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Resumo 

A Fibrose quística é a doença genética mais comum e letal. A mortalidade elevada resulta tipicamente 

da insuficiência respiratória causada por infecções bacterianas nos pulmões. Pseudomonas aeruginosa 

e Burkholderia são os agentes patogénicos mais prevalentes nos pulmões de pacientes com fibrose 

quística. A formação de biofilmes é clinicamente relevante uma vez que ajuda as bactérias a resistir 

mais eficientemente à acção de antibióticos, conferindo-lhes ao mesmo tempo uma maior protecção 

contra a resposta imunitária do hospedeiro. Estudos recentes demonstram que, em infecções 

pulmonares as bactérias normalmente formam agregados com outras bactérias através de 

componentes da própria matriz e de muco. Assim, as infecções crónicas caracterizam-se pela presença 

de agregados suspensos nos tecidos ou lúmen. Os mecanismos envolvidos na formação de agregados 

por parte da espécie Burkholderia ainda não são claros, por esse motivo neste trabalho pretendia-se 

investigar os determinantes genéticos da agregação celular por parte da Burkholderia multivorans. Para 

este propósito, construiu-se uma biblioteca de mutantes de inserção a partir de um isolado clínico, e 

seleccionaram-se seis mutantes com capacidade de agregação reduzida. Caracterizou-se cada um dos 

mutantes em termos de fenótipos como mobilidade, produção de exopolissacáridos, susceptibilidade a 

antibióticos e taxa de crescimento. Após confirmação da inserção do plasposão, três regiões 

flanqueantes foram sequenciadas com sucesso. Dos genes interrompidos, um codifica a 

fosfoenolpiruvato sintase, outro faz parte de um sistema de secreção tipo VI, enquanto o último está 

envolvido num sistema regulador de dois componentes.  
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Abstract 

With mortality typically resulting from respiratory failure due to chronic pulmonary bacterial infections, 

cystic fibrosis (CF) is the most common, and lethal, genetic disease in Caucasians. Pseudomonas 

aeruginosa and Burkholderia are the most prevalent pathogens in CF patient’s lungs. Biofilm formation 

is an important clinical problem since it helps bacteria resist more efficiently to antibiotic’s action while 

conferring a greater protection from the immune response of the host. Recent data has demonstrated 

that in pulmonary infections bacteria usually attach to their fellow bacteria likely by means of matrix 

components and mucus. Thus, it appears that chronic infections can be characterized by aggregates 

suspended within host tissue or lumen. The mechanisms involved in the formation of planktonic 

aggregates by Burkholderia species are not clear, so this work aimed to investigate the genetic 

determinants of cell aggregation in Burkholderia multivorans. For this purpose, a library of transposon 

mutants of a clinical isolate was created, and six mutants were selected for their reduced ability to 

aggregate. Each of these mutants was characterized concerning phenotypes such as motility, 

exopolysaccharide production, antibiotic susceptibility and growth rates. After confirmation of the 

plasposon insertion, three flanking regions were successfully sequenced. Of the genes disrupted one 

encodes a phosphoenolpyruvate synthase, other is a part of a type VI secretion system, and the last is 

involved in a two-component regulatory system.  
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1. Introduction 

1.1. Cystic fibrosis 

Cystic fibrosis (CF) is the most common genetic disease, in Caucasians, of which about 1 in 2500 

newborns is affected. It is an autosomal recessive monogenetic disease. Therefore, heterozygotes from 

two carriers have a one in four chance of inheriting the mutation and being affected with CF, whereas 

the ones who carry one normal CF allele and one mutant allele are entirely asymptomatic and are 

denoted carriers (Collins, 1992). The disease’s main pathology is the accumulation of viscous mucus at 

the epithelial surfaces of organs including the lungs, pancreas gut and testes, which results in blockages, 

infection, inflammation and ultimately, organ failure (Cant et al., 2014). 

CF arises from mutations in a 189 kb gene located on chromosome 7, encoding a 1480 amino acid 

polypeptide, named cystic fibrosis transmembrane conductance regulator (CFTR). CFTR is a member 

of the ATP-binding cassette (ABC) transporter family of membrane proteins which forms a channel at 

epithelial apical cell membrane (Cant et al., 2014). The ABC family of proteins has highly conserved 

domains which include a membrane-spanning region, containing six membrane-spanning peptides, 

followed by a nucleotide binding domain (NBD), which supplies energy to drive the opening and closing 

of the ion channel through ATP binding and hydrolysis. The membrane-spanning domain of ABC family 

proteins typically consist of six membrane-spanning regions and the length of the hydrophilic loops that 

connect the membrane-spanning regions is highly conserved, suggesting that the spatial topology of 

the membrane-spanning regions is crucial for channel function (Lyczak et al., 2002). As it can be seen 

in Figure 1, the CFTR contains two transmembrane domains and two NBDs, differing from most ABC 

family proteins because it has a highly charged central domain, containing a number of serine residues 

which are targets of PKA mediated phosphorylation, therefore called R (regulatory), and also has long 

N- and C-terminal extensions about 80 and 30 residues in length, respectively (Cant et al., 2014; Collins, 

1992). It is the only known member of the ABC family that acts as an ion channel, and has been shown 

to act as a HCO3- channel and to regulate Cl-/ HCO3- exchangers (Cant et al., 2014).  

There are currently 2065 mutations listed in the CFTR mutation database, however a 3-bp deletion in 

exon 10 which results in the loss of a single amino acid (phenylalanine at codon 508, hence its 

designation as ΔF508) accounts for approximately 70% of the mutant alleles (Collins, 1992; Lyczak et 

al., 2002). Considerable effort has been expended to correlate specific mutations with the phenotype of 

disease produced. The mutations have been classified into 5 groups: Class 1 mutations cause a defect 

in CFTR protein synthesis, such as a premature stop codon; Class 2 mutations, include the common 

mutation ΔF508, are translated into full-length nascent polypeptide chains but are defective in folding 

and are thus targeted for degradation rather than trafficked to the plasma membrane; Class 3 mutants 

of CFTR are able to reach the PM but have channel gating defects that decrease channel opening time 

and decrease chloride flux, e.g. the second most common mutation is G551D; Class 4 mutants reach 

the plasma membrane, but have decreased channel conductance even when the gate is open; and 

Class 5 represent a fully functional CFTR at the PM but with reduced abundance due to defective mRNA 

splicing. Class 1-3 cause severe disease phenotypes, whereas class 4 and 5 are generally mild-disease 
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causing mutations. It should be noted that some CFTR mutations can have more than one phenotype 

(Cant et al., 2014). 

1.2.  Cystic Fibrosis in the lungs  

With ultimately, 80 to 95% of patients with CF succumbing to respiratory failure, the most troublesome 

clinical features are the prominent neutrophilic inflammation, mucus in airways, progressive 

bronchiectasis and the chronic pulmonary bacterial infection (Lyczak et al., 2002; Stoltz et al., 2015). 

Since CFTR is expressed early during development, there is the possibility that the airway obstruction 

and air trapping observed in infants with cystic fibrosis, might, at least in part, be congenital in nature 

(Stoltz et al., 2015). 

Inflammation is observed early in the course of the disease and several studies showed higher 

interleukin-8 (IL-8) levels and significant neutrophil recruitment prior to overt infection in both CF infants 

and CF human fetal xenografts. Nevertheless, the presence of significant inflammation before infection 

in CF airways remains a controversial hen-egg issue. While the surrounding pro-inflammatory CF 

microenvironment substantially affects neutrophil phenotype and function, the intrinsic CFTR defect also 

seems to modulate neutrophil homeostasis and granule release. Collectively, CFTR function in 

neutrophils has been associated with granule exocytosis and phagocytosis, as well as sustained 

neutrophilic lung inflammation in response to infection (Laval et al., 2016). 

In the healthy respiratory system, the upper respiratory tract is colonized by a wide variety of 

microorganisms comprising the normal flora while the lower respiratory tract is maintained in a sterile 

state by the various innate defenses of the host. These defenses consist of physical barriers and 

Figure 1. Schematic diagram of the proposed structure of CFTR. A member of the ABC family, CFTR consists of 
a tandem repeat of the ABC motif. This motif comprises a nucleotide ordinary domain (composed of six 
transmembrane stretches of amino acids) followed by an NBD. In CFTR, the two occurrences of this motif are 
separated by a regulatory (R) domain. Each NBD is able to bind and hydrolyze ATP to operate chloride channel 
function: hydrolysis of ATP by NBD-1 opens the chloride channel, while ATP hydrolysis by NBD-2 closes the 
channel. Channel function is further regulated by phosphorylation of serine residues in the R domain. Retrieved 
from (Lyczak et al., 2002) 
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endocytic/phagocytic barriers. Failure of any of these innate defenses results in susceptibility to 

pulmonary infection (Lyczak et al., 2002).  

One important defense to protect lungs against infection is the mucociliary action of the airway 

epithelium. A mucus layer that lines the airway lumen, this layer is biphasic, consisting of an upper, 

viscous layer that serves to trap particulates and microorganisms and a lower, more fluid layer in which 

the cilia beat synchronously, creating a steady current that continually moves the mucus layer upward 

toward the nasopharynx. When functioning normally, this clearance system traps foreign bodies in the 

mucus and subsequently carries them to the nasopharynx, where they are expectorated and swallowed 

(Lyczak et al., 2002). Cystic fibrosis alters the electrophysiological properties across airway epithelia 

through two processes: the reduction of the CFTR mediated anion (chloride and bicarbonate) transport, 

which results in lower water content in the periciliary fluid and thus in abnormally dense mucous; and 

the inhibition of epithelial sodium channel–mediated sodium absorption that conducts to amiloride-

inhibitable sodium hyperabsorption, dehydrating the airways and reducing the height of the periciliary 

liquid layer (Castellani & Assael, 2017; Stoltz et al., 2015). This directly links impaired mucociliary 

transport to loss of CFTR anion transport, indicating that defective mucociliary transport is a primary 

abnormality that is not dependent on infection, inflammation, or remodeling. Nevertheless, advancing 

infection and bronchiectasis might further disrupt mucociliary transport and fuel disease progression. 

Data also suggest that the environment of the submucosal gland lumen into which mucus is initially 

secreted probably alters its properties, causing abnormal detachment (Stoltz et al., 2015). The effects 

of CF in mucociliary action are represented in Figure 2. 

Another prominent innate defense of the airway is the complex soup of antimicrobial peptides, proteins, 

and lipids in airway-surface liquid, many of which have individual as well as synergistic effects that 

rapidly kill bacteria. CF patient’s airway-surface liquid has impaired antimicrobial activity which is not 

Figure 2. Comparison of mucociliary clearance in the normal and the CF airway. The normal airway epithelium is 
covered with a biphasic mucus layer consisting of a viscous upper layer and a more fluid lower (periciliary) layer. 
Concerted beating of epithelial cell cilia causes the mucus to flow unidirectionally toward the esophagus, carrying 
with it any microorganisms trapped in the mucus. In the CF airway, alterations in either mucus secretion, mucus 
reabsorption, or both cause the mucus layer to become uniformly viscous, such that beating of the epithelial cilia is 
no longer enough to propel the mucus toward the esophagus. Bacteria can therefore persist in the airway. Retrieved 
from (Lyczak et al., 2002) 
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due to a decreased abundance of antimicrobials in airway-surface liquid. Instead, loss of CFTR 

eliminates bicarbonate secretion by airway epithelia, and as a result the pH of the airway-surface liquid 

of these epithelia is low, and the secretions from their submucosal glands are also abnormally acidic, 

which inhibits the airway-surface liquid antimicrobial activity (Stoltz et al., 2015). Figure 3 represents 

these differences in pulmonary immune defenses of healthy versus cystic fibrosis individuals. 

Lack of CFTR function in the bronchial epithelia is also involved in increased inflammatory response 

ultimately facilitating infection and chronic bacterial colonization of the lung. Microorganisms typically 

involved in pulmonary chronic infection are Pseudomonas aeruginosa, Staphylococcus aureus, 

Stenotrophomonas maltophilia, and Burkholderia cepacian (Castellani & Assael, 2017). 

1.3.  Burkholderia cepacia complex (Bcc) 

The Burkholderia cepacia complex is a group of closely related Gram-negative, non-spore-forming 

bacilli belonging to the β-Proteobacteria. These species share a high (>97.5%) level of 16S rRNA gene 

sequence similarity and moderate (30–60%) DNA–DNA hybridization values. Their unusually large 

genomes (7.5–8.5 Mb) with a DNA G+C base composition of approximately 67 % consist of multiple 

replicons and provide them not only with unsurpassed metabolic capacities, but also with genotypic and 

phenotypic characteristics that defy our need to classify bacteria in well delineated groups (Vandamme 

& Dawyndt, 2011) At present, the B. cepacia complex contains 25 defined species, table 1, which are 

notable for their ability to metabolize a wide range of organic compounds, to thrive in many different 

environments and for causing respiratory tract infections in susceptible individuals (Martina et al., 2017, 

Weber & King, 2016, Bach et al., 2017,.Coenye, 2010; Suppiger et al, 2013) 

Figure 3. Pulmonary immune defenses of healthy versus cystic fibrosis individuals. When bacteria enter healthy 
airways (top), they are killed by the antimicrobial activity of airway-surface liquid, mucociliary transport sweeps them 
out of the lung, and other defenses, including phagocytic cells, eradicate them to maintain sterile lungs. In persons 
with cystic fibrosis (bottom), antimicrobial activity and mucociliary transport are less effective than in healthy persons, 
and other defenses may also be impaired. Eventually, the host defenses are overwhelmed, and bacteria proliferate, 
with inflammation, remodeling, immunity, and genetic adaptation in the bacteria influencing the species that will 
dominate. In addition, the resulting inflammation and airway remodeling may further enhance or impair host-defense 
mechanisms. Retrieved from (Stoltz et al., 2015) 
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Pseudomonas cepacian (former designation for Burkholderia) was initially described as a pathogen of 

onions and for many years was identified only sporadically in association with human infections. The 

first reports of Burkholderia cepacia infection in CF patients appeared in the late 1970s and early 1980s 

and were associated with a fast deterioration in respiratory function characterized by necrotizing 

pneumonia, bacteremia, and sepsis (Isles et al., 1984; Laraya-Cuasay et al., 1977). This “cepacia 

syndrome” was observed for as many as 20% of infected patients (Isles et al., 1984; Tablan et al., 1985). 

During the mid-1990s, comprehensive taxonomic studies to demonstrate that bacteria being identified 

as B. cepacia strains comprised several distinct species were conducted. These experiments found 

them to be unusually closely related, forming a distinct phylogenetic group. These species were referred 

to as “genomovars” of the B. cepacia complex, until distinguishing phenotypic characteristics were 

identified, which then allowed each new species to receive a formal binomial designation (Lipuma, 

2010).  

Table 1. Twenty-five defined species within the Burkholderia cepacia complex and respective former genomovar 
designation ([1] Martina et al., 2017, [2] Weber & King, 2016, [3] Bach et al., 2017, [4] Coenye, 2010; [5] De Smet 
et al., 2015., [6] Ong et al., 2016 [7] Peeters et al., 2013 [8] Adams et al., 2017

Species 
Former 

genomovar 
Ref. 

B. alpina I [2] 

B. ambifaria II [4] 

B. anthina III [4] 

B. arboris IV [4] 

B. catarinensis V [3] 

B. cenocepacia VI [4] 

B. cepacia VII [4] 

B. contaminans VIII [4] 

B. diffusa IX [4] 

B. dolosa  [4] 

B. lata  [4] 

B. latens  [4] 

B. metallica  [4] 

B. multivorans  [4] 

B. paludis  [6] 

B. pseudomultivorans  [7] 

B. puraquae  [1] 

B. pyrrocinia  [4] 

B. seminalis  [4] 

B. stabilis  [4] 

B. stagnalis  [5] 

B. territorii  [5] 

B. ubonensis  [4] 

B. vietnamiensis  [4] 

[Pseudomonas] 

mesoacidophila 
 

[8] 

1.4. Epidemiology 

Prevalence of Bcc infection in CF patients, ranges from 0 to 40%, depending on the medical center, and 

increases with age (Zlosnik et al., 2015). Similar to other opportunistic pathogens such as Pseudomonas 

aeruginosa, Bcc strains do not usually infect healthy individuals but only those that are 

immunocompromised. Bcc differs from other opportunistic pathogens because it has to be acquired in 
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the hospital setting (nosocomially) or from other environments since they are not usually carried as 

commensal organisms (Mahenthiralingam et al., 2005). 

Bcc infections usually occur later in the course of CF pulmonary disease, Bcc species initially cause 

transient infections in the CF airways before a single strain becomes established and causes chronic 

infection marked by episodes of exacerbations (Hauser et al., 2011). Overall, infection with Bcc in CF 

patients is generally chronic and correlates with poorer prognosis, longer hospital stays and an 

increased mortality. In fact, a significant proportion of patients with CF succumb to a rapidly progressive 

necrotizing pneumonia after acquisition of Bcc bacteria. The poor outcome in lung transplant recipients 

has led many centers to consider Bcc infection an absolute contraindication to transplantation. However, 

the clinical outcome observed in patients infected with the same clonal strain of Bcc species is quite 

variable, which makes it difficult to predict the risks and outcome of Bcc infections, while many CF 

patients remain colonized with Bcc for years without an apparent adverse impact on clinical course, 

others may be only transiently colonized. The basis for this differential clinical outcome has not been 

elucidated, and both host and strain factors probably contribute to the observed disease pathogenesis 

(Mahenthiralingam et al., 2005). 

Most of the early studies on Burkholderia and CF simply refer to “B. cepacia” or Bcc, however, recently 

reports have begun to tease out the contributions to disease of individual species within the Bcc (Hauser 

et al., 2011). It seems that the ability of Bcc bacteria to cause infection in patients with CF is not species 

dependent, since several Bcc species have been recovered from infected CF patients. However the 

greatest percentage of Bcc infections in CF patients occur with B. cenocepacia and B. multivorans 

strains (Lipuma, 2010; Mahenthiralingam et al., 2005). B. cenocepacia is the species that has been most 

closely associated with high rates of morbidity and mortality as well as the development of the cepacia 

syndrome (Hauser et al., 2011). A major B. cenocepacia lineage, ET-12, was responsible for arguably 

the largest CF epidemic across Canada and the United Kingdom in the late 1980s and throughout the 

1990s (Mahenthiralingam et al., 2005; Zlosnik et al., 2015). Early studies identified it as the most 

prevalent CF species in North America and Europe, however, after implementation of new infection 

control measures in 1995, Burkholderia multivorans became the most prevalent species (Zlosnik et al., 

2015). As shown in Figure 4 representing the distribution of Burkholderia species among U.S. CF 

patients between 1997 and 2007. 

In Portugal, from January 1998 to June 2002 the incidence and prevalence of infection with Bcc bacteria, 

ranged from 1.2 to 7.8% and from 7.1 to 13.3%, respectively. At the time of first isolation of Bcc bacteria, 

the age of the CF patients varied between 2 months and 19 years, with an estimated mean age of 7.7 

years and were predominantly (70%) of the female gender, although the CF population examined 

included an identical percentage of males and females (Cunha et al., 2003). Between 1995 and 2002 a 

study confirmed the prevalence of B. cenocepacia (52%) but observed that a significant percentage 

(36%) of the patients at the CF center of Hospital de Santa Maria were colonized or infected with B. 

cepacia. During the 3.5-year surveillance period of a study (2002 to 2005), 85% of Bcc-positive CF 
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patients under surveillance at the Hospital Santa Maria CF center harbored strains of the species B. 

cepacia (Cunha et al., 2007). 

In an 18-year observational study, cumulative mortality of B. cenocepacia-infected patients was 43%, 

compared to 16% of those infected with B. multivorans. The incidence of cepacia syndrome was 13% 

with B. cenocepacia versus 5% with B. multivorans. It is important to note that in the studies referenced 

above, B. cenocepacia infection at each center was usually due to a single epidemic strain. Thus, one 

cannot assume that all strains of B. cenocepacia are as virulent (Hauser et al., 2011). 

Two of the major problems arising from infection of CF patients with Bcc species are their high intrinsic 

resistance against antibiotics and biocides, impeding effective medical treatment, and their high 

transmissibility between patients (Huber et al., 2002). The factors that establish Bcc infection are still 

undefined, but putative virulence determinants that have been described include cable pili, 

lipopolysaccharide (LPS), extracellular protease, lipase, hemolysin, a melanin-like pigment, and 

siderophores. The roles of these factors in lung infections in CF patients remain to be clarified, as their 

presence does not necessarily correlate with the severity of disease (Chung et al., 2003) 

Figure 4. Distribution of Burkholderia species among U.S. CF patients. The proportions of CF patients infected 
with various Burkholderia species are shown. The data is based on 2,024 CF patients who were infected with 
Burkholderia species and whose isolates were referred to the Burkholderia cepacia Research Laboratory and 
Repository (University of Michigan) between 1997 and 2007. “Other Bcc species” indicates patients infected with 
B. cepacia complex species other than those specified in the chart. “Indeterminate” refers to patients infected with 
strains that phylogenetically are members of the B. cepacia complex species but that could not be definitively 
placed into one of the defined species in this group. Retrieved from (Lipuma, 2010) 
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1.5.  Phenotypic traits of Bcc strains 

1.5.1. Biofilms 

Biofilms can be defined simply and broadly as communities of microorganisms that are attached to a 

surface. They can comprise a single microbial species or multiple microbial species and can form on a 

range of biotic and abiotic surfaces. Although mixed-species biofilms predominate in most 

environments, single-species biofilms exist in a variety of infections and on the surface of medical 

implants (Toole et al., 2000) Biofilm growth helps to protect the resident bacteria from environmental 

stresses, such as desiccation, nutrient limitation, and predation. (Suppiger et al., 2013).  

