harwood 2008; Paul et 

al. 2010). The results of reduced swimming motility, unchanged flagellin expression, and 

flagella presence in B. cenocepacia K56-2, under induced c-di-GMP levels, suggests that c-di-

GMP regulates swimming motility of B. cenocepacia at the level of functioning of flagella (Fig. 

3.1). Moreover, these findings also suggest that flagellar genes involved in flagellum synthesis 

are not affected, when intracellular c-di-GMP levels are high in B. cenocepacia K56-2.   

Considering the role of c-di-GMP in swimming motility, I hypothesized that nutritional 

cues in CF sputum are sensed by signaling domains of c-di-GMP proteins to modulate 
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intracellular c-di-GMP levels; thereby controlling B. cenocepacia swimming motility. To address 

this hypothesis, a systematic analysis of c-di-GMP genes was performed to identify their role in 

the swimming motility of B. cenocepacia K56-2 in CF sputum conditions. Using the 

Burkholderia genome database and bioinformatics tools, twenty-four c-di-GMP genes were 

identified that are present in the genome of B. cenocepacia K56-2 (Altschul et al. 1990; Winsor 

et al. 2008). Out of the twenty-four, twelve c-di-GMP genes encode a signaling (sensory or 

receiver) domain besides the c-di-GMP metabolizing domains (GGDEF and EAL) (Table 3.3 & 

Fig. 3.4). The twelve c-di-GMP genes were mutated and three of the c-di-GMP mutants showed 

a swimming motility defect. However, the BCAL1069 mutant displayed the most significant 

reduction in motility independent of flagellin expression, suggesting that the flagellar genes 

related to flagellum synthesis are not affected by insertional mutagenesis of BCAL1069 (Fig. 

3.6A). Moreover, the swimming motility defect in WT::BCAL1069 can be explained by an 

increase in intracellular c-di-GMP levels, since high c-di-GMP concentration in bacteria is 

associated with reduced swimming motility (Fig. 3.1A, 3.6A & 3.14). The BCAL1069 protein 

possesses three domains, PAS, GGDEF, and EAL (Fig. 3.4). The MSA analysis demonstrated 

that the GGDEF domain is not an active domain, whereas, EAL is an active domain in the 

BCAL1069 protein (Fig. 3.8). Because of the presence of the sensory PAS domain, I investigated 

if the PAS domain-containing protein responds to any specific individual amino acid. The 

WT::BCAL1069 mutant displayed a significant reduction in the swimming motility in glucose 

minimal-medium supplemented with arginine and glutamate, but not in histidine, phenylalanine 

and proline (Fig. 3.9). No difference was observed in the swimming motility of WT and the 

WT::BCAL1069 mutant in glucose minimal medium condition (Fig. 3.9A). Taken together, 

these results suggested the role of BCAL1069 in sensing nutritional cues (arginine and 
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glutamate) present in CF sputum conditions, regulating the motility of B. cenocepacia K56-2 by 

modulating c-di-GMP levels.   

The findings of this thesis unraveled two mechanisms that B. cenocepacia K56-2 

employs to induce motility in CF sputum mimicking medium. In the first mechanism, B. 

cenocepacia K56-2 controls its swimming motility by upregulating flagellin and multiple 

flagellation through the flhF gene (Kumar and Cardona 2016). In the second mechanism, the 

BCAL1069 protein is engaged to modulate intracellular c-di-GMP levels by sensing amino acids 

of the CF sputum nutritional cues, resulting in upregulation of B. cenocepacia K56-2 motility 

without affecting flagellin expression. These two mechanisms highlight the ability of B. 

cenocepacia K56-2 to utilize CF nutritional cues to thrive and become more motile. The increase 

in motility may assist B. cenocepacia in the initial stages of infection and allowing it to spread 

more throughout the lungs of CF patients. Recent studies found that B. cenocepacia clinical 

isolates from chronically infected patients exhibited both motile and non-motile phenotypes 