Biofilm communities produce an extracellular matrix that serves to hold them together, its formation is a 

coordinated process among community members and can differ from species to species (Suppiger et 

al., 2013). In most biofilms, the microorganisms account for less than 10% of the dry mass, whereas the 

matrix can account for over 90%. The matrix is the extracellular material, mostly produced by the 

organisms themselves, in which the biofilm cells are embedded. It consists of a conglomeration of 

different types of biopolymers — known as extracellular polymeric substances (EPS) — that forms the 

scaffold for the three-dimensional architecture of the biofilm and is responsible for adhesion to surfaces 

and for cohesion in the biofilm (Flemming & Wingender, 2010). Studies indicate that biofilms are a stable 

point in a biological cycle that includes initiation, maturation, maintenance, and dissolution. Bacteria 

seem to initiate biofilm development in response to specific environmental cues, such as nutrient 

availability. Evidence accumulated over the past few years has established that the formation of a 

mature biofilm on an abiotic surface comprises three distinguishable developmental steps, which are 

represented in Figure 5: (Huber et al., 2002; Kim & Lee, 2016; Toole et al., 2000) 

Figure 5. Biofilm formation and selected environmental factors that affect each stage of biofilm formation. The 
environmental cues control the concentration of second messengers such as cAMP and c-di-GMP. These second 
messengers control biofilm-related factors such as cell appendages, surface proteins, EPS, and cell motility. Quorum  
Sensing is also involved in shaping the biofilm by controlling the above biofilm-related factors. Retrieved from 
(Toyofuku et al., 2016) 
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(i) Initial attachment of surface-adherent individual cells to a surface. This happens through 

the action of flagella and pili and the formation of a single layer of planktonic cells on the 

surface. 

(ii) Aggregation of these cells to microcolonies, making the attachment irreversible  

(iii) Differentiation of the microcolonies into a mature biofilm by building a mushroom-shaped 

and highly porous structure in the matrix composed of self-producing EPSs. 

(iv) Return to planktonic mode by detachment when they are nutrient deprived, Presumably, 

this starvation response allows the cells to search for a fresh source of nutrients and is 

driven by well-studied adaptations that bacteria undergo when nutrients become scarce 

Biofilm formation on P. aeruginosa infections in CF patients is an important clinical problem since it 

helps bacteria to resist more efficiently to antibiotic’s action while conferring them a greater protection 

from the immune response of the host (Cunha et al., 2004). The biofilm facilitates their evasion of the 

antimicrobial actions of neutrophils by impeding migration of leukocytes at their exofacial surface. 

Mucoid P. aeruginosa are also more resistant to phagocytosis by neutrophils compared to non-mucoid 

counterparts, by virtue of cell surface alteration which renders the bacterium unrecognizable (Murphy & 

Carahera, 2015). Shedded cellular components of necrosed neutrophils become part of the 

exopolymeric matrix of the biofilm, serving to further enhance its biomass while preserving the antibiotic 

resistance characteristic of the biofilm (Bjarnsholt et al., 2009; Parks et al., 2009). A similar situation 

seems to prevail for Burkholderia, a close relative of Pseudomonas. Indeed, biofilm formation has also 

been observed for the Bcc bacteria in abiotic surfaces and on well- differentiated human epithelial cells 

(Schwab et al., 2002) and B. cepacia is thought to coexist with P. aeruginosa are as mixed biofilms in 

the lungs of patients suffering from CF (Caceres et al., 2014; Cunha et al., 2004). Overall, the production 

of biofilms is associated to a significant increase of resistance against the host immune system and 

antibiotic treatment in Burkholderia (Caraher et al., 2007).  

1.5.2.  Planktonic Aggregates 

Medically relevant bacterial biofilms were generally defined as “multi-cellular surface associated 

communities embedded in a self-made exopolymeric matrix”. Therefore, most attention within medical 

research has been given to the study of biofilm bacteria that are clearly surface attached (Alhede et al., 

2011). However, recent ex vivo data has yielded valuable insights in the spatial distribution of bacteria 

in chronic infections, demonstrating that bacteria do not inevitably attach to surfaces. Rather, they attach 

to their fellow bacteria likely by means of matrix components and mucus, and they seem to establish 

impenetrable barriers to the host. Thus, it appears that opposed to harboring bacteria firmly attached to 

a surface, chronic infections can be characterized by aggregates suspended within host tissue or lumens 

of organs (Bjarnsholt et al., 2009).  

Two clearly identified phenotypes associated with biofilms are the aggregation of cells and a significant 

increase in the capacity to cope with antibiotic treatments. Studies have shown that non-surface 

attached aggregates, also called planktonic aggregates or tight microcolonies, exhibit the required 

survival capability in the hostile human environment and possess inherent antibiotic tolerance to 
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antibiotics and phagocytes (Alhede et al., 2011). P. aeruginosa’s planktonic aggregates also share other 

biofilm features, like the dependency on cyclic di-GMP, eDNA, bacteriophage, and dispersal based on 

carbon, nitrogen, or oxygen limitations (Schleheck et al., 2009). Therefore, planktonic aggregates should 

be considered to fully represent the biofilm growth phenotype (Alhede et al., 2011). The major hallmarks 

of in vivo biofilms are thus aggregated bacteria, which tolerate the host defense and high concentrations 

of antimicrobial agents even over longer times (Bjarnsholt et al., 2013). 

A study from Schleheck et al. found that, on liquid culture, the planktonic aggregates formed by P. 

aeruginosa PAO1 range from 10 to 400 μm in diameter, comprise up to 90% of the total biomass and 

disperse into single cells upon carbon, nitrogen, or oxygen limitation (Schleheck et al., 2009). It has 

been shown that 95 % of P. aeruginosa found in the CF lung are present at a distance greater than 5 

mm from the epithelial cell surface in non-surface-attached tight microcolonies (Mccarthy et al., 2014). 

The same is true for Bcc bacteria in CF patients lungs, which are reported to grow as a single cells, but 

are more  often found in small clusters (Schwab et al., 2014).  

The genetic mechanisms involved in the formation of planktonic aggregates are not clear, however, at 

least two regulators have been shown to influence its formation P. aeruginosa. LTTR BvlR’s inactivation 

prevented microcolony formation, possibly mediated through the repression of fimbria based surface 

attachment, but the mechanisms subjacent are still unknown (Mccarthy et al., 2014). Mutants on the 

two-component regulator MifR form thin and unstructured microcolonies (Petrova et al., 2012). This 

phenotype suggests that fermentation of pyruvate is required for microcolony formation, since 

deactivation of genes encoding lactate dehydrogenase and aconitate hydratase abrogated microcolony 

formation in similar manner. A possible justification for this phenomenon, are the oxygen-limiting but 

energy-rich conditions that cells experience within aggregates that forces P. aeruginosa to use pyruvate 

fermentation as a means of redox balancing (Petrova et al., 2012). 

A study with Bcc bacteria, including B. multivorans, by Silva et al. showed that the LTTR LdhR and the 

D-lactate dehydrogenase LdhA are implicated in the formation of planktonic cellular aggregates and 

biofilms properties possibly relevant in natural environments and within hosts (Silva et al., 2017).  

1.5.3.  Exopolysaccharide (EPS) 

Extracellular polysaccharides or exopolysaccharides (EPSs) are high-molecular weight sugar-based 

polymers that are synthesized and secreted by many microorganisms. The importance of their 

production has been studied in many bacteria, being implicated in biofilm formation (Ferreira et al., 

2011). EPS immobilize biofilm cells and keep them in close proximity, thus allowing for intense 

interactions. Owing to the retention of extracellular enzymes, a versatile external digestive system is 

generated, sequestering dissolved and particulate nutrients from the water phase and allowing them to 

be utilized as nutrient and energy sources. The matrix also acts as a recycling center by keeping all of 

the components of lysed cells available. This includes DNA, which may represent a reservoir of genes 

for horizontal gene transfer. EPS can also serve as a nutrient source, although some components of 

EPS are only slowly biodegradable and, owing to the complexity of EPS, complete degradation of all 
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components requires a wide range of enzymes. The matrix protects organisms against desiccation, 

oxidizing or charged biocides, some antibiotics and metallic cations, ultraviolet radiation, many (but not 

all) protozoan grazers and host immune defenses (Flemming & Wingender, 2010).  

The bacteria from the Bcc have the ability to produce EPS and at least seven different 

exopolysaccharides have been identified and their structure determined. However, cepacian is the most 

common EPS produced by Burkholderia since it has been identified in different species and on several 

different Bcc isolates obtained from various CF centers in different countries. Furthermore, genes 

encoding proteins involved in cepacian synthesis are well conserved among Burkholderia, suggesting 

that cepacian is a common feature among the genus (Ferreira et al., 2011; Sist et al., 2003). Cepacian, 

whose structure is represented in Figure 6, is composed of a branched acetylated heptasaccharide 

repeating unit made up of D-glucose, D-rhamnose, D-mannose, D-galactose, and D-glucuronic acid 

(1:1:1:3:1). This similarity suggests that cepacian, is specific to Bcc bacteria, and the pathway leading 

to the nucleotide sugar precursors that are necessary to its biosynthesis was proposed (Ferreira et al., 

2011; Sist et al., 2003). 

It was postulated that EPSs, particularly cepacian, could be determinant of Bcc species virulence on 

airway infections of CF patients and its importance in pathogenicity was assessed by several in vitro 

and in vivo studies. Although these studies seem to indicate that mucoid isolates persist longer in the 

lungs (Conway et al., 2004) and are associated with higher mortality (Sousa et al., 2007), non-mucoid 

strains were responsible for the major clinical outbreaks and are associated to a worst clinical outcome 

(Govan et al., 1993). A hypothesis derived from these observations is that mucoid strains would be 

favored in chronic lung infections while non-mucoid strains would be more prone to virulence in acute 

infection (Zlosnik et al., 2011). 

Nevertheless, polysaccharides mediate bacterial resistance against antimicrobial peptides produced by 

epithelial and phagocytic cells, so production of EPS in the lungs of CF patients could contribute to a 

decreased efficacy of the host defense response and the concomitant establishment of a persistent 

Figure 6. Repeating unit of Cepacian. The structure includes one or more acetyl group per repeating unit whose 
position is unknown. Retrieved from (Sist et al., 2003). 
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infection by these bacteria (Benincasa et al., 2009). Also, the overproduction of alginate by clinical 

isolates of P. aeruginosa is considered to contribute to biofilm formation and to the long-term survival of 

the bacterium in the lungs of CF patients (Cunha et al., 2004). Exopolysaccharides are one of the main 

constituents of mature biofilms, which are associated to a significant increase of resistance against the 

host immune system and antibiotic treatment in Burkholderia. In fact, mutants constructed on EPS genes 

have confirmed the importance of cepacian in the formation of mature biofilms (Ferreira et al., 2007). 

By promoting the formation of mature biofilms the EPS may enhance bacterial survival in CF lung, which 

leads to the impossibility to efficiently eradicate Bcc infections (Ferreira et al., 2011). 

1.5.4.  Quorum-Sensing (QS) 

Quorum-sensing (QS) is a cell density-dependent regulatory mechanism used by bacteria to coordinate 

gene expression by the aid of diffusible self-produced signal molecules (Suppiger et al., 2013). The 

Vibrio fischeri autoinduction is the best-studied QS phenomena. The LuxI protein synthesizes an AHL 

signal (N-acyl homoserine lactone) while LuxR is an AHL receptor protein that activates or represses 

gene expression by binding to a consensus sequence (the so-called lux box) in the promoter regions of 

target genes (Suppiger et al., 2013). Cells are fully permeable to AHL, so during growth it accumulates 

in the medium until it reaches a sufficient concentration. At this critical point it triggers synthesis of 

specific luminescence enzymes, thus allowing cells to sense their own population density (Kolibachuk 

& Greenberg, 1993).  

In Gram-negative bacteria, QS usually consists of a transcriptional regulator of the LuxR family that 

binds to AHLs synthesized by LuxI homologs and regulates the expression of target genes (Subramoni 

& Sokol, 2012). In the Bcc AHL production is strain-dependent with respect to both the quantity and the 

type of AHL molecules signal. However, within the Bcc the CepIR QS system is fully conserved. It 

consists of CepI which directs the synthesis of N-octanoyl-homoserine lactone (C8-HSL) and minor 

amounts of N-hexanoyl-homoserine lactone (C6-HSL), and the LuxR homolog CepR, which has the 

highest affinity for C8-HSL and can function as both a positive and negative regulator of target genes 

(Subramoni & Sokol, 2012; Suppiger et al., 2013).  

Phenotypic assays as well as global transcript and protein analyses using cepIR mutant strains have 

shown that AHL-mediated QS controls various functions, including swarming motility, biofilm formation 

and the production of virulence factors, such as proteases, siderophores and toxins, which ensure that 

pathogenic traits are only expressed when the bacterial population density is high enough to overwhelm 

the host before it is able to mount an efficient response.  

1.5.5. Motility and Chemotaxis 

The main ways of movement in bacteria are through flagella (swimming or swarming), pili (twitching), or 

other mechanisms that occur in the absence of identified appendages, referred to as gliding (Alexandre, 

2015). 
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Chemotaxis is the movement of an organism in response to a chemical stimulus allowing motile bacteria 

to rapidly escape conditions that limit growth by orienting their movement toward a more favorable niche. 

It controls flagellar motility by regulating the frequency at which the flagellar motor changes its direction 

of rotation or the speed at which the flagellar motor rotates. It also controls twitching, but the mechanisms 

involved are distinct from those controlling flagellum-dependent chemotaxis (Alexandre, 2015).  

Bacteria swim by rotating of one or more rigid helical flagella. Flagella are extremely effective organelles 

of locomotion that permit bacteria to achieve speeds exceeding many cell body lengths per second. 

Cells are propelled forward when flagella turn counterclockwise, while changes in course are affected 

when one or more flagella turn clockwise. Swimming cells can perform chemotaxis by moving up or 

down chemical gradients, using an elaborate signaling system that modulates the 

counterclockwise/clockwise bias of the motors (Belas, 2014). 

Swarming: is a bacterial flagella-dependent motile behavior that allows cells to move over surfaces in a 

coordinated manner and expand the population to new locations. The process of swarming is distinct 

from swimming in that swarming is a multicellular process that occurs on solid surfaces or in viscous 

liquids, and requires differentiation of a vegetative swimmer cell into a specialized cell type called a 

swarmer cell (Belas, 2014). 

Besides the undisputable importance of flagella for motility, studies have linked flagella to the 

dissemination of bacteria from local infection sites to other organs, and to virulence traits as the 

adherence to and invasion of epithelial cells, the formation of biofilms and the induction of host 

inflammatory responses (Arora et al., 2000; Moens et al., 1996; Toole et al., 2000; Urban et al., 2004).  

The flagellum can be subdivided into three substructures that are assembled in a temporal sequence. 

The first component to be assembled is the basal body, which anchors the flagellum to the cell 

membrane, provides the power for rotation, and secretes the more distal components. The next 

component is the hook, which is connected to the basal body and serves as a flexible universal joint 

changing the angle of flagellar rotation. The third structure is the helical filament, which is composed 

primarily of the protein flagellin, one of the most abundant proteins made by the cell (Belas, 2014).  

Bcc bacteria are motile organisms that possess a single, long, polar flagellum responsible for swimming 

and swarming motility. Members of the Bcc express one of two types of flagellin that are distinguished 

by size (55 kDa for type I and 45 kDa for type II) and restriction fragment length polymorphism patterns 

of the fliC gene (Urban et al., 2004). Five types of pili were identified in Bcc strains: mesh (Msh), 

filamentous (Fil), spine (Spn), spike (Spk), and cable pili (Cbl). Although the cable pilus Cbl has an 

important role in the adhesion to epithelial cells (and is therefore thought to be of clinical relevance), 

only a few strains from the Bcc harbor the cblA gene coding for this pilus and not all cblA-positive strains 

produce the pilus (Suppiger et al., 2013).  

Studies involving Bcc bacteria’s CF lung infections revealed that isolates from the majority of chronic 

infections most commonly display the motile phenotype throughout the infection and do not normally 
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switch to nonmotile (Zlosnik et al., 2014). As mentioned, the production of functional flagella is 

associated with virulence in models of mucosal infection since it facilitates invasion into epithelial cells 

invitro and promotion of inflammatory markers (Urban et al., 2004; Zlosnik et al., 2014). Upon infection, 

the host flagellin is recognized by Toll-like receptors (TLR) and a signaling cascade is initiated, causing 

activation of nuclear factor B, as well as members of the mitogen-activated protein (MAP) kinase family. 

This pathway activation ultimately results in the transcription of a variety of host defense genes, including 

those for IL-8, IL-6, tumor necrosis factor and IL-1. In CF lung disease great amounts of Cytokines, 

specially IL-8, promote tissue damage and decreased pulmonary function, most profoundly through the 

recruitment of neutrophils (Lyczak et al., 2002; Mukaida, 2003). Neutrophil infiltration, in conjunction 

with other immune mediators, leads to high concentrations of neutrophil oxidants and enzymes in the 

lung environment, which stimulate mucus secretions, plugging airways and further damaging the lung. 

This cycle of damage results in a frustrated immune system that, despite a vigorous response, is unable 

to clear the infection (Urban et al., 2004) 

According to an increasing number of 

reports, motility is one of the factors 

contributing to the ability of bacteria to 

form biofilms or to flocculate. Biofilm 

formation starts with the transient 

adhesion of the cells to a surface, or other 

cells. This process is dependent of 

physicochemical interactions between the 

bacteria and the surface being strongly 

influenced by both hydrodynamic effects 

and Brownian motion (Conrad, 2012). If 

motile bacteria get sufficiently close to the 

surface, the hydrodynamic effect of the 

surface affects them resulting in the 

bacteria spending longer times swimming 

close to the surface (Vigeant et al., 2002). 

Weak adhesions though van der Waals, 

electrostatic, and hydrophobic 

interactions, are more likely to occur 

due to the prolonged residence near the 

surface (Conrad, 2012; Flemming & 

Wingender, 2010). Hydrodynamic 

trapping of swimming bacteria may thus promote transient cell-surface contacts.  

A recent model predicts that for bacteria swimming in a very confined space, the activity of bacterial 

flagella alone can alter the hydrodynamic conditions to such an extent that it might trigger aggregation 

under these conditions (Cheng et al., 2014). The model, represented in Figure 7, proposes that the initial 

Figure 7. Chemotaxis signaling modulates motility patterns
promoting transient cell-cell interactions. The double arrows 
indicate reversible events. The unidirectional arrows represent a 
committed transition to irreversible attached state. Retrieved from 
(Alexandre, 2015) 
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weak adhesions might lead to irreversible attachment via mechanisms that likely involve sensing of 

surfaces, such as hindrance of flagellar rotation acting as a mechanosensing signal for the cell to deploy 

EPS and adhesins for permanent attachment. Increased cell density in cell aggregates might also trigger 

attachment via quorum sensing (Alexandre, 2015).  

1.5.6. Extracellular DNA (eDNA) 

It is widely accepted that microorganisms produce and release a great deal of DNA which is an important 

and abundant matrix component of many single‐ and multispecies cultured biofilms (Flemming & 

Wingender, 2010; Whitchurch et al., 2002). Recent studies further confirmed this hypothesis through 

the discovery of a filamentous net of DNA in the aggregate of an aquatic Gram-negative bacteria 

(Böckelmann et al., 2006; Böckelmann et al. 2007). The extracellular DNA (eDNA) involved in formation 

of bacterial aggregates is usually double-stranded and more or less similar to the whole-genome DNA 

of the bacteria within the aggregate, there is also evidence that DNA release occurs through cell lysis, 

or through lysis of released DNA-containing membrane vesicles (Allesen-holm et al., 2006). However, 

whether eDNA is circular or linear and what proteins, if any, are associated with the secondary structure 

and maintenance of the eDNA is still unknown (Steinberger & Holden, 2005). 

eDNA present in biofilms seems to be important for several different function, such as surface 

attachment and biofilm strengthening, to help confer antibiotic resistance, to act as a nutrient source 

during starvation, to promote colony spreading and structuring and to serve as a gene pool for horizontal 

gene transfer (Chiang et al., 2013; Dominiak et al., 2011; Mann et al., 2009; Molin & Tolker-nielsen, 

2003; Whitchurch et al., 2002). 

Studies have shown that P. aeruginosa produces a large amount of (eDNA) during alginate biosynthesis 

(Whitchurch et al., 2002). The eDNA is generated via a mechanism which is dependent on acyl 

homoserine lactone and Pseudomonas quinolone signaling, as well as on flagella and type IV pili. In 

surface attached biofilms, eDNA is located primarily in the stalks of mushroom-shaped multicellular 

structures, with a high concentration especially in the outer part of the stalks forming a border between 

the stalk-forming bacteria and the cap forming bacteria (Allesen-holm et al., 2006; Böckelmann et al., 

2007). 

1.5.7. Cyclic di-GMP 

First messengers receive signals at the cell surface relaying them to cytoplasmatic second messengers 

which in turn target molecules within the cell. This process results in biochemical changes in the cell 

through the amplification of the original signal into an intracellular signal. Cyclic di-GMP (c-di-GMP), is 

a cyclic diguanylate used by most bacteria to regulate a myriad of biological processes (Tamayo et al., 

2007). 

The synthesis of c-di-GMP from two molecules of GTP is catalyzed by diguanylate cyclases (DGCs), 

enzymes characterized by the presence of a GGDEF domain, whereas the breakdown of c-di-GMP is 

catalyzed by phosphodiesterases (PDEs), enzymes noted for possessing an EAL or an HD-GYP domain 
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(Kuchma et al., 2007). GGDEF, EAL, and HD-GYP domains are often fused with periplasmic or 

membrane-embedded ligand-binding sensory domains like PAS, REC, GAF and globin, that is involved 

in oxygen sensing. This indicates that these proteins could take part in sensing environmental cues, 

modulating its enzymatic activity to regulate the intracellular c-di-GMP level (Romling et al., 2013).  

Through the binding to the effectors, c-di-GMP directly influences the phenotypes of cells. The 

production of adhesins and extracellular matrix components is induced by high internal levels of c-di-

GMP, as well as the inhibition of flagellar motility, enabling the formation of biofilms and aggregates. On 

the other hand, if levels are low the planktonic growth mode is privileged (Fazli et al., 2014). This 

interaction occurs through the association with proteins with c-di-GMP binding motifs, with proteins that 

do not have known c-di-GMP binding motifs or through the association with RNA molecule. So far, 

several classes of c-di-GMP receptors have been identified; PilZ domain receptors, I-site receptors 

(modified GGDEFF domain), inactive EAL domain receptors, and likely HD-GYP domain receptors 

(Romling et al., 2013).  This regulatory pathway is represented in Figure 8. 

In P. aeruginosa, c-di-GMP-dependent signaling is part of a regulatory network controlling surface 

associated group behaviors, including swarming motility and biofilm formation (Bernier et al., 2011; 

Kuchma et al., 2007; Merritt et al., 2010). A simple increase in the intracellular c-di-GMP level facilitates 

biofilm formation or the sessile mode of life, whereas a decrease facilitates the dispersal or planktonic 

mode of life (Romling et al., 2013). However, P. aeruginosa encodes close to 40 DGCs and PDEs that 

are predicted to function in the synthesis and/or degradation of c-di-GMP and there seems to exist an 

apparent disconnection between the total levels of c-di-GMP and the resulting phenotypes, at least for 

the early biofilm formation events (Merritt et al., 2010). Although, under some circumstances, the total 

level of c-di-GMP may act as a control mechanism, Christen et al. obtained date that indicate the 

possible existence of subcellular pools of c-di-GMP (Christen et al., 2010). Such pools could be 

produced by the specific localization and/or localized activation of DGCs, through the action of proteins 

that efficiently bind and/or degrade c-di-GMP this way limiting diffusion of c-di-GMP, or by the different 

availability or activity of c-di-GMP receptors that are specific for a particular phenotype (Hengge, 2009). 

There is also evidence that the c-di-GMP signaling system is involved in the regulation of biofilm 

formation in the Bcc bacteria and Fazli et al. have identified a c-di-GMP responsive transcriptional 

regulator. Binding of c-di-GMP to this regulator, Bcam1349, enhances the protein’s affinity for the 

promoter DNA region of Bcam1330–Bcam1341 gene cluster which regulates expression of cellulose, 

fimbriae biosynthesis and exopolysaccharide production promoting biofilm formation (Fazli et al., 2011; 

Fazli et al., 2013). Fazlil et. al also demonstrated that the enhancer-binding protein BerB binds to c-di-

GMP and activates the alternative sigma factor RpoN -dependent transcription of the berA gene 

encoding a c-di-GMP responsive transcriptional regulator. In response, BerA protein production 

increases and induces production of Bep exopolysaccharide that stabilizes biofilms (Fazli et al., 2017). 
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In Bcc bacteria, the bceF gene encodes a BY-kinase primarily involved in cepacian exopolysaccharide 

biosynthesis. Ferreira et al. studied the phenotypic effects of the inactivation of bceF on a strain of B. 

cepacia (ΔbceF), and found it affected exopolysaccharide production, resistance to stress, motility, 

biofilm formation, and virulence. Despite the impaired biofilm formation abilities, ΔbceF had higher levels 

of cyclic-di-GMP. However, it must be considered that the level of cyclic-di-GMP and the transcriptional 

control dependent on this secondary messenger are not the only factors for biofilm formation. In fact, 

the inactivation of the bceF gene had a remarkable effect on the number of genes differentially 

expressed (Ferreira et al., 2013). 

1.5.8. Amino Acids 

Amino acids are abundant in the CF sputum (Palmer et al., 2005) and recent studies indicate they could 

represent a key factor for P. aeruginosa growth in this environment (Palmer et al., 2010; Palmeret al., 

2007). Bernier et al. identified seven amino acids (arginine, ornithine, isoleucine, leucine, valine, 

phenylalanine, and tyrosine) which increased the extent of biofilm formed on an abiotic substratum 

compared to glucose (Bernier et al., 2011). This increase could result from the additional source of 

nitrogen, in addition to the ammonia provided in the medium, by the amino acids. However, the 

contribution of this nitrogen to the biofilm phenotype is not yet clear (Bernier et al., 2011). On the other 

hand, proline seems to promote planktonic growth, (Bernier et al., 2011) while glutamate is known to 

induce biofilm dispersion (Sauer et al., 2004).  

Figure 8. c-di-GMP regulatory pathway. c-di-GMP is synthesized from two GTPs by GGDEF domain DGCs. c-di-
GMP is hydrolyzed by EAL domain PDEAs into the linear pGpG before being hydrolyzed by other PDEs into two 
GMPs. HD-GYP domain PDEs hydrolyze c-di-GMP completely into two GMPs. Numerous studies have shown that 
c-di-GMP activates EPS production and biofilm formation but inhibits motility and virulence. These processes are 
regulated by c-di-GMP through a variety of pathways, as discussed in the text. PilZ domain proteins are one class 
of c-di-GMP sensor, although others likely exist. The mechanism(s) by which PilZ domain proteins transduce 
changes in c-di-GMP into downstream physiological effects is unknown. Retrieved from (Tamayo et al., 2007) 
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Arginine and pyruvate are the only two known substrates to be fermented by P. aeruginosa (Eschbach 

et al., 2004). Therefore, considering that the CF lung might represent an anoxic or microaerophilic 

environment (Alvarez-Ortega & Harwood, 2007) and the oxygen-limiting conditions within bacteria 

aggregates, growth in the presence of this amino acid allows the generation of ATP via substrate level 

phosphorylation.  

D-Amino acids are produced by several bacteria in stationary phase (Lam et al., 2009) and are 

generated by racemases (Yoshimura & Esaki, 2003). Kolodkin-Gal et al. found that P. aeuriginosa’s 

mutants on gene ylmE or racX, whose predicted products exhibit sequence similarity to known 

racemases, alone showed a modest delay in biofilm disassembly. However, double mutant cells for the 

putative racemases were substantially delayed in disassembly. Cells engineered to overexpress ylmE 

were blocked in biofilm formation, further attesting the hypothesis (Kolodkin-Gal et al., 2010).  

On the same study, medium containing D-amino acids was shown to have the ability to prevent biofilm 

formation, but also to disrupt already established biofilms. Indeed, D-tyrosine and a D-amino acid 

mixture, were active in inhibiting biofilm formation in a liquid medium, as well as on a solid medium 

(Kolodkin-Gal et al., 2010). The fact that this effect is prevented by D-alanine, seems to indicate it results 

from the incorporation of D-amino acids into the peptide side chains of peptidoglycan in place of the 

terminal D-alanin. TasA fibers, precursors for amyloid-like fibers, are anchored to the cell wall. The 

incorporation of D-amino acids into the cell wall might disengage the fibers from their anchor, resulting 

in the observed disassembly of biofilm structures (Kolodkin-Gal et al., 2010).  

Given that many bacteria produce D-amino acids, these amino acids may provide a general strategy for 

biofilm disassembly. If so, then D-amino acids might prove widely useful in medical and industrial 

applications for the prevention or eradication of biofilms (Kolodkin-Gal et al., 2010). 

1.5.9. sRNA 

Small noncoding RNAs (sRNAs) bind with proteins, or other RNA molecules exerting regulatory 

functions. Since Romeo et al. discovered the RNA-binding proteins CsrA and sRNA CsrB and found 

their roles in E. coli biofilm formation and dispersal, sRNA have been found to have an important role in 

the bacterial regulatory networks controlling the switch between the planktonic and the biofilm mode 

(Romeo et al., 1993) 



19 

One well-studied example of such control is P. aeruginosa GAC 

signal-transduction network, represented in Figure 9. GacS is a 

transmembrane sensor kinase, which induces the phosphorylation 

of its cognate regulator, GacA, which can also be phosphorylated 

by sensor kinase LadS and blocked by RetS. Phosphorylated 

GacA stimulates the production of two sRNAs: RsmY and RsmZ, 

which have multiple binding sites for the regulatory protein RsmA. 

As a translational repressor, RsmA binds to the target mRNAs to 

promote bacterial motility and repress biofilm formation. 

Sequestration of RsmA by sRNAs RsmY and RsmZ switches 

planktonic mode to biofilm formation (Kay et al., 2006). 

1.5.10. Stress Factors 

The intrinsic properties of pathogens alone, or the existence of an 

innate immune defect on CF patients, does not account for the 

typical antimicrobial resistance and chronic nature of CF infections. 

In fact, it would seem that conditions produced by the basic CF 

defect somehow induce these infection phenotypes. Several 

studies suggest that biofilm formation could be responsible for the 

phenotypes associated with chronic infections (Staudinger et al., 

2014).  

Within the CF lung, colonizing bacteria face an environment with high osmolarity, heterogeneous 

distribution of oxygen and nutrients, high concentration of antimicrobials, and constant challenge by the 

host immune defenses. These factors exert a selective pressure in colonizing bacteria and are thought 

to be the driving force of microevolution in pathogens (Silva et al.,2013). As a result of inflammation, 

bacteria are exposed to high levels of reactive oxygen species (ROS) and reactive nitrogen species 

(RNS), which are generated primarily by neutrophils as part of the host’s innate immune response. ROS 

and RNS contribute to mutations that confer an adaptive advantage to bacteria in CF patient’s airway 

(Ciofu et al., 2005). Consistent with this notion, ROS and RNS react robustly with biomolecules including 

DNA, protein and lipids. DNA reactions result in pro-mutagenic and cytotoxic DNA lesions. Pro-

mutagenic lesions are damaged DNA bases that can make non-Watson–Crick base pairs, resulting in 

nucleotide misinsertions during replication. If unrepaired, mutations result in the ensuing replication 

phase (Hassett et al., 2009) 

Genetic analysis of P. aeruginosa isolates from independent CF patients revealed that mutations such 

as loss-of-function in the lasR gene are common targets of mutation. These include adaptations that 

make P. aeruginosa exhibit a less aggressive form of life. This happens due to attenuation in the 

expression of virulence factors, immunostimulatory products such as flagella and LPS and the initiation 

of a biofilm mode of growth. Chronically persisting P. aeruginosa undergoes metabolical adaptation to 

the aerobic microenvironment found within mucin plugs and consequently upregulate metabolic 

Figure 9. Pseudomonas aeruginosa GAC 
regulatory network. Phosphorylation of 
regulatory protein GacA by GacS and LadS 
but inhibited by RetS. Phosphorylated 
GacA promotes the production of RsmY 
and RsmZ. that sequester RsmA and block 
its mRNA-binding function. RsmA would 
prevent mRNA, translation and increased
cell motility with decreased biofilm 
formation. 
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enzymes and metabolite transporters for anaerobic survival. Increased levels of OprF expression may 

indicate improved NO3−/NO2− utilization. Although several adaptive changes are conserved, there 

remains extensive P. aeruginosa phenotypic diversity, as demonstrated by the comparison of multiple 

isogenic isolates recovered from single CF patients (Hogardt & Heesemann, 2010).  

Studies have shown that Bcc nonmucoid isolates form more biofilm than the mucoid isolates and have 

virulence attenuation in animal models of infection. This colony morphotype variation in bacteria reflects 

their adaptation to the surrounding environment, whether it occurs by phase variation or by irreversible 

mutational events. Since phase variation is a spontaneous and reversible process, it is likely that the 

mucoid-to-nonmucoid switch occurring in Burkholderia exposed to stress conditions results from 

irreversible mutations (Silva et al., 2013). 

1.5.10.1. Antimicrobials  

One of the most significant aspects of the biofilm growth mode is that microorganisms escape the host 

immune response and are much less susceptible to antibiotics than are their planktonically grown 

counterparts.  

Several hypotheses explain the antibiotic tolerance of bacterial biofilms including physical barriers to 

antibiotic penetrance from extracellular matrix that biofilms produce (Pugliese & Favero, 2002; Stewart, 

1996), the production of periplasmic glucans (Mah et al., 2003), slow growth (Anwar et al., 1992) and/or 

the presence of metabolically inactive persister cells within a biofilm that are inherently tolerant to 

antibiotics (Lewis, 2005).  

Efflux pumps allow bacteria to pump intracellular toxins out, including antibiotic drugs. Although they are 

also expressed in planktonic cells, some efflux pump genes are upregulated in biofilm, indicating that 

they contribute to its increased antibiotic resistance. Zhang et al. identified a novel P. aeruginosa efflux 

pump gene PA1874–1877 which confers resistance to tobramycin, gentamicin and ciprofloxacin and 

whose expression level is much higher in biofilms than in planktonic cells (Zhang & Mah, 2008). 

Inside biofilms there is limited availability of oxygen and nutrients, therefore cells, especially those in the 

deep layers, have a slow metabolic rate, as well as growth rate and division rate. These features make 

biofilm bacteria more insensitive to antibiotic drugs, especially those that target dividing cells (Ashby et 

al., 1994). Within biofilms there is also a small subpopulation of cells called persister cells whose growth 

rate is zero or extremely close to zero. Most of the antibiotics that are currently used, which target 

processes which are relevant for cell growth or division, are not effective against persister cells. 

Therefore, these cells act as disease reservoirs that could reactivate into infectious particles once the 

antibiotic stress has been removed(Lewis, 2007). 

For planktonic cells, suspension with an antimicrobial agent rapidly exposes all cells to its full dose. 

Conversely, the rate of transport of antimicrobial agents into biofilms is important. Considering that the 

rate of antibiotic penetration through a biofilm is decreased in comparison to the rate of transport through 

a liquid, then the bacteria may be exposed to a gradually increasing dose of the antibiotic and may have 
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time to mount a defensive response to the agent (Stewart, 1996 ; Jefferson et al., 2005). Experimental 

data suggests that this retardation is often compound and/or biofilm specific. This is clearly illustrated 

by the penetration of antimicrobial agents into the alginate-containing P. aeruginosa biofilm. 

Aminoglycoside antibiotics, such as gentamicin and tobramycin, bind to alginate making it’s penetration 

considerably slower than that of β-lactam antibiotics (Gordon et al., 1988). In addition, the presence of 

inactivating compounds can greatly influence the effective penetration; for example, extracellular β-

lactamase activity can have a dramatic effect on the penetration of penicillins in P. aeruginosa biofilms 

(Bagge et al., 2004).  

Studies on B. multivorans, B. cenocepacia and B. dolosa strains have shown that for the β-lactams 

meropenem and piperacillin-tazobactam the minimal concentrations required to inhibit biofilms (minimal 

biofilm inhibitory concentration (MBIC)) were considerably higher than the minimum inhibitory 

concentrations (MICs) for planktonic cells (Caraher et al., 2006). The combination of multiple antibiotics 

to increase the in vitro effect against Bcc biofilm isolates is not straightforward. A study by Dales et al. 

showed that 59% of 47 Bcc isolates recovered from CF patients were resistant to all 27 double antibiotic 

combinations tested, while 18% of all isolates were resistant to all 67 triple antibiotic combinations. The 

most effective double antibiotic combination against Bcc biofilms was meropenem combined with high-

dose (200 µg/ ml) tobramycin (35% of all isolates were inhibited), while the most effective triple antibiotic 

combination contained meropenem, piperacillin tazobactam and high-dose tobramycin (53% of all 

isolates were inhibited) (Dales et al., 2009).  

Treatments with acetic acid, chlorhexidine, hydrogen peroxide and NaOCl do not result in the eradication 

of Bcc biofilms. This reduced susceptibility to oxidizing disinfectants not only has implications for 

infection control but, as these oxidative agents are being produced by neutrophils as part of the 

endogenous defense against microorganisms (Saldías & Valvano, 2009), may also have implications 

for pathogenesis. Reduced activity of a cetylpyridinium chloride nanoemulsion against Bcc biofilms has 

also been reported and the median increase in MBIC and minimum biofilm eradicating concentration 

compared with the respective MICs and minimum bactericidal concentrations for the six strains tested 

was 12-fold and 11-fold, respectively (Lipuma et al., 2008).  

As it was mentioned before, Bcc nonmucoid clinical isolates form more biofilm than the mucoid isolates 

and have virulence attenuation in animal models of infection. Since CF patients are often exposed to 

antibiotic therapy, the presence of antibiotics of clinical relevance could be a factor triggering the mucoid 

morphotype variation. A study by Zlosnik et al. found that for two Burkholderia clinical isolates, the 

presence of ciprofloxacin and ceftazidime could induce a mucoid to nonmucoid phenotypic switch, 

therefore privileging aggregate formation. In addition to this antibiotics (Zlosnik et al., 2011). Silva et al. 

have also found that amikacin and kanamycin trigger the nonmucoid morphotype variation of B. 

multivorans D2095, and ciprofloxacin induced mucoid-to-nonmucoid morphotype variation in three other 

Bcc isolates from different species. These observations raise the question on whether antimicrobial 

therapy, by possibly triggering morphotype variation within the CF lung, contributes to disease 

progression (Silva et al., 2013). 



22 

1.5.10.2. Oxygen and Nitrate 

Given that CF patients suffer from pulmonary insufficiency, it is highly likely that oxygen tension plays a 

part in the stability of the genomic content of infecting strains, as well as the metabolic behavior of 

bacteria within the airway mucus.  

Studies have shown that P. aeruginosa preferentially binds to 

mucus rather than epithelial cell  surfaces Compared with a 

normal airway epithelial function CF airway epithelia 

excessively absorb Na+, Cl– and water from the lumen, 

depleting the periciliary liquid layer, having impaired mucus 

clearance (Jiang et al., 1993). Accelerated Na+ absorption is 

fueled by an increased turnover rate of ATP-consuming Na+-

K+-ATPase pumps  leading to a two- to threefold increases in 

CF airway epithelial O2 consumption (Peckham et al., 

1997).The persistent mucin secretion into stationary mucus 

generates plaques/plugs. The combination of thickened mucus 

and raised O2 consumption by CF epithelia generates steep O2 

gradients within adherent mucus. Bacteria deposited on 

thickened mucus have the ability to penetrate into hypoxic 

zones (Worlitzsch et al., 2002).  

P. aeruginosa’s response to hypoxia stress seems to involve 

increased alginate production which seems to be part of the 

process that forms planktonic aggregates, the predominant 

phenotype of P. aeruginosa in CF airways. Interestingly, 

Staphylococcus aureus also responds to the hypoxic 

environment of CF mucus with a switch from nonmucoid to a 

mucoid phenotype (Cramton et al., 2001). P. aeruginosa’s 

capacity to proliferate in hypoxic mucus further generates a fully 

anaerobic condition in patients with persistent CF airways 

infection, and alginate production is maintained by anaerobic 

conditions (Hassett et al., 2009). The reduced O2 tension in the 

Figure 10. Schematic model of the pathogenic events hypothesized to lead to chronic P. aeruginosa infection in 
airways of CF patients (a) On normal airway epithelia, a thin mucus layer (light green) resides atop the PCL 
(clear). A normal rate of epithelial O2 consumption produces no O2 gradients within (denoted by red bar). (b–f) 
CF airway epithelia. (b) mucus becomes adherent to epithelial surfaces, and mucus transport slows/stops. (c) 
Persistent mucus hypersecretion (denoted as mucus secretory gland cell units; dark green) with time increases 
the height of luminal mucus plugs, generating steep hypoxic gradients (blue color in bar) (d) P. aeruginosa 
bacteria deposited on mucus surfaces penetrate actively and/or passively into hypoxic zones within the mucus 
masses. (e) P. aeruginosa adapts to hypoxic niches within mucus masses with increased alginate production 
and biofilm formation (f) Aggregates resist secondary defenses, including neutrophils, rendering the now 
mucopurulent mass hypoxic (blue bar). Retrieved from (Worlitzsch et al., 2002) 
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mucopurulent intraluminal contents of CF airways may, therefore, be one variable contributing to the 

persistence of P. aeruginosa aggregates in CF airways, as represented in Figure 10.  

A study by Yoon et al. found that the titers of outer membrane protein OprF antibodies were nearly 

identical to titers produced in in vitro anaerobic biofilms, while Son et al. measured P. aeruginosa’s 

clinical isolates gene expression and found that a large number of upregulated genes were involved in 

anaerobic respiration (Son et al., 2007; Yoon et al., 2002). These studies further confirm that P. 

aeruginosa growing as biofilms during chronic infection in the CF lung are subjected to anaerobic 

conditions, thus biofilm formation in the CF airways is dynamically different to that of surface attached 

biofilms reminiscent of catheter, ventilator or stint biofilms from a genetic, physiological and 

morphological standpoint (Hassett et al., 2009). 

Under conditions of oxygen limitation, growth of P. aerguinosa is predominantly driven by denitrification, 

in which nitrate or nitrite serve as the terminal electron acceptors through the action of four reductases 

(Petrova et al., 2012). The activation/up-regulation of the components of the denitrification pathway has 

been repeatedly observed within in vitro biofilms and during persistent P. aeruginosa infections, with 

sensing and processing of nitrate and other intermediate forms playing an essential role in the 

establishment, maintenance, resistance, and dispersal of biofilms in vitro and in vivo (Alvarez-Ortega & 

Harwood, 2007; Hassett et al., 2009).  

1.5.10.3. Pyruvate 

P. aeruginosa was shown to be capable of utilizing pyruvate fermentation for survival under conditions 

of oxygen limitation in the absence of nitrite and nitrate (Eschbach et al., 2004). The process involves 

the conversion of pyruvate to lactate, acetate, and/or succinate, with experimental evidence suggesting 

that the lactate and acetate producing branches of the pathway are predominant. Inactivation of lactate 

dehydrogenase (LdhA), which converts pyruvate to lactate and regenerates NAD+, severely impairs 

pyruvate fermentation and compromises survival on pyruvate under conditions of electron abundance 

(Eschbach et al., 2004). Consistent with a role of pyruvate fermentation as a microcolony-specific 

adaptation mechanism, an ldhA mutant was impaired in biofilm microcolony formation with exogenous 

nitrate or pyruvate being unable to restore microcolony formation (Petrova et al., 2012).  

Studies of P. aeruginosa growing under anaerobic, aerobic and oxygen-limiting conditions, strongly 

suggest that pyruvate is used as a means of redox balancing. Consistent with a role of LdhA in 

regenerating reducing equivalents under oxygen-limiting conditions, expression of LdhA in P. 

aeruginosa wild-type (Wt) correlated with a significant increase in biofilm biomass accumulation and 

microcolony formation and decreased NADH/NAD+ ratios (Petrova et al., 2012). 