(Kalferstova et al. 2015; Lee et al. 2017; Zlosnik et al. 2014). Typically, the early isolates were 

much more motile than the later isolates collected during chronic infection from the same 

patient. (Lee et al. 2017). It is plausible that B. cenocepacia isolates downregulate swimming 

motility because flagellin can be sensed by the host Toll-like receptor 5 that induces the host 

defense response to eradicate pathogenic bacteria (Hayashi et al. 2001). Further, the variation in 

swimming motility of B. cenocepacia isolates was supported by a study, which attempted to 

understand a phenotypic and genotypic flexibility of B. cenocepacia during long term chronic 

infections in CF lungs (Lee et al. 2017). The B. cenocepacia clinical isolates with reduced 

swimming motility showed mutations in top regulators of motility, such as dnaK, cheW, aer and 

qseC (Lee et al. 2017). Moreover, some mutations have also been observed in c-di-GMP genes 
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and flagellar-related genes (Lee et al. 2017). These mutations indicate that B. cenocepacia can 

adapt in CF lungs to avoid the host’s innate immune response during chronic infection over the 

long term. The findings of this thesis contribute in understanding the mechanisms that B. 

cenocepacia may employ to colonize lungs of CF patients during initial stages of infection upon 

sensing amino acid rich CF sputum conditions. The proteins involving in the regulation of B. 

cenocepacia motility can be potential antimicrobial targets to treat Burkholderia infection in CF 

patients.    

In the future, it would be interesting to study the role of the flhG gene in swimming 

motility, flagella biosynthesis and flagellar morphology in B. cenocepacia. The flhG encodes a 

flagellar regulatory protein. Unmarked deletion mutants of flhG and flhF can be used to examine 

pathogenicity in vivo models, such as Galleria mellonella wax moth or Caenorhabditis elegans. 

Understanding of FlhF and FlhG regulatory protein interactions can be another avenue to gain 

deeper insight into the regulation of flagellation in B. cenocepacia in CF sputum conditions. In 

the follow-up work related to the BCAL1069 mutant, pathogenicity of the mutant should be 

tested in vivo model, G. mellonella or C. elegans. To study the interaction of the PAS domain of 

BCAL1069 protein with arginine and glutamate, an isothermal titration calorimetry assay can be 

employed. This will confirm a direct interaction of these amino acids with the BCAL1069 

protein. Moreover, to continue with the list of c-di-GMP related genes, twelve more c-di-GMP 

genes can be mutated using insertional mutagenesis technique followed by examining mutants 

for their swimming motility in CF sputum conditions and in vivo pathogenicity.  
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APPENDIX A 

 

A.1 Publications  

 

1. Kumar B, Sorensen JL, Cardona ST (2017). A c-di-GMP metabolizing gene, BCAL1069, 

regulates the motility of Burkholderia cenocepacia in response to arginine and glutamate. 

(Manuscript Submitted) 

 

2. Kumar B, Cardona ST (2016). Synthetic cystic fibrosis sputum medium regulates flagellar 

biosynthesis through the flhF gene in Burkholderia cenocepacia. Front. Cell. Infect. 

Microbiol. doi: 10.3389/fcimb.2016.00065 

 

3. Pribytkova T, Lightly TJ, Kumar B*, Bernier SP, Sorensen JL, Surette MG and Cardona 

ST (2014). The attenuated virulence of a Burkholderia cenocepacia paaABCDE mutant is 

due to inhibition of quorum sensing by release of phenylacetic acid. Mol. Microbiology, 

94: 522–536.  

*Contribution – performed swarming assay and western blot, and prepared the figures   

 

A.2 Poster presentations in conference proceedings  

 

1. Brijesh Kumar, John L. Sorensen Silvia T. Cardona (2017). A c-di-GMP metabolizing 

gene, BCAL1069, regulates the motility of Burkholderia cenocepacia in response to 

arginine and glutamate. (Canadian Society of Microbiology June, 2017, Waterloo, Ontario)  

 

2. Brijesh Kumar, John L. Sorensen, Silvia T. Cardona (2017). To investigate the role of 

genes encoding c-di-GMP metabolizing domains in motility of Burkholderia 

cenocepacia K56-2 in cystic fibrosis sputum conditions. (Health Research Forum, 

Manitoba Poster Competition, June 2017)  

 

3. Brijesh Kumar, Harry Yudistira, Silvia T. Cardona (2014). Proteomic analysis of 

Burkholderia cenocepacia grown in synthetic cystic fibrosis sputum medium shows up-

regulation of virulence factor flagellin and increased motility. (International Congress of 

Microbiology, Montreal) 
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