A recent study by Goodwine et al. demonstrated that pyruvate depleting conditions coincided with loss 

of the P. aeruginosa biofilm biomass and that loss was due to dispersion. More specifically, the 

dispersion seems to be due to impaired maintenance of redox balance and cellular homeostasis, 

induced by pyruvate deprivation (Goodwine et al., 2019). It had been demonstrated that P. aeruginosa 
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produces and secretes pyruvate under favorable conditions but to utilize pyruvate under anoxic 

conditions to sustain survival (Petrova et al., 2012). It is likely that Pseudomonas aeruginosa bioflm cells 

localized at the periphery and interstitial anaerobic regions of biofilm microcolonies produce and secrete 

pyruvate that not only diffuses out into the surrounding environment but also toward the central anoxic 

core of microcolonies. Overall, targeting pyruvate availability potentiates the efficacy of antimicrobial 

agents in killing biofilm cells and thus, improve the ability to eradicate persistent biofilm infections 

(Goodwine et al., 2019). 

A study by Silva et al. implicated the D-lactate dehydrogenase, LdhA, in the formation of planktonic 

cellular aggregates and biofilms by B. multivorans, indicating that pyruvate fermentation could also be 

a relevant adaptation for this strain within CF patient’s lungs (Silva et al., 2017b).  

1.5.10.4. Iron  

Iron, which is the most important metal for living organisms, in catalytic form can trigger the Fenton chain 

reaction and amplify the generation of ROS with deleterious effects to cells, contributing heavily to 

subsequent clinical complications in the lungs of CF patients. Reid et al. have demonstrated the 

existence of a significant relationship between the increase of sputum iron content and the decrease of 

lung function (Reid et al., 2002). It is important to underline that in healthy humans the lower respiratory 

tract, as well as all mucosa, contains a very low free iron concentration (10-18 M) as this element is bound 

predominantly to iron-chelating proteins, as transferrin and lactoferrin (Weinberg, 1978). This iron 

concentration is very far from those inducing significant ROS formation, and to that which is required by 

bacteria to grow and survive (10-6 M). Conversely, the iron concentration in CF patient sputum is very 

high, showing a median value of 63x10-6 M and ranging between 17 to 134x10-6 M (Reid et al., 2002; 

Stites et al., 1998).  

Lactoferrin, a cationic glycoprotein able to chelate two Fe3+ ions per molecule with high affinity, is 

synthesized by exocrine glands and neutrophils in infection and inflammation sites (Valenti & Antonini, 

2005). In the CF airway secretions, the high concentrations of proinflammatory cytokines, including 

Interleukin-8, recruit neutrophils which synthesize and secrete lactoferrin, which as a consequence, is 

found at higher concentrations in airway secretion of CF patients than in healthy humans (up to 0.1 and 

0.01 mg/ml, respectively) (Sagel et al., 2009). Lactoferrin exerts multiple antimicrobial functions both 

dependent on and independent of its iron-withholding ability. Although the mechanism of action is not 

fully elucidated, lactoferrin also demonstrates anti-inflammatory activity, which contributes to protection 

of the mucosa from inflammation-related damage (Valenti et al., 2011). 

It is well known that high iron availability increases bacterial virulence  and promotes bacterial growth 

(Schaible & Kaufmann, 2004). Moreover, P. aeruginosa and Bcc bacteria, similarly to other aerobic 

bacteria, are able to acquire Fe3+ through various mechanisms including: i) the synthesis of proteases 

to degrade host Fe-binding proteins leading the iron release; ii) reduction of insoluble Fe" to soluble Fe2+ 

by membrane reductases; iii) production of siderophores, low-molecular iron-binding compounds, which 

compete with transferrins for iron acquisition (Berlutti et al., 2005).  
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The presence of siderophores in CF patient sputa has been well documented by Haas et al., indicating 

that the iron overload in CF patient airways could enhance the colonization and persistence of P. 

aeruginosa and Burkholderia even if subjected to aggressive and long-term antibiotic therapy (Haas et 

al., 1991). Conversely, Singh et al. have demonstrated that the iron deficiency, induced in vitro by apo-

lactoferrin as iron chelating molecule, decreased microbial virulence by inhibiting the P. aeruginosa 

PAO1 biofilm formation and development. In fact, under iron-stress condition, P. aeruginosa PAO1 is 

highly motile with a specialized form of motility, named switching motility, activated. Consequently, the 

bacterium disperse on the surface instead of adhering, so there is no biofilm formed. On the other hand, 

100% iron-saturated lactoferrin did not inhibit the formation of biofilm (Singh et al., 2002). In fact, P. 

aeruginosa PAO1 and B. cenocepacia PV1 cultured under low-iron availability (1μM Fe3+) were in free-

living form while under iron-loaded (10 and 100 μM Fe3+) abundant aggregates evolving in biofilm were 

observed (Berlutti et al., 2005). P. aeruginosa mutants inactivated in the high affinity pyoverdine iron 

acquisition system only form thin unstructured biofilms even when grown in iron-sufficient medium, thus 

further demonstrating that iron controls microcolony formation (Banin et al., 2005). Coenye et al. also 

showed that physiological concentrations of the iron-binding glycoprotein lactoferrin inhibited the growth 

of planktonic and sessile Bcc cells, and that the biofilms formed in the presence of lactoferrin contained 

significantly less biomass than untreated biofilms after 24 h. However, several Bcc strains were capable 

of overcoming this antibiofilm effect and at 48 h treated biofilms were very similar to untreated ones 

(Coenye, 2010) 

1.5.10.5. Mannitol 

A subset of strains of P. aeruginosa (PAO1 and FRD) grown as biofilms on an abiotic surface (plastic) 

were approximately 1000-fold more sensitive to tobramycin treatment with co-administration of mannitol 

and tobramycin (Barraud, et al., 2013). However, an additional clinical isolate remained resistant to 

tobramycin, even with co-administration of mannitol and tobramycin, suggesting that tobramycin 

sensitization by mannitol is strain specific and is not generalizable (Price et al., 2015). 

Price et al. used an in vitro model system of bacterial biofilm formation on CF airway cells in order to 

investigate the relevance of mannitol and tobramycin synergy to the CF patient population. P. 

aeruginosa grown in this model system recapitulates several key aspects of chronic biofilm formation, 

including microcolonies formation, expression of genes associated with biofilm growth, induction of 

quorum sensing, requirement for genes necessary for biofilm formation on abiotic surfaces and, of 

clinical importance, high-level antibiotic tolerance consistent with biofilms in clinical settings (Anderson 

et al., 2008; Moreau-Marquis et al., 2008). All the strains tested (PA14, PAO1, mucoid clinical isolate 

FRD1, and five other clinical strains) did not present increased sensibility to the co-administration of 

mannitol and tobramycin. Mannitol is currently used as a therapeutic that hydrates mucus allowing for 

increased mucociliary and cough clearance of retained secretions in the airways of individuals with CF 

(Bilton et al., 2013). The model system does not produce mucus, therefore the effect that mucus 

viscosity/ hydration has on tobramycin efficacy was not tested. Thus, is formally possible that better 

hydration of the airways may allow better penetrance and consequently better effectiveness of 
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antibiotics. However, in the clinical trial, it was not observed any change in the P. aeruginosa load in 

patients given mannitol versus placebo control despite maintaining their current CF therapies including 

inhaled antibiotics (Bilton et al., 2013), supporting the idea that tobramycin and mannitol do not 

synergize in the treatment of P. aeruginosa biofilms formed on airway cells.  

Mannitol is one of several sugars and sugar alcohols that can induce the overproduction of EPS by 

members of the Bcc, resulting in a extreme mucoid phenotype (Bartholdson et al., 2008). Since 

colonization with BCC was amongst the exclusion criteria for participation in the mannitol powder clinical 

trials, the impact of this osmolyte therapy on the course of infection in Burkholderia-infected patients 

has yet to be determined. 

Irrespective of the role played by EPS during Bcc infection of the CF lung, it is now apparent that growth 

on mannitol rich medium can have EPS-independent effects on B. multivorans that impacts virulence-

associated traits. A comparison of isogenic EPS-proficient and EPS-deficient strains revealed that the 

adherence of a clinical isolate of B. multivorans to mucin was enhanced following growth in mannitol 

rich medium. This enhanced adherence was independent of EPS production and was instead 

associated with the upregulation of newly identified fimbrial and afimbrial adhesins (Denman & Brown, 

2013). 

A study by Denman et al. found that growth of B. multivorans in the mannitol rich medium has a profound 

effect on the transcriptome and resulting phenotype of the Bcc bacteria, influencing biofilm formation 

and resistance, epithelial cell invasion, motility, and virulence in the Galleria mellonella infection model. 

This phenotypic response appears largely independent of EPS production (Denman et al., 2014).  

1.5.11. Burkholderia multivorans planktonic aggregates 

Not much is known regarding the formation of planktonic aggregates by Bcc bacteria. However, Silva et 

al. have shown that both environmental and clinical isolates of various Bcc species form planktonic 

aggregates in salts media with different carbon sources like fructose, glucose or mannitol (Silva et al., 

2017).  

The most recent work concerning Burkholderia multivorans planktonic aggregates was done by Ferreira 

(2018), where screening of a genetic library created through random insertional mutagenesis resulted 

on a selection of a number of mutants presenting different aggregation phenotypes. The identification 

of the disrupted genes resulted in several different results with no apparent connection between genetic 

mechanisms and phenotypes identified. However, off the mutants selected, some are noteworthy, 

namely mutant G38. G38 presented a reduced ability to produce macroscopic aggregates when 

compared to its ancestor, also displaying decreased swarming motility, exopolysasccharide production, 

and growth rate in SCFM. The gltB gene encodes a glutamate synthase whose malfunction might cause 

accumulation of glutamine and subsequent inactivation of the NtrBC signaling system, which is known 

to regulate swarming motility. The mutant E70 displayed a lower capacity to form aggregates and 

presented a disruption on the ppsA gene, which encodes a phosphoenolpyruvate synthase that converts 
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pyruvate into phosphoenolpyruvate and is involved in formation AHL in B. cenocepacia. B74 had rpsl 

gene interrupted, which encodes a ribosomal protein, S9, involved in 30S subunit assembly being 

therefore involved in translation. One mutant, which produced large planktonic aggregates, but 

nevertheless displayed decreased virulence and capacity to produce surface attached biofilms, 

presented a disruption of the gene that encodes a xanthine dehydrogenase molybdenum-binding 

subunit XdhA, which is an enzyme required for purine salvage pathways, which is important for energy 

and GMP/GTP maintenance, and subsequently, c-di-GMP. Purine is also essential for the synthesis of 

components which include it in its structure, such as DNA, RNA, cofactors, signaling molecules and 

carriers of energy which integrate purine in its structure. Taking this into account, Ferreira (2018) 

suggested that c-di-GMP could possibly be involved in a key in mechanism in the different formation of 

the two types of biofilms. Furthermore, ribosomal proteins, quorum-sensing control and cell membrane 

constitution may contribute for aggregate formation, as well as proteins involved in nitrogen and lipid 

metabolism (Ferreira, 2018). 

Gomes (2018) tested the impact of different stresses on a clinical isolate ability to aggregate, while most 

stresses seem to induce the aggregate phenotype, osmotic stress and nitrogen excess impact seems 

to be strain specific. Ciprofloxacin was found to induce the formation of planktonic aggregates on 

isolates that previously did not display this phenotype and resulted on a great increase on aggregate 

biomass percentage (Gomes, 2018).  

Taking into account previous works concerning the LdhA enzyme, its impact on the aggregation 

phenotype was tested. For that purpose an ldhA mutant of a clinical isolate presenting the aggregation 

phenotype was constructed and its ability to aggregate evaluated. Compared to the wild-type it showed 

a general decrease in aggregation, while the overexpression of LdhA resulted in a strong increase, 

further confirming its role on aggregation (Gomes, 2018). 

An evolution assay of 30 days was performed using a clinical isolate which was previously shown not 

to present the ability to aggregate. During the assay the phenotype changed and the genome of the 

colony obtained from the last time point was sequenced, and the acquired mutations were analyzed. 

Mutations in the genes amiC, nlpD, and flp were considered relevant. The first encodes a peptidoglycan 

hydrolase involved in peptidoglycan degradation which has a role in septum cleaving during cell division, 

the second encodes for a lipoprotein, NlpD, which anchors to the membrane and interacts with the 

peptidoglycan, also influencing cell division by modulating AmiC, while the third one is related to the 

expression of adhesive Flp pili, possibly leading to alteration of pili production and higher cell adhesion. 

These results seem to indicate that cell division and adhesion play key roles in planktonic aggregation 

of B. multivorans (Gomes, 2018). 

1.6. Aims of this Thesis 

CF patient’s infection with Bcc is generally chronic and correlates with poorer prognosis, longer hospital 

stays and an increased mortality. Recent studies suggest that opposed to harboring bacteria firmly 

attached to a surface, chronic infections can be characterized by aggregates suspended within host 
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tissue or lumen (Bjarnsholt et al., 2009). These aggregates share the same hallmarks as biofilm growth, 

with some classifying them as such, which consists of a more efficient resistance to antibiotic’s action 

while conferring them a greater protection from the immune response of the host. Therefore, a promising 

way to enhance antibiotic therapy or to uncover novel treatment options for Bcc chronic infections is to 

understand the genetic adaptation involved in the formation of planktonic aggregates. 

The aim of this work is to study mechanisms responsible for the formation of cellular aggregates in 

Burkholderia multivorans. The approach taken makes use of a cystic fibrosis isolate able to form large 

cellular aggregates to construct a transposon mutant library, followed by screening to identify mutants 

with reduced ability to form cellular aggregates. After identification of mutated genes, the effect of each 

mutation not only in cellular aggregation, but also in other phenotypes such as: motility, 

exopolysaccharide production, antibiotic susceptibility and growth rates, will be characterized. The 

objective is to understand not only the genes involved in cellular aggregates formation, but also, it’s 

possible impact on other phenotypes. An aggregation kinetics assay will also be performed in order to 

allow a better understanding of the processes enabling aggregate formation.  
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2. Materials and Methods 

2.1. Bacterial strains and growth conditions 

The bacterial strains and plasmids used in this study are listed in table 2. The E. coli strain were grown 

at 37ºC in Lennox Broth (LB) with or without agar, supplemented with kanamycin (50 μg/ml) or 

chloramphenicol (25 μg/ml) when required to maintain selective pressure. Burkholderia multivorans 

P0213-1, a clinical isolate from a cystic fibrosis patient (patient P0213), and its derivative strains were 

grown in LB or in SM medium (12.5 g/l Na2HPO4.2H2O, 3 g/l KH2PO4, 1 g/l K2SO4, 1 g/l NaCl, 0.2 g/l 

MgSO4.7H2O, 0.01 g/l CaCl2.2H2O, 0.001 g/l FeSO4.7H2O, 1 g/l yeast extract, 1 g/l casamino acids, pH 

7.2), supplemented with 20 g/l of D-mannitol with or without agar, supplemented with kanamycin (500 

μg/ml) when required to maintain selective pressure, at 37ºC with 180 or 250 rpm of orbital agitation.  

Table 2. Strains and plasmids used in this study. 

Bacterial strains or 

plasmids 
Description 

Reference or 

source 

Burkholderia multivorans 

Burkholderia multivorans 

P0213-1 

Cystic fibrosis isolate, Canada 

Date of isolation 13-02-1996 

ID: VC7495 

D.P Speert 

University of 

British Columbia 

F11 
P0213-1 derivative with the plasposon 

pTnMod-Kmr, inserted in ppsA gene 

This work(M. R. 

Ferreira, 2018) 

F82 
P0213-1 derivative with the plasposon 

pTnMod-Kmr, inserted in the genome 
This work 

C93 
P0213-1 derivative with the plasposon 

pTnMod-Kmr, inserted in tctD gene 
This work 

C84 
P0213-1 derivative with the plasposon 

pTnMod-Kmr inserted in the genome 
This work 

C85 
P0213-1 derivative with the plasposon 

pTnMod-Kmr, inserted in the genome 
This work 

D23 
P0213-1 derivative with the plasposon 

pTnMod-Kmr, inserted in the genome 
This work 

Escherichia coli 

DH5-α 
DH5α recA1 Δ(lacZYA-argF)U169 

ϕ80dlacZΔM15 
Gibco BRL 

Plasmids 

pTnModΩkm 
Carrying a Kmr 

Plasposon with pMB1oriR 

(Dennis & Zylstra, 

1998) 

pRK600 
ColE1 oriV; RP4tra+ RP4oriT; Cmr 

helper in triparental matings 
(Kessler, 1992) 
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2.2. Transposon mutant library construction 

A transposon mutant library of the clinical isolate B. multivorans P0213-1 (recipient) was constructed 

through triparental conjugation using an E. coli carrying the pRK600 plasmid as a helper and an E. coli 

carrying the pTnModΩkm plasmid as a donor (Figure S1). The donor strain was inoculated in 3 mL of 

LB with kanamycin, while the helper strain was inoculated in 3 mL of LB with chloramphenicol and the 

recipient strain was inoculated in 3 mL of LB. The three cultures were incubated at 37ºC with orbital 

agitation of 250 rpm for 5 hours. Following incubation, 1 mL of the recipient liquid culture was mixed 

with 1 mL of both helper and donor. The final mixture was transferred to a LB plate at 30ºC for 24 hours. 

This conjugation mixture was then resuspended in 1ml of LB, 100 μl were plated onto 10 LB plates 

supplemented with 500 μg/ml kanamycin and 40 μg/ml gentamicin and the plates were incubated at 

37ºC for 24 hours. The mutant colonies suspension was mixed to the same volume of 60% of glycerol 

into a well of 96-well plates and frozen at - 80ºC with. The mutant colonies were numbered, from 1 to 

96 and named as following: K5 (mutant of cystic fibrosis isolate P0213-1 from well 5 of plate K). 

2.3. Screening of transposon insertion libraries  

Each bacterial mutant was grown overnight in 3 mL of SM medium at 37ºC with 250 rpm of orbital 

agitation. Suspensions with Optical Density 640 nm (OD640) 0,1, were prepared with fresh SM medium 

and incubated at 37ºC with 180 rpm of orbital agitation for 48 hours. After this time, each mutant was 

observed macroscopically and microscopically for aggregates and compared with wild-type (B. 

multivorans P0213-1) strain. 

2.4. Microscopy analysis 

B. multivorans strains grown in SM medium for 48 hours were visualized on Zeiss Axioplan microscope, 

equipped with an Axiocam 503 color Zeiss camera, using a 10x 0.3 NA objective, and controlled with 

the Zen software. 

2.5. DNA manipulation techniques 

Genomic DNA from B. multivorans strains was extracted using a protocol previously described (Meade 

et al., 1982). Plasmid DNA isolation and purification, DNA restriction, agarose gel electrophoresis, DNA 

amplification by PCR and E. coli transformation were performed using standard procedures.  

2.6. Detection of the plasposon in the genome of mutants 

To verify if the plasposon was inserted into the genome of selected mutants, a DNA amplification by 

PCR was performed, followed by agarose gel electrophoresis. Genomic DNA was used as template for 

50 μl PCR reactions with 2 μM of primers pTnModΩKm-fw (5’-GCAGAGCGAGGTATGTAGGC-‘3) and 

pTnModΩKm-rev (5’-TTATGCCTCTTCCGACCATC-‘3) and a Taq DNA polymerase enzyme. The 

conditions for the amplification were the following: initial denaturation at 94ºC for 1:30 minutes; 30 cycles 

of 30 seconds at 94ºC, 1 minute at 59ºC, and 1:30 minutes at 72ºC; final extension at 72ºC for 7 minutes. 
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2.7. Identification of the genes disrupted by the plasposon 

The insertion position of the plasposon was determined in selected mutants through the digestion of 

genomic DNA with EcoRI (an enzyme that does not have any cutting sequence the plasposon), followed 

by fragment self-ligation. The ligation mixture obtained was electroporated into electrocompetent E. coli 

cells using a Bio-Rad Gene Pulser II system (400 Ω, 25 µF, 2.5 kV) that after being grown on LB medium 

at 37ºC with orbital agitation of 250 rpm for 1 hour, were plated on the selective LB medium 

supplemented with kanamycin (50 μg/ml). Plasmids were then recovered using the ZR Plasmid 

Miniprep™-Classic kit (Zymoresearch®), following the manufacturer´s instructions. The recovered 

plasmids were sequenced using primer kmR (5’-CCTTTTTACGGTTCCTGGCCT-‘3) and oriR (5’-

GTGCAATGTAACATCAGAG-‘3), through a Sanger sequencing system at the Instituto Gulbenkian de 

Ciência (Portugal). The BLAST (Altschul et al., 1997) algorithm was then used to compare sequences 

of the gene disrupted to database sequences available at the National Center for Biotechnology 

Information (NCBI). A BLASTN search was also conducted against the genome sequence of the clinical 

isolate B. multivorans P0213-1 available in our group, but not yet deposited in any repository 

2.8. Growth curves and doubling time estimation 

Cells from an overnight culture were inoculated with an OD640 of 0.1 in 30 mL fresh LB. The culture was 

incubated at 37ºC with 180 rpm of orbital agitation. OD640 readings were taken over an 8 hour period 

and then at 23 and 24 hours. Growth rates were calculated from the exponential phase of growth from 

at least two independent experiments. The doubling time was calculated from the growth rate of the 

exponential growth phase. 

2.9. Quantification of cellular aggregates and free cells 

The quantification of cellular aggregates and free cells was made based on a protocol previously 

described (Haaber et al., 2012), with some adjustments. Cells from an overnight culture were inoculated 

with an OD640 of 0.1 in 30 mL fresh LB. After the culture was incubated at 37ºC with 180 rpm of orbital 

agitation for 48h it was transferred to a 50 mL Falcon tube and centrifuged at 1400 rpm at 25ºC for 30 

seconds. After centrifugation, cell suspensions were left to settle for 10 minutes. The supernatant was 

removed by pipetting and placed in a new 50 mL Falcon tube. After a few quick-spins, the suspensions 

containing the aggregates were transferred to 2 mL, previously weighted, Eppendorf tubes. The 50 mL 

Falcon tubes containing the free cells were centrifuged for 10 minutes at 4000 rpm and 25ºC, allowing 

the separation of free cells from the growth medium. The resulting pellet was resuspended in 5 mL of 

growth medium and after a 2 minute centrifugation at 13400 rpm all free cells of each isolate were 

collected. Two 2 mL Eppendorf tubes were obtained for each strain, one containing all the aggregates 

and another with all the free cells. These tubes were placed, open, at 60ºC during at least 72 hours until 

completely dry and presenting a brown color. The weight of all the Eppendorf tubes containing the 

samples was then measured. 
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2.10. Aggregation Kinetics  

A kinetics assay was performed in order to evaluate aggregate formation throughout cell growth. For 

that, cells from an overnight culture were inoculated with an OD640 of 0.1 in 30 mL fresh SM medium. 

The 24 separate flasks were incubated at 37ºC with 180 rpm of orbital agitation in two different time 

frames, in order to obtain data from four intercalated 12h periods. Time points were measured every 

two hours and a quantification of cellular aggregates and free cells as previously described.  

2.11. Exopolysaccharide production 

YEM (yeast extract mannitol medium) plates containing 4 g/L mannitol, 0.5 g/L yeast extract and 15 g/L 

agar were used to evaluate the production of exopolysaccharide. After inoculation, YEM plates were 

incubated for 48 h at 37°C and the mucoid phenotype due to exopolysaccharide production was 

observed through visual inspection. 

2.12. Antimicrobial susceptibility 

Antimicrobial susceptibility of wild-type and its derivative strains was assessed based on the agar disc 

diffusion method (Bauer et al., 1966). Exponential-phase cells growing on LB medium at 37ºC were 

suspended at a 0.1 OD640. Müller-Hinton agar (Sigma-Aldrich) plates were inoculated with 100 μl of the 

referred suspension. Paper discs (BD BBL Sensi-Disc) containing aztreonam (30 μg), piperacillin (75 

μg) plus tazobactam (10 μg), were applied onto the surface of the inoculated plates. The diameter of 

the growth inhibition zone was measured after 24 hours of incubation at 37°C. Results are the mean 

values from 3 replicates. 

2.13. Motility 

2.13.1. Swarming motility 

The swarming agar plates containing 0.04% (wt/vol) tryptone, 0.01% (wt/vol) yeast extract, 0.0067% 

(wt/vol) CaCl2, 0.6% (wt/vol) bacto agar (Difco) were spot inoculated with a 5 μl drop of a culture with a 

1.0 OD640. After inoculation, swarming plates were incubated for 48 h at 37°C and the diameter of the 

swarming zone was measured. Results are the means of data from 3 replicates.  

2.13.2. Swimming motility 

The swimming agar plates containing 1% (wt/vol) tryptone, 0.5% (wt/vol) NaCl, 0.3% (wt/vol) noble agar 

(Difco) were spot inoculated with a 5 μl drop of a culture with an 1.0 OD640. After inoculation, swimming 

plates were incubated for 24 h at 37°C and the diameter of the swimming zone was measured. Results 

are the means of data from at least six replicates of two independent experiments. 

 



33 

2.14. Statistical analyses 

The statistical significance of differences in the data was determined using the one-way analysis of 

variance (ANOVA) followed by Dunnett’s multiple comparisons test which were performed using 

GraphPad Prism software 8.0.1 for Windows (GraphPad Software, San Diego California USA, 

www.graphpad.com). Differences were considered statistically significant for P-values lower than 0.05. 
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3. Results and Discussion 

3.1. Aggregation Kinetics of Wild-type P0213-1 

In order to study the evolution of aggregation formation throughout the growth, a kinetic analysis was 

performed for 48h, at 37℃ with an orbital agitation of 180 rpm. The results obtained are presented on 

Figure 11. 

It can be noted that on the first eight hours of growth there is virtually no aggregate formation, which 

starts after about 14 hours of growth. The free cells dry weight seems to remain approximately constant 

throughout aggregate formation, while the aggregates dry weight seems to increase steadily. 

Figure 11. Dry weight of planktonic aggregates and free cells of wild-type (P0213-1) grown in LB medium, at 37℃
and 180 rpm of orbital agitation for 48h. Error bars correspond to the standard deviations of the mean values of 
three independent experiments 



35 

3.2. Screening of Burkholderia multivorans plasposon mutants 

When grown in SM medium, which possesses a high carbon to nitrogen ratio, P0213-1 can grow both 

as free cells and planktonic aggregates. These aggregates can range from macroscopic to microscopic 

structures. Previous work by Ferreira (2018) resulted in a construction of a plasposon mutant library 

comprising 900 mutants of isolate P0213-1 of B. multivorans. Of this library, 30 mutants were chosen 

based on the different aggregation phenotype they presented. In order to identify the genetic players 

and molecular mechanisms involved in the formation of bacterial aggregates, these mutants were 

screened to further confirm the aggregation phenotype compared to the wild-type, P0213-1. For this, 

mutants and wild-type strains were incubated at 37 °C with 180 rpm orbital agitation for 48 hours in SM 

medium and visually assessed at microscopic and macroscopic level. Of the original selection, only 6 

mutants were considered relevant (Figure 12), since they seem have a reduced ability to form large 

aggregates.  

Figure 12. Macroscopic screening of the plasposon mutant library of B. multivorans P0213-1 for different abilities 
to form planktonic cellular aggregates. Each culture was grown in SM medium at 37ºC, 180 rpm of orbital
agitation, for 48 hours 
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As it can be accessed by visual observation, mutants selected present fewer and smaller aggregates 

than the Wt. Microscopic evaluation seems to indicate that the smaller aggregates also have a different 

structure than the ones produced by the Wt. As it can be observed on Figure 13, while the fist seem to 

have a cloudy unstructured structure, the Wt presents highly structured aggregates presenting many 

ramifications. 

 

  

Figure 13. Microscopic screening of the plasposon mutant library of B. multivorans P0213-1 for different abilities to 
form planktonic cellular aggregates. Each culture was grown in SM medium at 37ºC, 250 rpm of orbital agitation, for 
48 hours. The same scale is present in all pictures  
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3.3. Detection of the plasposon in the genome of mutants 

In order to confirm that alteration of aggregation phenotype observed was the result of the plasposon 

insertion into the genome and consequent disruption of a gene. The mutant’s genomic DNA was 

extracted, and a PCR amplification was performed using primers designed to amplify the plasposon’s 

internal region, with a specified size of 1161 bp. An electrophoresis in an agarose gel was run on the 

amplification product. As it can be observed from Figure 14 all selected mutants display a band with 

size between 1000 and 1400 bp, corresponding to the expected size of the plasposon fragment, namely 

of 1161 bp. As it was expected, the wild-type P0213-1 did not present a band, confirming the plasposon 

absence and indicating that the insertion of the plasposon is the most likely the cause of the altered 

phenotype. 

 

  

Figure 14. Electrophoretic separation in 0.8% agarose gel of the PCR products of selected mutants, corresponding 
to an internal region of the pTnModΩKm plasposon with an estimated size of 1161 bp. Amplification using the 
plasposon as target DNA was used as a positive control and the Wt as a negative control. DNA marker is the
NZYDNA Leader III. 
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3.4. Identification of the genes disrupted by the plasposon 

After confirming the plasposon insertion in the genome, the identification of the disrupted gene was 

made through the sequencing of the flanking regions of the site where the plasposon was inserted. The 

whole genome was restricted with a restriction endonuclease without recognition sequences within the 

plasposon, such as EcoRI, and the fragments obtained were subsequently self ligated and 

electroporated into electrocompetent E. coli cells. This procedure allowed for the obtention of colonies 

corresponding to each mutant. The plasmids were then extracted and after confirming its size the 

flanking regions were Sanger sequenced. By aligning the sequences obtained (Table S2) against B. 

multivorans ATCC 17616 genome, the disrupted genes were identified.  

Table 3. Genes disrupted by the plasposon were identified in the B. multivorans selected mutants. 

B. multivorans 

mutant 
Chromossome 

Start 

position 

Locus 

Tag 

Gene 

Name 
Annotation 

Homolog in 

B. multivorans 

ATCC 17616 

F11 1 2 422 886 
PROKKA

_02266 
ppsA 

Phosphoenolpyruvate 

synthase 
Bmul_1274 

C93 1 447 574 
PROKKA

_00419 
tctD 

Two component 

transcriptional 

regulator 

Bmul_0075 

F82 1 772 615  
PROKKA

_00729 
- 

Type VI secretion 

protein 
Bmul_2926  

Mutant F11 is disrupted in the ppsA gene, figure 15, which encodes a phosphoenolpyruvate synthase, 

an enzyme that converts ATP and pyruvate into AMP, phosphoenolpyruvate and Pi. This conversion is 

essential for gluconeogenesis and as such PEPs is required for growth when pyruvate or lactate are the 

sole carbon sources. Upon binding of ATP to the N-terminal domain of PEPs, a catalytic residue within 

the central domain, His-421 hydrolyzes the β-phosphate. This generates AMP, Pi and a distinct 

phospho-enzyme intermediate. The C-terminal domain of the phosphorylated enzyme binds to pyruvate 

and transfers the β-phosphate group through a swiveling domain mechanism, to generate 

phosphoenolpyruvate (PEP) (McCormick & Jakeman, 2015). In another study, Ferreira (2018) found 

that a mutant disrupted in the same gene presented the same phenotype observed here. It was noted 

that the disruption could result in the accumulation of pyruvate and acetyl-CoA and perhaps an increase 

of lipid metabolic reactions (Ferreira, 2018).  

Figure 15. Gene disrupted in mutant F11 by insertion of the plasposon and its neighborhood in the B. multivorans 
genome. Gene ppsA is highlighted in blue. Both upstream and downstream genes encode hypothetical proteins  



39 

The gene encoding PEPs, ppsA, has been implicated in the glucose-phosphate stress response of 

Escherichia coli, (Richards et al., 2013) and is up-regulated in rifampin-resistant Mycobacterium 

tuberculosis (Bisson et al., 2012). Conversely, disruption of ppsA in Xanthomonas campestris resulted 

in a significant reduction in virulence (Tang et al., 2005) and Veselova et al. reported that the same 

disruption in B. cenocepacia increased its ability to produce N-acyl-homoserine lactones (AHL), the 

signal molecules of the quorum sensing system, which is known to influence biofilm formation (Veselova 

et al., 2012).  

Phosphoenolpyruvate Phosphotransferase System (PTS), Figure 15, is used for the transport of sugars 

and requires phosphate transfer from PEP to enzyme I (EI) to the histidine protein (HPr) or the 

homologous protein FPr and then to an EII complex. A membrane-associated EIIB then transfers the 

phosphate from EIIA to the specific sugar that is transported across the membrane by the EIIC/D 

complex (Lazazzera, 2010). The mutation of the ppsA gene results in the blockage of the step of 

conversion of pyruvate into phosphoenolpyruvate which in turn might result in the decrease of the PEP 

levels in the cell, possibly leading to a disruption of the PTS. The PTS system has long been known to 

participate in regulation that impinges on metabolism, including chemotaxis, inducer exclusion, and 

catabolite repression (Deutscher et al., 2006; Saier, 1989). Recently, it has also been implicated in 

regulating processes not directly related to metabolism, such as virulence gene expression. Studies with 

Vibrio cholerae and Bacillus cereus have shown that this system is involved in the regulation of biofilm 

formation (Houot et al., 2010; Xu et al., 2014), while others have indicated a possible link between the 

PTS sugar import and c‐di‐AMP synthesis (Corrigan & Gründling, 2013).  

Figure 16. Carbohydrate transport and phosphorylation by the PTS and their coupling to glycolysis. Carbohydrates are 
transported and concomitantly phosphorylated by the PTS. The phosphorylated carbohydrate feeds into glycolysis, 
normally at the glucose-6-P or fructose-6-P level. Two phosphoenolpyruvate molecules are usually formed in glycolysis, 
one of which is used to drive the transport and initial phosphorylation of the carbohydrate. As a result, the phosphorylation 
state of the PTS proteins depends on both the concentration of extracellular carbohydrates and the ratio of internal 
phosphoenolpyruvate and pyruvate. Abbreviations for enzymes (in boldface type) are as follows: Pgi, phosphoglucose 
isomerase; Pfk, phosphofructokinase; Fba, fructose-1,6-bisphosphate aldolase; Tpi, triose-phosphate isomerase; Gap, 
glyceraldehyde-3-phosphate dehydrogenase; Pgk, phosphoglycerate kinase; Pgm, phosphoglycerate mutase; Eno, 
enolase; Pyk, pyruvate kinase. Retrieved from (Deutscher et al., 2006) 
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Sequencing of the flanking regions of the mutant F82 places the plasposon in a gene encoding a type 

VI secretion system protein (homologue to Bmul_2926), Figure 17. 

The T6S system is conserved in numerous gram-negative pathogens that interact closely with 

eukaryotic cells and it has been recognized as an important contributor to pathogenesis in many 

bacteria, having been studied in several pathogenic organisms, including Vibrio cholerae, Francisella 

tularensis, Escherichia coli, and P. aeruginosa (Bingle et al., 2008; Pukatzki et al., 2009). It has been 

implicated in several diverse processes, including biofilm formation, toxin delivery, virulence, and fitness 

in chronic infection (Bingle et al., 2008; Jani & Cotter, 2010; Schwarz et al., 2010) 

A study of the virulence genes of B. cenocepacia identified three transposon insertion mutants that were 

attenuated in the rat agar bead model of chronic lung infection. Further analysis indicated that these 

mutants had insertions within T6SS genes, demonstrating that the T6SS is required for the virulence of 

B. cenocepacia in vivo (Aubert et al., 2008). 

At present, it is unclear in what way the T6SS is involved in aggregate formation by B. multivorans. As 

it has been shown that a surface-localized protein that is part of a high-affinity manganese uptake ABC 

transporter system functions as an adhesin (Kolenbrander et al., 1998) it seems possible that some 

components of the secretion machinery itself could be important for aggregate formation. However, 

there is also the possibility that the T6SS is involved in the export of a yet unknown protein required for 

biofilm development.  

Mutant C93 presents a disruption in gene tctD which is part of a two component regulatory system, 

Figure 19. These systems usually consist of a membrane-associated sensor (histidine kinase protein) 

that monitors environmental signals and a response regulator (receiver) whose function is modulated 

by phosphotransfer from its cognate histidine kinase. Two component systems are often in charge of 

regulating the adaptation of bacteria to new environments, as is the case when B. multivorans colonizes 

the lungs of CF patients. This happens through the modification of gene expression patterns required 

for bacterial survival. Sensor histidine kinases respond to a wide range of signals, including those 

encountered during infection (Aubert et al., 2008). 

Figure 17. Gene disrupted in mutant F82 (homologue to Bmul_2926, highlighted in blue) by insertion of the plasposon 
and its neighborhood in the B. multivorans genome. This gene seems to be part of an operon constituted by 
Bmul_2928, Bmul_2927, Bmul_2926, Bmul_2925, Bmul_2924, Bmul_2923, Bmul_2922 and Bmul_2921 
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Together with other factors, two component signal (TCS) transduction systems are responsible for 

regulating biofilm formation in several bacteria (Chin et al., 2015). 

As is represented in Figure 18, a study with a Burkholderia strain revealed that several genes related to 

the TCS were up regulated during biofilm formation. The mechanism proposed suggests that in 

response to varied environmental signals, Burkholderia regulates the TCS to adapt to environmental 

changes by transcribing genes that encode proteins involved in the alteration of surface components 

and components crucial to initiate attachment of planktonic bacterial cells. As the biofilm grows, an 

oxygen-limited environment forms within the biofilm forcing bacteria to adjust metabolism for anaerobic 

growth (Chin et al., 2015). Therefore, it is possible that a disruption of Bmul_0075 might impact gene 

expression and consequently results in an impaired ability to form aggregates.  

  

Figure 18. TCS response to various environmental cues regulating biofilm formation in Burkholderia. Retrieved 
from  (Chin et al., 2015) 

Figure 19. Gene disrupted in mutant C93 by insertion of the plasposon and its neighborhood in the B. multivorans 
genome. Gene tctD is highlighted in blue. Upstream is a gene encoding and integral membrane sensor signal 
transduction histidine kinase 
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3.5. In vitro growth analysis of selected mutants 

Taking into account that mutations could impair growth and therefore result in altered aggregation 

properties, growth kinetics of selected mutants were assessed. Since cell growth is measured through 

following OD640 evolution over time, growth was evaluated in LB medium as results in less aggregation 

and therefore more reliable measures. P0213 and the selected mutants were grown at 37℃ with 180 

rpm orbital agitation and measurements were taken hourly for 8 hours and then at 23 and 24h. The 

growth curves obtained are represented in figure 20.  

The slight differences observed between the growth of the wild-type and the mutants were found to be 

not significative. Using the points corresponding to the exponential phase, between the first and fifth 

hour, the doubling time for each mutant was calculated, and the results thus obtained are presented in 

table 4. 

 

 

Figure 20. Growth curves of the strains under study. Cultures were grown in LB medium at 37ºC, 180 rpm of orbital 
agitation, and OD640 was measured for 24 hours. Results are the means of data from three replicates. The standard 
deviation is below 5%. 
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Table 4. Doubling time of the strains under study. Cultures were grown in LB medium at 37ºC, 180 rpm of orbital 
agitation, and OD640 was measured for 24 hours. The doubling time was calculated from the growth rate of the 
exponential growth phase. Statistical difference in the doubling time of the mutant strains was tested in comparison 
with the wild-type (P0213-1). Significance level (one-way ANOVA followed by Dunnett’s multiple comparisons test): 
ns, not statistically significant 

Bacterial strain 

Doubling time 

(min ± SD*) 

P0213-1 84.7 ± 2.665 (ns) 

F11 80.9 ± 2.875 (ns) 

F82 84.0 ± 1.572 (ns) 

C84 88.0 ± 5.464 (ns) 

C85 86.2 ± 1.484 (ns) 

C93 83.3 ± 3.449 (ns) 

D23 76.7 ± 2.454 (ns) 

Analyzing Figure 20 and table 4, it can be observed that mutants D23 and F11 are the ones with the 

fastest growth, however, this difference was deemed not statistically significant. Despite the fact that the 

doubling time calculated for each mutant and the Wt, was similar, after 48h the amount of biomass 

formed by the Wt and the mutants seems to be considerably different. Taking into account the 

microscopic and macroscopic differences observed, this seems to be due to aggregate formation. 

Moreover, all mutants seem to end up with approximately the same biomass formed. This leads to the 

conclusion that the mutations observed are not interfering with growth, and, therefore, the phenotypic 

alterations observed result of impaired aggregate formation abilities.  

The method used to assess growth, measuring the OD640, does not account for the aggregates, so even 

after 23 and 24h, when there is already a significant amount of aggregates formed, the mass of free 

cells remains approximately constant (section 3.1 2.1.Aggregation Kinetics of Wild-type P0213-1), 

justifying the apparent stationary phase and similarity between biomass formed observed. 
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3.6. Quantification of cellular aggregates and free cells 

Although macroscopic visual analysis allows the identification of different aggregation phenotypes 

between the mutants selected and the Wt, a more thorough quantification was performed. Following the 

procedure described on the materials and methods section, the dry weight of both planktonic aggregates 

and free cells produced by each mutant was quantified. The results in terms of percentage thus obtained 

are presented in Figure 21A.  

The results obtained seem to confirm the visual analysis performed with most mutants presenting a 

lower percentage of aggregates vs free cells than the Wt. In fact, only C93 was considered not 

statistically significant. However, total biomass (aggregates + free cells) of P0213-1 is considerably 

higher than the remaining mutants (results shown on Figure 21B) which justifies the macroscopic 

difference between mutant C93 and the Wt. The remaining results are according to the microscopic and 

macroscopic analysis, further confirming the decrease in planktonic aggregates formation.  

In most biofilms, the microorganisms account for less than 10% of the dry mass, whereas the matrix 

can account for over 90%. The matrix constituted of extracellular material, in which the biofilm cells are 

embedded, consists mostly of conglomeration of EPS that forms the scaffold for the three-dimensional 

architecture of the biofilm and is responsible for cohesion in the biofilm (Flemming & Wingender, 2010). 

Aggregate formation seems to happen throughout stationary phase which indicates that as in biofilm 

formation, most of the dry weight of aggregates is not due to cell growth, but rather other extracellular 

material, as EPS.  

  

Figure 21. A - Quantification of cellular aggregates and free cells of wild-type (P0213-1) and its derivative mutants.
B – Total biomass (dry weight of aggregates + free cells). Measured after incubation at 37ºC with 180 rpm of orbital 
agitation for 48h. Error bars correspond to the standard deviations of the mean values of three independent
experiments. Significance level (one-way ANOVA followed by Dunnett’s multiple comparison test) between cellular 
aggregates and free cells of the wild-type (P0213-1) and cellular aggregates and free cells of the P0213-1 derivative 
mutants was determined: *, P<0.05; ***, P<0.001; ****, P<0.0001; ns, not statistically significant 
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3.7. Exopolysaccharide Production 

Exopolysaccharides are one of the main constituents of mature biofilms, which are associated to a 

significant increase of resistance against the host immune system and antibiotic treatment in 

Burkholderia, therefore, the mutant’s exopolysaccharide production was also accessed.   

To determine the production of exopolysaccharide, each mutant was inoculated onto YEM agar plates 

at 37ºC for 48 hours. Then, through visual inspection, it was possible to evaluate their mucoid 

phenotype.  

All mutants replicate the mucoid phenotype of the Wt. Studies have shown that Bcc nonmucoid isolates 

form more biofilm than the mucoid isolates and have virulence attenuation in animal models of infection 

(Silva et al., 2013). On the other hand results by Silva et al. and Ferreira (2018) have shown that under 

some conditions EPS does not seem to be relevant for cellular aggregate formation (Silva et al., 2017).  

 

  

Figure 22. Evaluation of mucoid phenotype in yeast extract mannitol medium (YEM) after 48 h of incubation at 37°C 
for wild-type (P0213-1) and its derivate mutants 
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3.8. Swimming and swarming motilities 

According to an increasing number of reports, motility is one of the factors contributing to the ability of 

bacteria to form biofilms or to flocculate. Biofilm formation starts with the transient adhesion of the cells 

a surface, or other cells (Conrad, 2012). Studies involving Bcc bacteria’s CF lung infections revealed 

that isolates from the majority of chronic infections most commonly display the motile phenotype 

throughout the infection and do not normally switch to nonmotile 

To evaluate the motility of mutants, swimming and swarming agar plates were incubated for 24 hours 

and 48 hours, respectively, at 37ºC after inoculation. Then, motility zone diameter (mm) was measured 

for each of them and the results are presented in figure 23. 

In order to successful aggregate cells must approach each other, either through swimming motility or 

Brownian motion. The process of swarming is distinct from swimming in that swarming is a multicellular 

process that occurs on solid surfaces or in viscous liquids. Therefore, swarming motility could be more 

relevant for the formation of surface-attached biofilm. Considering that this study focuses on planktonic 

aggregates instead of surface attached biofilms, it is not surprising that most mutants do not present 

statistically relevant alterations in swarming abilities. F11 is the only mutant presenting a statistically 

significant difference of swarming capacity. As previously mentioned, the PTS system is known to 

participate in the regulation of chemotaxis (Deutscher et al., 2006). Therefore, the disruption of the ppsA 

gene with its possible impact on the PTS system, could be resulting in impaired swarming ability.  

A B 

Figure 23. A - Swimming motility of P0213-1 and its derivative mutants measured as the motility diameter after 
growth for 24h at 37ºC. B - Swarming motility of the P0213-1 and its derivative strains measured as the zone 
diameter after growth for 48h at 37ºC.Error bars correspond to the standard deviations of the mean values of at 
least three independent experiments. Significance level (one-way ANOVA followed by Dunnett’s multiple 
comparison test) between the wild-type (P0213-1) and the mutants was determined: **, P<0.01; ***, P<0,001 
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On the other hand, bacteria swim by rotating of one or more rigid helical flagella, the activity of bacterial 

flagella alone can alter the hydrodynamic conditions to such an extent that it might trigger aggregation. 

Most mutants present impaired ability to swim, which might relate to their impaired ability to aggregate.  
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3.9. Antibiotic Resistance 

One of the most significant aspects of the biofilm growth mode is that microorganisms escape the host 

immune response and are much less susceptible to antibiotics than are their planktonically grown 

counterparts. Antimicrobial susceptibility of all mutants and Wt was tested against aztreonam and 

piperacillin plus tazobactam. Both aztreonam and piperacillin are β-lactams that inhibit cell wall 

biosynthesis while tazobactam is a β-lactamase inhibitor. 

The antimicrobial susceptibility was determined by measuring the diameter of the growth inhibition zone 

after 24 hours of incubation at 37°C. 

Significance levels between the Wt and the mutant strains was determined, and it was found that the 

differences in susceptibility were not statistically significant for either one of the antibiotics tested. This 

results were expected since there seem to be several causes for antibiotic tolerance of bacterial biofilms 

which include physical barriers to antibiotic penetrance from extracellular matrix (Pugliese & Favero, 

2002; Stewart, 1996), the production of periplasmic glucans (Mah et al., 2003), slow growth (Anwar et 

al., 1992) and/or the presence of metabolically inactive persister cells within a biofilm that are inherently 

tolerant to antibiotics (K Lewis, 2005). None of these factors are relevant on the mode of growth tested, 

therefore a different kind of analysis should be conducted to access whether mutant strains are more 

susceptible than Wt aggregates.  

P0213-1 F11 F82 C84 C85 C93 D23
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Antibiotic Suscetibility
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Aztreonam Piperacillin + Tazobactam

Figure 24. Antibiotics, aztreonam and piperacillin+ tazobactam, susceptibility of P0213-1 and its derivative mutants 
was measured as the diameter of cell growth inhibition. After growth for 24h at 37ºC. Error bars correspond to the
standard deviations of the mean values of at least two independent experiments. Significance level (one-way 
ANOVA followed by Dunnett’s multiple comparison test) between the wild-type (P0213-1) and the mutants for each 
antibiotic tested was determined.   
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4. Conclusion Remarks and Future Perspectives 

Cystic fibrosis is the most common genetic disease in Caucasians. CF mortality typically results of 

respiratory failure due to chronic pulmonary bacterial infection. Burkholderia infections are amongst the 

most common, with prevalence ranging from 0 to 40%, depending on the center, and increasing with 

age. Biofilm formation on P. aeruginosa infections is an important clinical problem since it helps bacteria 

resist more efficiently to antibiotic’s action while conferring a greater protection from the immune 

response of the host. Burkholderia is a close relative of Pseudomonas and also has the capacity to form 

biofilm. However, recent data has demonstrated that in pulmonary infections bacteria do not inevitably 

attach to surfaces, rather, they attach to their fellow bacteria likely by means of matrix components and 

mucus. Thus, it appears that opposed to harboring bacteria firmly attached to a surface, chronic 

infections can be characterized by aggregates suspended within host tissue or lumen. The genetic 

mechanisms involved in the formation of planktonic aggregates are not clear.  

Screening of a library of insertion mutants of a Burkholderia multivorans clinical resulted in the selection 

of six mutants with reduced ability to aggregate. Sequencing of flanking regions resulted in the 

identification of three genes thought to be relevant for aggregation ability. The first encodes a 

phosphoenolpyruvate synthase, other is a part of a type VI secretion system, and the last is involved in 

a two-component regulatory system.  

The inactivation of the PEP synthase can result in the accumulation of pyruvate, acetyl-CoA or in a 

possible increase of lipid metabolic reactions. There is also the possibility that it can somehow affect the 

PTS which in turn has been shown to be involved in virulence, regulation of biofilm formation, sugar 

import and c‐di‐AMP synthesis.  

The T6S system has been recognized as an important contributor to pathogenesis in many bacteria, 

being implicated in several diverse processes, including biofilm formation, toxin delivery, virulence, and 

fitness in chronic infection. Although it is unclear in what way the T6SS is involved in the aggregation 

capacity of B. multivorans, it is proposed that the system could be involved in the export of a yet unknown 

protein or even that some components of the secretion machinery itself could work as adhesins.  

Two component systems are often in charge of regulating the adaptation of bacteria to new 

environments, as is the case when B. multivorans colonizes the lungs of CF patients. It seems that in 

response to varied environmental signals, Burkholderia regulates the TCS by transcribing genes that 

encode proteins involved in the alteration of surface components and components crucial to initiate 

attachment of planktonic bacterial cells. 

The deeper understanding of the complex mechanisms regulating cellular aggregation could be a key 

factor to the development of potential therapeutics to improve treatments against Bcc bacteria. Little has 

been done so far regarding this problematic, so there is still a lot of work that needs to be done. Besides 

the three selected mutants whose interrupted genes still need to be identified, there are still more than 

three hundred mutants of the recently constructed library left to screen. Other approaches to the study 
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of planktonic aggregates are also being employed, namely an evolution assay, the exposure to specific 

stresses and the production of mixed aggregates through co-culture of different strains.  

  



51 

5. References 

Adams, S. E., Wood, A. C., Rodriguez-martin, D., Pinel, I., Parkhill, J., & Mahenthiralingam, E. (2017). 

Reclassification of the Specialized Metabolite Producer Pseudomonas Member of the Burkholderia 

cepacia. Journal of Bacteriology, 199(13), 1–12. 

Alexandre, G. (2015). Chemotaxis Control of Transient Cell Aggregation. Journal of Bacteriology, 

197(20), 3230–3237. https://doi.org/10.1128/JB.00121-15 

Alhede, M., Kragh, K. N., Qvortrup, K., Allesen-holm, M., Gennip, M. Van, Christensen, L. D., … 

Bjarnsholt, T. (2011). Phenotypes of Non-Attached Pseudomonas aeruginosa Aggregates 

Resemble Surface Attached Biofilm. PLoS ONE, 6(11). 

https://doi.org/10.1371/journal.pone.0027943 

Allesen-holm, M., Barken, K. B., Yang, L., Klausen, M., Webb, J. S., Kjelleberg, S., … Tolker-nielsen, 

T. (2006). A characterization of DNA release in Pseudomonas aeruginosa cultures and biofilms. 

Molecular Microbiology, 59(4), 1114–1128. https://doi.org/10.1111/j.1365-2958.2005.05008.x 

Altschul, S. F., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z., Miller, W., & Lipman, D. J. (1997). 

Gapped BLAST and PSI-BLAST : a new generation of protein database search programs. Nucleic 

Acids Research, 25(17), 3389–3402. 

Alvarez-Ortega, C., & Harwood, C. S. (2007). Responses of Pseudomonas aeruginosa to low oxygen 

indicate that growth in the cystic fibrosis lung is by aerobic respiration. Molecular Microbiology, 

65(1), 153–165. https://doi.org/10.1111/j.1365-2958.2007.05772.x.Responses 

Anderson, G. G., Moreau-marquis, S., Stanton, B. A., & Toole, G. A. O. (2008). In Vitro Analysis of 

Tobramycin-Treated Pseudomonas aeruginosa Biofilms on Cystic Fibrosis-Derived Airway 

Epithelial Cells. Infection and Immunity, 76(4), 1423–1433. https://doi.org/10.1128/IAI.01373-07 

Anwar, H., Strap, J. L., Chen, K., & Costerton, J. W. (1992). Dynamic Interactions of Biofilms of Mucoid 

Pseudomonas aerugznosa with Tobramycin and Piperacillin. Antimicrobial Agents and 

Chemotherapy, 36(6), 1208–1214. 

Arora, S. K., Dasgupta, N., Lory, S., & Ramphal, R. (2000). Identification of two distinct types of flagellar 

cap proteins, FliD, in Pseudomonas aeruginosa. Infection and Immunity, 68(3), 1474–1479. 

https://doi.org/10.1128/IAI.68.3.1474-1479.2000 

Ashby, M. J., Neale, J. E., Knott, S. J., & Critchley, I. A. (1994). Effect of antibiotics on non-growing 

planktonic cells and biofilms of Escherichia coli. Journal of Antimicrobial Chemoteraphy, 33(3), 

443–452. 

 



52 

Aubert, D. F., Flannagan, R. S., & Valvano, M. A. (2008). A Novel Sensor Kinase-Response Regulator 

Hybrid Controls Biofilm Formation and Type VI Secretion System Activity in Burkholderia 

cenocepacia. Infection and Immunity, 76(5), 1979–1991. https://doi.org/10.1128/IAI.01338-07 

Bach, E., Sant’Anna, F. H., Passos, J. F. M. dos, Balsanelli, E., Baura, V. A. de, Souza, E. M., … 

Passaglia, P. (2017). Detection of misidentifications of species from the Burkholderia cepacia 

complex and description of a new member , the soil bacterium Burkholderia catarinensis sp. 

Pathogens and Disease, 75(6). https://doi.org/10.1093/femspd/ftx076 

Bagge, N., Schuster, M., Hentzer, M., Ciofu, O., Givskov, M., Greenberg, E. P., & Høiby, N. (2004). 

Pseudomonas aeruginosa Biofilms Exposed to Imipenem Exhibit Changes in Global Gene 

Expression and β-Lactamase and Alginate Production. Antimicrobial Agents and Chemotherapy, 

48(4), 1175–1187. https://doi.org/10.1128/AAC.48.4.1175 

Banin, E., Vasil, M. L., & Greenberg, E. P. (2005). Iron and Pseudomonas aeruginosa biofilm formation. 

Proceedings of the National Academy of Sciences of the United States of America, 102(31), 

11076–11081. 

Barraud, N., Buson, A., Jarolimek, W., & Rice, S. A. (2013). Mannitol Enhances Antibiotic Sensitivity of 

Persister Bacteria in Pseudomonas aeruginosa Biofilms. PLoS ONE, 8(12), 1–13. 

https://doi.org/10.1371/journal.pone.0084220 

Bartholdson, S. J., Brown, A. R., Mewburn, B. R., Clarke, D. J., Fry, S. C., Campopiano, D. J., & Govan, 

J. R. W. (2008). Plant host and sugar alcohol induced exopolysaccharide biosynthesis in the 

Burkholderia cepacia complex. Microbiology, 154(8), 2513–2521. 

https://doi.org/10.1099/mic.0.2008/019216-0 

Bauer, A. W., Kirby, W. M. M., Sherris, J. C., & Turck, M. (1966). Antibiotic susceptibility testing by a 

standardized single disk method. The American Journal of Clinical Pathology, 45(4), 493–496. 

Belas, R. (2014). Biofilms, flagella, and mechanosensing of surfaces by bacteria. Trends in 

Microbiology, 22(9), 1–11. https://doi.org/10.1016/j.tim.2014.05.002 

Benincasa, M., Mattiuzzo, M., Herasimenka, Y., Cescutti, P., Rizzo, R., & Gennaro, R. (2009). Activity 

of antimicrobial peptides in the presence of polysaccharides produced by pulmonary pathogens ‡. 

Journal of Peptide Science, 15(9), 595–600. https://doi.org/10.1002/psc.1142 

Berlutti, F., Morea, C., Battistonp, A., Sarli, S., Cipriani, P., Supertp, F., & Valentp, P. (2005). Iron 

Availability Influences Aggregation, Biofilm, Adhesion and Invasion of Pseudomonas Aeruginosa 

and Burkholderia Cenocepacia. International Journal of Immunopathology and Pharmacology, 

18(4), 661–670. https://doi.org/10.1177/039463200501800407 

 



53 

Bernier, S. P., Ha, D.-G., Khan, W., Merritt, J. H., & O’Toole, G. A. (2011). Modulation of Pseudomonas 

aeruginosa surface-associated group behaviors by individual amino acids through c-di-GMP 

signaling. Research in Microbiologoy, 162(7), 680–688. 

https://doi.org/10.1016/j.resmic.2011.04.014.Modulation 

Bilton, D., Bellon, G., Charlton, B., Cooper, P., Boeck, K. De, Flume, P. A., … Aitken, M. L. (2013). 

Pooled analysis of two large randomised phase III inhaled mannitol studies in cystic fibrosis. 

Journal of Cystic Fibrosis, 12(4), 367–376. https://doi.org/10.1016/j.jcf.2012.11.002 

Bingle, L. E. H., Bailey, C. M., & Pallen, M. J. (2008). Type VI secretion : a beginner ’ s guide. Current 

Opinion in Microbiology, 11(1), 3–8. https://doi.org/10.1016/j.mib.2008.01.006 

Bisson, G. P., Mehaffy, C., Broeckling, C., Prenni, J., Rifat, D., Lun, D. S., … Dobos, K. (2012). 

Upregulation of the Phthiocerol Dimycocerosate Biosynthetic Pathway by Rifampin-Resistant , 

rpoB Mutant Mycobacterium tuberculosis. Journal of Bacteriology, 194(23), 6441–6452. 

https://doi.org/10.1128/JB.01013-12 

Bjarnsholt, T., Alhede, M., Alhede, M., Eickhardt-sørensen, S. R., Moser, C., Kuhl, M., … Høiby, N. 

(2013). The in vivo biofilm. Trends in Microbiology, 21(9), 466–474. 

https://doi.org/10.1016/j.tim.2013.06.002 

Bjarnsholt, T., Jensen, P. Ø., Fiandaca, M. J., Pedersen, J., Hansen, C. R., Andersen, C. B., … Høiby, 

N. (2009). Pseudomonas aeruginosa biofilms in the respiratory tract of cystic fibrosis patients. 

Pediatric Pulmonology, 44(6), 547–558. https://doi.org/10.1002/ppul.21011 

Bockelmann, U., Janke, A., Kuhn, R., Neu, T. R., Wecke, J., Lawrence, J. R., & Szewzyk, U. (2006). 

Bacterial extracellular DNAforming a defined network-like structure. FEMS Microbiology Letters, 

262(1), 31–38. https://doi.org/10.1111/j.1574-6968.2006.00361.x 

Böckelmann, U., Lünsdorf, H., & Szewzyk, U. (2007). Ultrastructural and electron energy-loss 

spectroscopic analysis of an extracellular filamentous matrix of an environmental bacterial isolate. 

Environmental Microbiology, 9(9), 2137–2144. https://doi.org/10.1111/j.1462-2920.2007.01325.x 

Caceres, S. M., Malcolm, K. C., Taylor-Cousar, J. L., Nichols, D. P., Saavedra, M. T., Bratton, D. L., … 

Nick, J. A. (2014).  Enhanced In Vitro Formation and Antibiotic Resistance of Nonattached 

Pseudomonas aeruginosa Aggregates through Incorporation of Neutrophil Products . Antimicrobial 

Agents and Chemotherapy, 58(11), 6851–6860. https://doi.org/10.1128/aac.03514-14 

Cant, N., Pollock, N., & Ford, R. C. (2014). CFTR structure and cystic fibrosis. International Journal of 

Biochemistry and Cell Biology, 52, 15–25. https://doi.org/10.1016/j.biocel.2014.02.004 

 

 



54 

Caraher, E., Reynolds, G., Murphy, P., & Mcclean, S. (2006). Comparison of antibiotic susceptibility of 

Burkholderia cepacia complex organisms when grown planktonically or as biofilm in vitro. 

European Journarl of Clinical Microbiokigy and Infectious Diseases, 26(3), 213–216. 

https://doi.org/10.1007/s10096-007-0256-x 

Castellani, C., & Assael, B. M. (2017). Cystic fibrosis : a clinical view. Cellular and Molecular Life 

Sciences, 74(1), 129–140. https://doi.org/10.1007/s00018-016-2393-9 

Cheng, A., Tsang, H., & Kanso, E. (2014). Flagella-induced transitions in the collective behavior of 

confined microswimmers. Physical Review, 90(2), 2794–2801. 

https://doi.org/10.1103/PhysRevE.90.021001 

Chiang, W., Nilsson, M., Nielsen, T. E., Givskov, M., & Tolker-nielsen, T. (2013). Extracellular DNA 

Shields against Aminoglycosides in Pseudomonas aeruginosa Biofilms. Antimicrobial Agents and 

Chemotherapy, 57(5), 2352–2361. https://doi.org/10.1128/AAC.00001-13 

Chin, C., Hara, Y., Ghazali, A., Yap, S., Kong, C., Wong, Y., … Nathan, S. (2015). Global transcriptional 

analysis of Burkholderia pseudomallei high and low biofilm producers reveals insights into biofilm 

production and virulence. BMC Genomics, 16(1). https://doi.org/10.1186/s12864-015-1692-0 

Christen, M., Kulasekara, H. D., Christen, B., Kulasekara, B. R., Hoffman, L. R., & Miller, S. I. (2010). 

Asymmetrical Distribution of the Second Messenger c-di-GMP upon Bacterial Cell Division 

Matthias. Science, 328(5983), 1295–1297. https://doi.org/10.1126/science.1188658 

Chung, J. W., Altman, E., Beveridge, T. J., & Speert, D. P. (2003). Colonial Morphology of Burkholderia 

cepacia Complex Genomovar III : Implications in Exopolysaccharide Production , Pilus Expression 

, and Persistence in the Mouse. Infection and Immunity, 71(2), 904–909. 

https://doi.org/10.1128/IAI.71.2.904 

Ciofu, O., Riis, B., Pressler, T., Poulsen, H. E., & Høiby, N. (2005). Occurrence of Hypermutable 

Pseudomonas aeruginosa in Cystic Fibrosis Patients Is Associated with the Oxidative Stress 

Caused by Chronic Lung Inflammation. Antimicrobial Agents and Chemotherapy, 49(6), 2276–

2282. https://doi.org/10.1128/AAC.49.6.2276 

Coenye, T. (2010). Social interactions in the Burkholderia cepacia complex: biofilms and quorum 

sensing. Future Microbiology, 5(7), 1087–1099. 

Collins, F. S. (1992). Cystic Fibrosis: Molecular Biology & Therapeutic Implications. Science, 256(5058), 

774–779. 

Conrad, J. C. (2012). Physics of bacterial near-surface motility using flagella and type IV pili : 

implications for biofilm formation. Research in Microbiologoy, 163, 619–629. 

https://doi.org/10.1016/j.resmic.2012.10.016 



55 

Conway, B.-A. D., Chu, K. K., Bylund, J., Altman, E., & Speert, D. P. (2004). Production of 

Exopolysaccharide by Burkholderia cenocepacia Results in Altered Cell-Surface Interactions and 

Altered Bacterial Clearance in Mice. The Journal of Infectious Diseases, 190(5), 957–966. 

Corrigan, R. M., & Gründling, A. (2013). Cyclic di ‐ AMP : another second messenger enters the fray. 

Nature Reviews Microbiology, 11(8), 513–524. https://doi.org/10.1038/nrmicro3069 

Cramton, S. E., Ulrich, M., Gotz, F., & Doring, G. (2001). Anaerobic Conditions Induce Expression of 

Polysaccharide Intercellular Adhesin in Staphylococcus aureus and Staphylococcus epidermidis. 

Infection and Immunity, 69(6), 4079–4085. https://doi.org/10.1128/IAI.69.6.4079 

Cunha, M., H. Leitão, J., Mahenthiralingam, E., Vandamme, P., Lito, L., Barreto, C., … Sá-Correia, I. 

(2003). Molecular Analysis of Burkholderia cepacia Complex Isolates from a Portuguese Cystic 

Fibrosis Center : a 7-Year Study. Journal of Clinical Microbiology, 41(9), 4113–4120. 

https://doi.org/10.1128/JCM.41.9.4113 

Cunha, M., Pinto-de-oliveira, A., Meirinhos-Soares, L., Salgado, M. J., Melo-Cristino, J., Correia, S., … 

Sa-Correia, I. (2007). Exceptionally High Representation of Burkholderia cepacia among B . 

cepacia Complex Isolates Recovered from the Major Portuguese Cystic Fibrosis Center  . Journal 

of Clinical Microbiology, 45(5), 1628–1633. https://doi.org/10.1128/JCM.00234-07 

Cunha, M. V., Sousa, S. A., Leitão, J. H., Moreira, L. M., Videira, P. A., & Sá-Correia, I. (2004). Studies 

on the Involvement of the Exopolysaccharide Produced by Cystic Fibrosis-Associated Isolates of 

the Burkholderia cepacia Complex in Biofilm Formation and in Persistence of Respiratory. Journal 

of Clinical Microbiology, 42(7), 3052–3058. https://doi.org/10.1128/JCM.42.7.3052 

Dales, L., Ferris, W., Vandemheen, K., & Aaron, S. D. (2009). Combination antibiotic susceptibility of 

biofilm-grown Burkholderia cepacia and Pseudomonas aeruginosa isolated from patients with 

pulmonary exacerbations of cystic fibrosis. European Journarl of Clinical Microbiokigy and 

Infectious Diseases, 28(10), 1275–1279. https://doi.org/10.1007/s10096-009-0774-9 

De Smet, B., Mayo, M., Peeters, C., Zlosnik, J. E. A., Spilker, T., Hird, T. J., … Vandamme, P. (2015). 

Burkholderia stagnalis sp. nov. and Burkholderia territorii sp. nov., two novel Burkholderia cepacia 

complex species from environmental and human sources. International Journal of Systematic and 

Evolutionary Microbiology, 65(7), 2265–2271. https://doi.org/10.1099/ijs.0.000251 

Denman, C. C., & Brown, A. R. (2013). Mannitol promotes adherence of an outbreak strain of 

Burkholderia multivorans via an exopolysaccharide-independent mechanism that is associated 

with upregulation of newly-identified fimbrial and afimbrial adhesins. Microbiology, 159, 771–781. 

https://doi.org/10.1099/mic.0.064832-0 

 



56 

Denman, C. C., Robinson, M. T., Sass, A. M., Mahenthiralingam, E., & Brown, A. R. (2014). Growth on 

mannitol-rich media elicits a genome- wide transcriptional response in Burkholderia multivorans 

that impacts on multiple virulence traits in an exopolysaccharide-independent manner. 

Microbiology, 160, 187–197. https://doi.org/10.1099/mic.0.072975-0 

Dennis, J. J., & Zylstra, G. J. (1998). Plasposons : Modular Self-Cloning Minitransposon Derivatives for 

Rapid Genetic Analysis of Gram-Negative Bacterial Genomes. Applied and Environmental 

Microbiology, 64(7), 2710–2715. 

Deutscher, J., Francke, C., & Postma, P. W. (2006). How Phosphotransferase System-Related Protein 

Phosphorylation Regulates Carbohydrate Metabolism in Bacteria †. Microbiology and Molecular 

Biology Reviews, 70(4), 939–1031. https://doi.org/10.1128/MMBR.00024-06 

Dominiak, D. M., Nielsen, J. L., & Nielsen, P. H. (2011). Extracellular DNA is abundant and important 

for microcolony strength in mixed microbial biofilms. Envi, 13(3), 710–721. 

https://doi.org/10.1111/j.1462-2920.2010.02375.x 

Eschbach, M., Schreiber, K., Trunk, K., Buer, J., Jahn, D., & Schobert, M. (2004). Long-Term Anaerobic 

Survival of the Opportunistic Pathogen Pseudomonas aeruginosa via Pyruvate Fermentation. 

Journal of Bacteriology, 186(14), 4596–4604. https://doi.org/10.1128/JB.186.14.4596 

Fazli, M., Almblad, H., Rybtke, M. L., Givskov, M., Eberl, L., & Tolker-Nielsen, T. (2014). Regulation of 

biofilm formation in Pseudomonas and Burkholderia species. Environmental Microbiology, 16(7), 

1961–1981. https://doi.org/10.1111/1462-2920.12448 

Fazli, M., Connell, A. O., Nilsson, M., Niehaus, K., Dow, J. M., Givskov, M., … Tolker-nielsen, T. (2011). 

The CRP / FNR family protein Bcam1349 is a c-di-GMP effector that regulates biofilm formation in 

the respiratory pathogen Burkholderia cenocepacia. Molecular Microbiology, 82(2), 327–341. 

https://doi.org/10.1111/j.1365-2958.2011.07814.x 

Fazli, M., Mccarthy, Y., Givskov, M., Ryan, R. P., & Tolker-nielsen, T. (2013). The exopolysaccharide 

gene cluster Bcam1330 – Bcam1341 is involved in Burkholderia cenocepacia biofilm formation , 

and its expression is regulated by c-di-GMP and Bcam1349. Microbiologypen, 2(1), 105–122. 

https://doi.org/10.1002/mbo3.61 

Fazli, M., Rybtke, M., Steiner, E., Weidel, E., Berthelsen, J., Groizeleau, J., … Tolker-nielsen, L. E. T. 

(2017). Regulation of Burkholderia cenocepacia biofilm formation by RpoN and the c- - GMP 

effector BerB. MicrobiologyOpen, 6(4), 1–13. https://doi.org/10.1002/mbo3.480 

 

 

 



57 

Ferreira, A. S., Leitão, J. H., Sousa, S. A., Cosme, A. M., Sá-correia, I., & Moreira, L. M. (2007). 

Functional Analysis of Burkholderia cepacia Genes bceD and bceF , Encoding a Phosphotyrosine 

Phosphatase and a Tyrosine Autokinase , Respectively : Role in Exopolysaccharide Biosynthesis 

and Biofilm Formation Functional Analysis of Burkholderia cepacia Ge. Applied and Environmental 

Microbiology, 73(2), 524–534. https://doi.org/10.1128/AEM.01450-06 

Ferreira, A. S., Silva, I. N., Oliveira, V. H., Becker, J. D., Givskov, M., Ryan, R. P., & Fernandes, F. 

(2013). Comparative Transcriptomic Analysis of the Burkholderia cepacia Tyrosine Kinase bceF 

Mutant Reveals a Role in Tolerance to Stress , Biofilm Formation , and Virulence. Applied and 

Environmental Microbiology, 79(9), 3009–3020. https://doi.org/10.1128/AEM.00222-13 

Ferreira, A. S., Silva, I. N., Oliveira, V. H., Cunha, R., & Moreira, L. M. (2011). Insights into the role of 

extracellular polysaccharides in Burkholderia adaptation to different environments. Frontiers in 

Cellular and Infection Microbiology, 1(December), 1–9. https://doi.org/10.3389/fcimb.2011.00016 

Ferreira, M. R. (2018). Molecular mechanisms of planktonic cellular aggregation in Burkholderia 

multivorans. Master Thesis from Intituto Superior Técnico. 

Flemming, H., & Wingender, J. (2010). The biofilm matrix. Nature Publishing Group, 8(9), 623–633. 

https://doi.org/10.1038/nrmicro2415 

Gomes, S. C. (2018). Genetic and environmental conditions influencing cellular aggregates formation 

in Burkholderia multivorans. Master Thesis from Instituto Superior Técnico. 

Goodwine, J., Gil, J., Doiron, A., Valdes, J., Solis, M., Higa, A., … Sauer, K. (2019). Pyruvate-depleting 

conditions induce biofilm dispersion and enhance the efficacy of antibiotics in killing biofilms in vitro 

and in vivo. Nature, 9, 1–16. https://doi.org/10.1038/s41598-019-40378-z 

Gordon, C. A., Hodges, N. A., & Marriott, C. (1988). Antibiotic interaction and diffusion through alginate 

and exopolysaccharide of cystic fibrosis-derived Pseudomonas aeruginosa. Journal of 

Antimicrobial Chemoteraphy, 22, 667–674. 

Govan, J. R. W., Brown, P. H., Maddison, J., Doherty, C. J., Nelson, J. W., Dodd, M., … Webb, A. K. 

(1993). Evidence for transmission of Pseudomonas cepacia by social contact in cystic fibrosis. The 

Lancet, 342(8862), 15–19. 

Haaber, J., Cohn, M. T., Frees, D., Andersen, T. J., & Ingmer, H. (2012). Planktonic Aggregates of 

Staphylococcus aureus Protect against Common Antibiotics. PLoS ONE, 7(7), 1–12. 

https://doi.org/10.1371/journal.pone.0041075 

Haas, B., Kraut, J., Marks, J., Zanker, S. C., & Castignetti, D. (1991). Siderophore Presence in Sputa of 

Cystic Fibrosis Patients. Infection and Immunity, 59(11), 3997–4000. 

 



58 

Hassett, D. J., Sutton, M. D., Schurr, M. J., Herr, A. B., Caldwell, C. C., & Matu, J. O. (2009). 

Pseudomonas aeruginosa hypoxic or anaerobic biofilm infections within cystic fibrosis airways. 

Trends in Microbiology, 17(3), 130–138. https://doi.org/10.1016/j.tim.2008.12.003 

Hauser, A. R., Jain, M., Bar-meir, M., Susanna, A., Hauser, A. R., Jain, M., … Mccolley, S. A. (2011). 

Clinical Significance of Microbial Infection and Adaptation in Cystic Fibrosis Clinical Significance 

of Microbial Infection and Adaptation in Cystic Fibrosis. Clinical Microbiology Reviews, 24(1), 30–

55. https://doi.org/10.1128/CMR.00036-10 

Hengge, R. (2009). Principles of c-di-GMP signalling in bacteria. Nature, 7, 263–273. 

https://doi.org/10.1038/nrmicro2109 

Hogardt, M., & Heesemann, J. (2010). Adaptation of Pseudomonas aeruginosa during persistence in 

the cystic fibrosis lung. International Journal of Medical Microbiology, 300(8), 557–562. 

https://doi.org/10.1016/j.ijmm.2010.08.008 

Houot, L., Chang, S., Pickering, B. S., Absalon, C., & Watnick, P. I. (2010). The Phosphoenolpyruvate 

Phosphotransferase System Regulates Vibrio cholerae Biofilm Formation through Multiple 

Independent Pathways  . Journal of Bacteriology, 192(12), 3055–3067. 

https://doi.org/10.1128/JB.00213-10 

Huber, B., Riedel, K., Köthe, M., Givskov, M., Molin, S., & Eberl, L. (2002). Genetic analysis of functions 

involved in the late stages of biofilm development in Burkholderia cepacia H111. Molecular 

Microbiology, 2, 411–426. 

Isles, A., Maclusky, I., Corey, M., Gold, R., Prober, C., Fleming, P., & Levison, H. (1984). Pseudomonas 

cepacia infection in cystic fibrosis: An emerging problem. The Journal of Pediatrics, 104(2), 206–

210. https://doi.org/10.1016/S0022-3476(84)80993-2 

Jani, A. J., & Cotter, P. A. (2010). Type VI Secretion : not just for pathogenesis anymore. Cell Host 

Microbe, 8(1), 2–6. https://doi.org/10.1016/j.chom.2010.06.012.Type 

Jefferson, K. K., Goldmann, D. A., & Pier, G. B. (2005). Use of Confocal Microscopy To Analyze the 

Rate of Vancomycin Penetration through Staphylococcus aureus Biofilms Use of Confocal 

Microscopy To Analyze the Rate of Vancomycin Penetration through Staphylococcus aureus 

Biofilms. Antimicrobial Agents and Chemotherapy, 49(6), 2467–2473. 

https://doi.org/10.1128/AAC.49.6.2467 

Jiang, C., Finkbeiner, W. E., Widdicombe, J. H., Jr, P. B. M., & Miller, S. S. (1993). Altered Fluid 

Transport Across Airway Epithelium in Cystic Fibrosis. Science, 262(5132), 424–427. 

 

 



59 

Kay, E., Humair, B., Dénervaud, V., Riedel, K., Spahr, S., Eberl, L., … Haas, D. (2006). Two GacA-

Dependent Small RNAs Modulate the Quorum-Sensing Response in Pseudomonas aeruginosa. 

Journal of Bacteriology, 188(16), 6026–6033. https://doi.org/10.1128/JB.00409-06 

Kessler, B., Lorenzo, V. De, & Timmis, K. N. (1992). A general system to integrate lacZ fusions into the 

chromosomes of gram-negative eubacteria : regulation of the Pm promoter of the TOL plasmid 

studied with all controlling elements in monocopy. Molecular and General Genetics, 233(1–2), 

293–301. 

Kim, S. K., & Lee, J. H. (2016). Biofilm dispersion in Pseudomonas aeruginosa. Journal of Microbiology, 

54(2), 71–85. https://doi.org/10.1007/s12275-016-5528-7 

Kolenbrander, P. E., Andersen, R. N., Baker, R. A., & Jenkinson, H. F. (1998). The Adhesion-Associated 

sca Operon in Streptococcus gordonii Encodes an Inducible High-Affinity ABC Transporter for 

Mn2+ Uptake. Journal of Bacteriology, 180(2), 290–295. 

Kolibachuk, D., & Greenberg, E. P. (1993). The Vibrio fischeri Luminescence Gene Activator LuxR Is a 

Membrane-Associated Protein. Journal of Bacteriology, 175(22), 7307–7312. 

Kolodkin-Gal, I., Romero, D., Cao, S., Clardy, J., Kolter, R., & Losick, R. (2010). D-Amino Acids Trigger 

Biofilm Disassembly. Science, 328, 627–630. 

Kuchma, S. L., Brothers, K. M., Merritt, J. H., Liberati, N. T., Ausubel, F. M., & O’Toole, G. A. (2007). 

BifA , a Cyclic-Di-GMP Phosphodiesterase , Inversely Regulates Biofilm Formation and Swarming 

Motility by Pseudomonas aeruginosa PA14   †. Journal of Bacteriology, 189(22), 8165–8178. 

https://doi.org/10.1128/JB.00586-07 

Lam, H., Oh, D., Cava, F., Takacs, C. N., Clardy, J., Pedro, M. A. De, & Waldor, M. K. (2009). D-amino 

Acids Govern Stationary Phase Cell Wall Re-Modeling in Bacteria. Science, 325(5947), 1552–

1555. https://doi.org/10.1126/science.1178123.D-amino 

Laraya-Cuasay, L. R., Lipstein, M., & Huang, N. N. (1977). Pseudomonas Cepacia in the Respiratory 

Flora of Patients With Cystic Fibrosis (Cf). Pediatric Research, 11(4), 502–502. 

https://doi.org/10.1203/00006450-197704000-00792 

Laval, J., Ralhan, A., & Hartl, D. (2016). Neutrophils in cystic fibrosis. Biological Chemistry, 397(6). 

https://doi.org/10.1515/hsz-2015-0271 

Lazazzera, B. A. (2010). The Phosphoenolpyruvate Phosphotransferase System : as Important for 

Biofilm Formation by Vibrio cholerae as It Is for Metabolism in Escherichia coli  . Journal of 

Bacteriology, 192(16), 4083–4085. https://doi.org/10.1128/JB.00641-10 

Lewis, K. (2005). Persister Cells and the Riddle of Biofilm Survival. Biochemistry (Moscow), 70(2), 327–

336. 



60 

Lewis, Kim. (2007). Persister cells , dormancy and infectious disease. Nature Reviews Microbiology, 

5(1), 48–56. https://doi.org/10.1038/nrmicro1557 

Lipuma, J. J. (2010). The Changing Microbial Epidemiology in Cystic Fibrosis. Clinical Microbiology 

Reviews, 23(2), 299–323. https://doi.org/10.1128/CMR.00068-09 

Lipuma, J. J., Rathinavelu, S., Bridget, K., Keoleian, J. C., Makidon, P. E., Linda, M., … Baker, J. R. 

(2008). In Vitro Activities of a Novel Nanoemulsion against Burkholderia and Other Multidrug-

Resistant Cystic Fibrosis-Associated Bacterial Species In Vitro Activities of a Novel Nanoemulsion 

against Burkholderia and Other Multidrug-Resistant Cystic Fibrosis-Asso. Antimicrobial Agents 

and Chemotherapy, 53(1), 249–255. https://doi.org/10.1128/AAC.00691-08 

Lyczak, J. B., Cannon, C. L., & Pier, G. B. (2002). Lung Infections Associated Cystic Firosis. Clinical 

Microbiology Reviews, 15(2), 194–222. https://doi.org/10.1128/CMR.15.2.194 

Mah, T., Pitts, B., Pellock, B., Walker, G. C., Stewart, P. S., & Toole, G. A. O. (2003). A genetic basis 

for Pseudomonas aeruginosa biofilm antibiotic resistance. Nature, 426(6964), 306–310. 

https://doi.org/10.1038/nature02090.1. 

Mahenthiralingam, E., Urban, T. A., & Goldberg, J. B. (2005). The Multifarious, multireplicon 

Burkholderia Cepacia Complex. Nature, 3(February), 144–156. 

https://doi.org/10.1038/nrmicro1085 

Mann, E. E., Rice, K. C., Boles, B. R., Endres, J. L., Ranjit, D., Tsang, L. H., … Bayles, K. W. (2009). 

Modulation of eDNA Release and Degradation Affects Staphylococcus aureus Biofilm Maturation. 

PLoS ONE, 4(6). https://doi.org/10.1371/journal.pone.0005822 

Martina, P., Leguizamon, M., Prieto, C. I., Sousa, S. A., Montanaro, P., Draghi, W. O., … Vescina, C. 

(2017). Burkholderia puraquae sp . nov ., a novel species of the Burkholderia cepacia complex 

isolated from hospital settings and agricultural soils. International Journal of Systematic and 

Evolucionary Microbiology, 68(1), 14–20. https://doi.org/10.1099/ijsem.0.002293 

Mccarthy, R. R., Mooij, M. J., Reen, F. J., Lesouhaitier, O., & Gara, F. O. (2014). A new regulator of 

pathogenicity ( bvlR ) is required for full virulence and tight microcolony formation in Pseudomonas 

aeruginosa. Microbiology, 160, 1488–1500. https://doi.org/10.1099/mic.0.075291-0 

McCormick, N. E., & Jakeman, D. L. (2015). On the mechanism of phosphoenol pyruvate synthetase 

(PEPs) and its inhibition by sodium fluoride: potential magnesium and aluminum fluoride 

complexes of phosphoryl transfer Nicole E. M. Biochemistry and Cell Biology, 93(3), 236–240. 

Meade, H. M., Long, S. R., Ruvkun, G. B., Brown, S. E., & Ausubel, M. (1982). Physical and Genetic 

Characterization of Symbiotic and Auxotrophic Mutants of Rhizobium meliloti Induced by 

Transposon TnS Mutagenesis. Journal of Bacteriology, 149(1), 114–122. 



61 

Merritt, J. H., Ha, D., Cowles, K. N., Lu, W., Morales, D. K., Rabinowitz, J., … O’Toole, G. A. (2010). 

Specific Control of Pseudomonas aeruginosa Surface-Associated Behaviors by Two c-di-GMP 

Diguanylate Cyclases. MBio, 1(4), 1–9. https://doi.org/10.1128/mBio.00183-10.Editor 

Moens, S., & Vanderleyden, J. (1996). Functions of bacterial flagella. Critical Reviews in Microbiology, 

22(2), 67–100. https://doi.org/10.3109/10408419609106456 

Molin, S., & Tolker-nielsen, T. (2003). Gene transfer occurs with enhanced efficiency in biofilms and 

induces enhanced stabilisation of the biofilm structure. Current Opinion in Biotechnology, 14, 255–

261. https://doi.org/10.1016/S0958-1669(03)00036-3 

Moreau-Marquis, S., Bomberger, J. M., Anderson, G. G., Swiatecka-urban, A., Ye, S., Toole, G. A. O., 

… F-cftr, S. B. A. T. (2008). The DeltaF508-CFTR mutation results in increased biofilm formation 

by Pseudomonas aeruginosa by increasing iron availability. American Journal of Physiology-Lung 

Cellular and Molecular Physiology, 295(1), 25–37. https://doi.org/10.1152/ajplung.00391.2007. 

Mukaida, N. (2003). Pathophysiological roles of interleukin-8/CXCL8 in pulmonary diasease. American 

Journal of Ohysiology, 284, 566–577. 

Murphy, M. P., & Carahera, E. (2015). Residence in biofilms allows anti-microbial activities of neutrophil-

like dHL60 cells. Pathogens and Disease, 73. 

Ong, K. S., Aw, Y. K., Lee, L. H., Yule, C. M., Cheow, Y. L., & Lee, S. M. (2016). Burkholderia paludis 

sp. nov., an antibiotic-siderophore producing novel Burkholderia cepacia complex species, isolated 

from malaysian tropical peat swamp soil. Frontiers in Microbiology, 7(DEC), 1–14. 

https://doi.org/10.3389/fmicb.2016.02046 

Palmer, G. C., Palmer, K. L., Jorth, P. A., & Whiteley, M. (2010). Characterization of the Pseudomonas 

aeruginosa Transcriptional Response to Phenylalanine and Tyrosine  . Journal of Bacteriology, 

192(11), 2722–2728. https://doi.org/10.1128/JB.00112-10 

Palmer, K. L., Aye, L. M., Whiteley, M., Al, P. E. T., & Acteriol, J. B. (2007). Nutritional Cues Control 

Pseudomonas aeruginosa Multicellular Behavior in Cystic Fibrosis Sputum. Journal of 

Bacteriology, 189(22), 8079–8087. https://doi.org/10.1128/JB.01138-07 

Palmer, K. L., Mashburn, L. M., Singh, P. K., & Whiteley, M. (2005). Cystic Fibrosis Sputum Supports 

Growth and Cues Key Aspects of Pseudomonas aeruginosa Physiology. Journal of Bacteriology, 

187(15), 5267–5277. https://doi.org/10.1128/JB.187.15.5267 

Parks, Q. M., Young, R. L., Poch, K. R., Malcolm, K. C., Vasil, M. L., & Nick, J. A. (2009). Neutrophil 

enhancement of Pseudomonas aeruginosa biofilm development: Human F-actin and DNA as 

targets for therapy. Journal of Medical Microbiology, 58(4), 492–502. 

https://doi.org/10.1099/jmm.0.005728-0 



62 

Peckham, D., Holland, E., Range, S., & Knox, A. J. (1997). Na+/K+ ATPase in Lower Airway Epithelium 

from Cystic Fibrosis and Non-Cystic-Fibrosis Lung. Biochemical and Biophysical Research 

Communications, 232(2), 464–468. 

Peeters, C., Zlosnik, J. E. A., Spilker, T., Hird, T. J., LiPuma, J. J., & Vandamme, P. (2013). Burkholderia 

pseudomultivorans sp. nov., a novel Burkholderia cepacia complex species from human 

respiratory samples and the rhizosphere. Systematic and Applied Microbiology, 36(7), 483–489. 

https://doi.org/10.1016/j.syapm.2013.06.003 

Petrova, O. E., Schurr, J. R., Schurr, M. J., & Sauer, K. (2012). Microcolony formation by the 

opportunistic pathogen Pseudomonas aeruginosa requires pyruvate and pyruvate fermentation. 

Molecular Microbiology, 86(4), 819–835. https://doi.org/10.1111/mmi.12018.Microcolony 

Price, K. E., Orazi, G., Ruoff, K. L., Hebert, W. P., Toole, A. O., & Mastoridis, P. (2015). Mannitol Does 

Not Enhance Tobramycin Killing of Pseudomonas aeruginosa in a Cystic Fibrosis Model System 

of Biofilm Formation. PLoS ONE, 10(10), 1–9. https://doi.org/10.1371/journal.pone.0141192 

Pugliese, G., & Favero, M. S. (2002). Biofilms : Survival Mechanisms of Clinically Relevant 

Microorganisms The Success of Routine , Voluntary Inpatient HIV Testing. Infection Control and 

Hospital Epidemiology, 23(6), 352. 

Pukatzki, S., Mcauley, S. B., & Miyata, S. T. (2009). The type VI secretion system : translocation of 

effectors and effector-domains. Current Opinion in Microbiology, 12(1), 11–17. 

https://doi.org/10.1016/j.mib.2008.11.010 

Reid, D. W., Withers, N. J., Francis, L., Wilson, J. W., & Kotsimbos, T. C. (2002). Iron Deficiency in 

Cystic Fibrosis. Chest, 121(1), 48–54. https://doi.org/10.1378/chest.121.1.48 

Richards, G. R., Patel, M. V, Lloyd, C. R., & Vanderpool, C. K. (2013). Depletion of Glycolytic 

Intermediates Plays a Key Role in Glucose- Phosphate Stress in Escherichia coli. Journal of 

Bacteriology, 195(21), 4816–4825. https://doi.org/10.1128/JB.00705-13 

Romeo, T., Gong, M., Liu, M. Y., & Brun-Zinkernagel, A.-M. (1993). Identification and Molecular 

Characterization of csrA, a Pleiotropic Gene from Escherichia coli That Affects Glycogen 

Biosynthesis , Gluconeogenesis , Cell Size, and Surface Properties. Journal of Bacteriology, 

175(15), 4744–4755. 

Romling, U., Galperin, M. Y., & Gomelsky, M. (2013). Cyclic di-GMP : the First 25 Years of a Universal 

Bacterial. Microbiology and Molecular Biology Reviews, 77(1), 1–52. 

https://doi.org/10.1128/MMBR.00043-12 

 

 



63 

Sagel, S. D., Sontag, M. K., & Accurso, F. J. (2009). Relationship Between Antimicrobial Proteins and 

Airway Inflammation and Infection in Cystic Fibrosis. Pediatric Pulmonology, 409(4), 402–409. 

https://doi.org/10.1002/ppul.21028 

Saier, M. H. (1989). Protein Phosphorylation and Allosteric Control of Inducer Exclusion and Catabolite 

Repression by the Bacterial Phosphoenolpyruvate : Sugar Phosphotransferase System. 

Microbiolical Reviews, 53(1), 109–120. 

Saldías, M. S., & Valvano, M. A. (2009). Interactions of Burkholderia cenocepacia and other 

Burkholderia cepacia complex bacteria with epithelial and phagocytic cells. Microbiology, 155(9), 

2809–2817. https://doi.org/10.1099/mic.0.031344-0 

Sauer, K., Cullen, M. C., Rickard, A. H., Zeef, L. A. H., Davies, D. G., & Gilbert, P. (2004). 

Characterization of Nutrient-Induced Dispersion in Pseudomonas aeruginosa PAO1 Biofilm. 

Journal of Bacteriology, 186(21), 7312–7326. https://doi.org/10.1128/JB.186.21.7312 

Schaible, U. E., & Kaufmann, S. H. E. (2004). Iron and microbial infection. Nature Reviews Microbiology, 

2(12), 946–953. https://doi.org/10.1038/nrmicro1046 

Schleheck, D., Barraud, N., Klebensberger, J., Webb, J. S., Mcdougald, D., Rice, S. A., & Kjelleberg, S. 

(2009). Pseudomonas aeruginosa PAO1 Preferentially Grows as Aggregates in Liquid Batch 

Cultures and Disperses upon Starvation. PLoS ONE, 4(5). 

https://doi.org/10.1371/journal.pone.0005513 

Schwab, U., Abdullah, L. H., Perlmutt, O. S., Albert, D., William Davis, C., Arnold, R. R., … Boucher, R. 

C. (2014). Localization of Burkholderia cepacia complex bacteria in cystic fibrosis lungs and 

interactions with Pseudomonas aeruginosa in hypoxic mucus. Infection and Immunity, 82(11), 

4729–4745. https://doi.org/10.1128/IAI.01876-14 

Schwarz, S., Hood, R. D., & Mougous, J. D. (2010). What is type VI secretion doing in all those bugs? 

Trends in Microbiology, 18(12), 531–537. https://doi.org/10.1016/j.tim.2010.09.001.What 

Silva, I. N., Ramires, M. J., Azevedo, L. A., Guerreiro, A. R., Tavares, A. C., Becker, J. D., & Moreira, L. 

M. (2017a). Regulator LdhR and d-Lactate Dehydrogenase LdhA of Burkholderia multivorans Play 

Roles in Carbon Overflow and in Planktonic Cellular Aggregate Formation. Applied and 

Environmental Microbiology, 83(19). https://doi.org/10.1128/aem.01343-17 

Silva, I. N., Ramires, M. J., Azevedo, L. A., Guerreiro, A. R., Tavares, A. C., Becker, J. D., & Moreira, L. 

M. (2017b). Regulator LdhR and D-Lactate Dehydrogenase LdhA of Burkholderia multivorans Play 

Roles in Carbon Overflow and in Planktonic Cellular Aggregate Formation. Applied and 

Environmental Microbiology, 83(19), 1–24. 

 



64 

Silva, I. N., Tavares, A. C., Ferreira, A. S., & Moreira, L. M. (2013). Stress Conditions Triggering Mucoid 

Morphotype Variation in Burkholderia Species and Effect on Virulence in Galleria mellonella and 

Biofilm Formation In Vitro. PLoS ONE, 8(12). https://doi.org/10.1371/journal.pone.0082522 

Singh, P. K., Parsek, M. R., Greenberg, E. P., & Welsh, M. J. (2002). A component of innate immunity 

prevents bacterial biofilm development. Nature, 417(6888), 552–555. 

Sist, P., Cescutti, P., Skerlavaj, S., Urbani, R., Leitão, J. H., & Sá-Correia, I. (2003). Macromolecular 

and solution properties of Cepacian : the exopolysaccharide produced by a strain of Burkholderia 

cepacia isolated from a cystic fibrosis patient, 338, 1861–1867. https://doi.org/10.1016/S0008-

6215(03)00306-9 

Son, M. S., Matthews, W. J., Kang, Y., Nguyen, D. T., Hoang, T. T., Al, S. O. N. E. T., & Mmun, I. N. I. 

(2007). In Vivo Evidence of Pseudomonas aeruginosa Nutrient Acquisition and Pathogenesis in 

the Lungs of Cystic Fibrosis Patients   †. Infection and Immunity, 75(11), 5313–5324. 

https://doi.org/10.1128/IAI.01807-06 

Sousa, S. A., Ulrich, M., Bragonzi, A., Burke, M., Worlitzsch, D., Leitão, J. H., … Döring, G. (2007). 

Virulence of Burkholderia cepacia complex strains in gp91 phox - / - mice. Cellular Microbiology, 

9(12), 2817–2825. https://doi.org/10.1111/j.1462-5822.2007.00998.x 

Staudinger, B. J., Muller, J. F., Boles, B., Angermeyer, A., Nguyen, D., Rosen, H., … Singh, P. K. (2014). 

Conditions Associated with the Cystic Fibrosis Defect Promote Chronic Pseudomonas aeruginosa 

Infection. American Journal of Respiratory and Critical Care Medicine, 189(7), 812–824. 

https://doi.org/10.1164/rccm.201312-2142OC 

Steinberger, R. E., & Holden, P. A. (2005). Extracellular DNA in Single- and Multiple-Species 

Unsaturated Biofilms. Applied and Environmental Microbiology, 71(9), 5404–5410. 

https://doi.org/10.1128/AEM.71.9.5404 

Stewart, P. S. (1996). Theoretical Aspects of Antibiotic Diffusion into Microbial Biofilms. Antimicrobial 

Agents and Chemotherapy, 40(11), 2517–2522. 

Stites, S. W., Walters, B., O’Brien-ladner, A. R., Bailey, K., & Wesselius, L. J. (1998). Increased Iron 

and Ferritin Content of Sputum From Patients With Cystic Fibrosis or Chronic Bronchitis. Chest, 

114(3), 814–819. https://doi.org/10.1378/chest.114.3.814 

Stoltz, D. A., Meyerholz, D. K., & Welsh, M. J. (2015). Origins of Cystic Fibrosis Lung Disease. 

https://doi.org/10.1056/NEJMra1300109 

Subramoni, S., & Sokol, P. A. (2012). Quorum sensing systems influence Burkholderia cenocepacia 

virulence. Future Microbiology, 7(12), 1373–1387. 

 



65 

Suppiger, A., Schmid, N., Aguilar, C., Pessi, G., & Eberl, L. (2013). Two quorum sensing systems control 

biofilm formation and virulence in members of the Burkholderia cepacia complex. Virulence, 4(5), 

400–409. 

Tablan, O. C., Chorba, T. L., Schidlow, D. V., White, J. W., Hardy, K. A., Gilligan, P. H., … Jarvis, W. R. 

(1985). Pseudomonas cepacia colonization in patients with cystic fibrosis: Risk factors and clinical 

outcome. The Journal of Pediatrics, 107(3), 382–387. https://doi.org/10.1016/S0022-

3476(85)80511-4 

Tamayo, R., Pratt, J. T., & Camilli, A. (2007). Roles of Cyclic Diguanylate in the Regulation of Bacterial 

Pathogenesis. Annual Review of Microbiology, 61, 131–148. 

https://doi.org/10.1146/annurev.micro.61.080706.093426.Roles 

Tang, D., He, Y., Feng, J., He, B., Jiang, B., Lu, G., & Chen, B. (2005). Xanthomonas campestris pv . 

campestris Possesses a Single Gluconeogenic Pathway That Is Required for Virulence. Journal 

of Bacteriology, 187(17), 6231–6237. https://doi.org/10.1128/JB.187.17.6231 

Toole, G. O., Kaplan, H. B., & Kolter, R. (2000). Biofilm formation as microbial development. Annual 

Review of Microbiology, 54, 49–79. 

Urban, T. A., Griffith, A., Torok, A. M., Smolkin, M. E., Burns, J. L., & Goldberg, J. B. (2004). Contribution 

of Burkholderia cenocepacia Flagella to Infectivity and Inflammation. Infection and Immunity, 72(9), 

5126–5134. https://doi.org/10.1128/IAI.72.9.5126 

Valenti, P., & Antonini, G. (2005). Lactoferrin : an important host defence against microbial. Cellular and 

Molecular Life Sciences, 62(22), 2576–2587. https://doi.org/10.1007/s00018-005-5372-0 

Valenti, P., Frionp, A., Natalizi, T., Tendinp, M., & Berlutti, F. (2011). Lactoferrin Decreases Inflammatory 

Response by Cystic Fibrosis Bronchial Cells Invaded with Burkholderia Cenocepacia Iron-

Modulated Biofilm. International Journal of Immunopathology and Pharmacology, 24(4), 1057–

1068. 

Vandamme, P., & Dawyndt, P. (2011). Classification and identification of the Burkholderia cepacia 

complex : Past , present and future. Systematic and Applied Microbiology, 34(2), 87–95. 

https://doi.org/10.1016/j.syapm.2010.10.002 

Veselova, M. A., Lipasova, V. A., Koksharova, O. A., Chernukha, M. Y., Romanova, Y. M., & Khmel, I. 

A. (2012). Mutants of Burkholderia cenocepacia with a Change in Synthesis of N Acyl Homoserine 

Lactones — Signal Molecules of Quorum. Russian Journal of Genetics, 48(5), 608–616. 

https://doi.org/10.1134/S1022795412050213 

 

 



66 

Vigeant, M. A., Ford, R. M., Wagner, M., & Tamm, L. K. (2002). Reversible and Irreversible Adhesion of 

Motile Escherichia coli Cells Analyzed by Total Internal Reflection Aqueous Fluorescence 

Microscopy Reversible and Irreversible Adhesion of Motile Escherichia coli Cells Analyzed by Total 

Internal Reflection Aqueous. Applied and Environmental Microbiology, 68(6), 2794–2801. 

https://doi.org/10.1128/AEM.68.6.2794 

Weber, C. F., & King, G. M. (2016). Volcanic Soils as Sources of Novel CO-Oxidizing Paraburkholderia 

and Burkholderia : Paraburkholderia hiiakae sp . nov ., Paraburkholderia metrosideri sp . nov ., 

Paraburkholderia paradisi sp . nov ., Paraburkholderia peleae sp . nov ., and Burkholderia al. 

Frontiers in Microbiology, 7, 2046. https://doi.org/10.3389/fmicb.2017.00207 

Weinberg, E. D. (1978). Iron and Infection. Microbiolical Reviews, 42(1), 45–66. 

Whitchurch, C. B., Tolker-nielsen, T., Ragas, P. C., & Mattick, J. S. (2002). Extracellular DNA Required 

for Bacterial Biofilm Formation. Science, 295(5559), 1487. 

Worlitzsch, D., Tarran, R., Ulrich, M., Schwab, U., Cekici, A., Meyer, K. C., … Boucher, R. C. (2002). 

Effects of reduced mucus oxygen concentration in airway Pseudomonas infections of cystic 

fibrosis patients. The Journal of Clinical Investigation, 109(3), 317–325. 

https://doi.org/10.1172/JCI200213870.Introduction 

Xu, Y.-B., Chen, M., Zhang, Y., Wang, M., Wang, Y., Huang, Q., … Wang, G. (2014). The 

phosphotransferase system gene ptsI in the endophytic bacterium Bacillus cereus is required for 

biofilm formation, colonization, and biocontrol against wheat sharp eyespot. FEMS Microbiology 

Letters, 354(2), 142–152. https://doi.org/10.1111/1574-6968.12438 

Yoon, S. S., Hennigan, R. F., Hilliard, G. M., Ochsner, U. A., Parvatiyar, K., Kamani, M. C., … Carolina, 

N. (2002). Pseudomonas aeruginosa Anaerobic Respiration in Biofilms : Relationships to Cystic 

Fibrosis Pathogenesis. Developmental Cell, 3, 593–603. 

Yoshimura, T., & Esaki, N. (2003). Amino Acid Racemases : Functions and Mechanisms. Journal of 

Biocinse and Bioengineering, 96(2), 103–109. 

Zhang, L., Hinz, A. J., Nadeau, J., & Mah, T. (2011). Pseudomonas aeruginosa tssC1 Links Type VI 

Secretion and Biofilm-Specific Antibiotic Resistance  . Journal of Bacteriology, 193(19), 5510–

5513. https://doi.org/10.1128/JB.00268-11 

Zhang, L., & Mah, T. (2008). Involvement of a Novel Efflux System in Biofilm-Specific Resistance to 

Antibiotics. Journal of Bacteriology, 190(13), 4447–4452. https://doi.org/10.1128/JB.01655-07 

 

 



67 

Zlosnik, J. E. A., Costa, P. S., Brant, R., Mori, P. Y. B., Hird, T. J., Fraenkel, M. C., … Speert, D. P. 

(2011). Mucoid and Nonmucoid Burkholderia cepacia Complex Bacteria in Cystic Fibrosis 

Infections. Journal of Respiratory and Critical Care Medicine, 183(1), 67–72. 

https://doi.org/10.1164/rccm.201002-0203OC 

Zlosnik, J. E. A., Mori, P. Y., To, D., Leung, J., Hird, T. J., & Speert, D. P. (2014). Swimming Motility in 

a Longitudinal Collection of Clinical Isolates of Burkholderia cepacia Complex Bacteria from 

People with Cystic Fibrosis. PLoS ONE, 9(9), 1–9. https://doi.org/10.1371/journal.pone.0106428 

Zlosnik, J. E. A., Zhou, G., Brant, R., Henry, D. A., Hird, T. J., Mahenthiralingam, E., … Speert, D. P. 

(2015). Burkholderia Species Infections in Patients with Cystic Fibrosis in Patients with Cystic 

Fibrosis in British Columbia, Canada - 30 Years’ Experience. Annals of the American Thoracic 

Society, 12(1), 70–78. https://doi.org/10.1513/AnnalsATS.201408-395OC 

 

  



68 

6. Supplementary Material 

Table S1. Primers used in this work 

Primers Sequences 

pTnModΩKm – fw 
5’ GCAGAGCGAGGTATGTAGGC ‘3 

 

pTnModΩKm – rev 
5’ TTATGCCTCTTCCGACCATC ‘3 

 

KmR 
5’ CCTTTTTACGGTTCCTGGCCT ‘3 

 

OriR 
5’ GTGCAATGTAACATCAGAG ‘3 

 

 

  

Figure S1 Physical map of transposon pTModΩKm. Transposon is composed of genes that encode a transponase, 
two inverted repeats and a selectable marker, kanamycin in this case. The sequence between inverted repeats is 
the unique part of transposon that remain inserted in genome. Size is roughly 2000 bp. Retrieved from (Dennis & 
Zylstra, 1998). 
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Table S2. Flanking sequences of the plasposon insertion obtained from the plasmids recovered from the mutants 

F11 

S
e

q 
A

 

ATAAATGGGTTGGTTTTCTCCCCCCCCCCCGAGCTCTTAATTAATTTAAATCTAGACTAGTG
CGGCCGCACTTGTGTATAAGAGTCAGGCGACGCATGACCGCGCGCGACGCTCTCGACGG
CCTTCTTCAGATCCTGATCGACGTTCGGATACTCGAGGATCGCCTTCGGGTGCACGCCGA
TGTTGTTGTTGATGATGAACTCGAGACGCGCGAGGCCGACGCCGGCGTTCGGCAGCTGC
GAGAAGTCGAATGCGAGCTGCGGGTTGCCGACGTTCATCATGATCTTCACCGGAATTTCC
GGCAGTTCGCCGCGCTGCACTTCGGTGACTTCCGTCTCGAGCAGCCCGTCGTAGATCTTG
CCTTCGTCGCCTTCCGCGCACGACACGGTGACGAGCGCGCCGTCCTTCAGCACGTCGGT
CGCGTCGCCGCAGCCGACCACGGCCGGCACGCCGAGCTCACGCGCGATGATCGCCGCG
TGGCATGTGCGCCCGCCACGGTTCGTGACGATCGCCGACGCGCGCTTCATTACCGGCTC
CCAGTTCGGGTCGGTCATGTCGGCGACGAGCACGTCGCCCGGCTGCACGCGTTCCATTT
CGGACGGATCCTGGATCACGCGTACGGGGCCCGCACCGATCTTCTGGCCGATCGCACGG
TCGGTCGCGGAGCACCTGCGACTGGCCCTTCAGCTTTGAATCGCTGCTCGGCCTTGGTC
GCTCGCCTGGCTCTTCACCGTCTCCGGGGCGCGCCTGCAGAATGAAGATCTTGCCGTCA
CGCCGTCCTTGGCCCACTCATGTCCATCGGACGCTGGGTAGTGCTTTCTCGATATGAACG
GCGTACTTCTAGAATTCGATCTCGTCGGCATCAGTGAATCAAGTACCGGTTGCGCTGATC
GATAAGAACGACAACCGTACTTACACGGCCTGACTCGGACGGATGCGTGAATCCGATCTT
GGAC 

S
e

q 
B

 

TTTTACTTTTTTTTGGTCATAGAGAACAGAGTGTTTTTACCGCCTGGAACTTTTTTTACGCG
GTCGGCTGCTGTGGTCAGAAGCAGTTAACTTCTTGGTTCGCCGCGTGCTTTTTTTACAACA
AGATGACCTGAGGCGACGCGTAAATGCCGGGCGGCTTTCTCTTTCTTTGATCATTGACTGT
CCGAATCAACCTGAAAAGTTTCATCATCATTTGTTTTTCTTCCACAACTAGCCGGATCAATA
TTACCCTAGCCTGGCTTTTCGTGGCGCGTCACACTACTTTTCCGACTTAATCTCGCAGTTA
TTCGTCCTTTTTGTCGCGCCTTTCCGCGCGTGCGTGACCAAATGGGCCGGACCAACATCA
AGATCATGGTGCCGTTCGTGCTCTCCGCGAAGCAGGCGAAACGCGTCACCGGCCTGCTC
GAAAATTTCAGACTGAAGCGCGGCGAGAACGGGTTGTTTTTCGTGATGAGGTGCAAAGTG
ACGACTGACTCAATTCTCGCGGAAGTGTCCCTGGAGTGCTTCGACGGTATCTCGATCGGA
TCCAAAGACCTTTGCACCTCACGCTGGGCCGCGAGGCGATTTTGGTATGGAATTTGCGGG
ACGACGAATTAAACCAGTACGAAACTTCAGTAAAGATCCTGCTGAAGCGCGAGATCGATG
CGTGTCGCATGATGGGCAAGCACGTAGGTGTCTGCGTGCTAGGCCGGGACAATCATCCA
GAGTTTGCTCAATGGCTGA 

F82 

S
e

q 
A

 

AGTCGTCGTCGAGCTTCTTGTTGATCCGCGCGCCGAGCAGCGCGAACGACTCGATCATCC
GCTCGACGTGCGGATCCTCGCAGTGCTCGCCGGACAGCGCGAGGCGCGCCGCGATCTT
CGGATAGCGTTCGGCGAAATCCCGCGAATAGCGCCGCAAAAACGATAATTCGCGCTCGTA
GTACGGCAGCAATTCTTCCATCGACGACCCCGAACCTCTTCCATTCCTTGCCGGACCCTG
TTCCGCCGCCGTGCGGTCCGGCCCGCGCGGCGGC 

S
e

q 
B

 

CATGTTCTTTCCTGGTACCGTCGACGTGCATGGCGCGCCGGCGATCGCGGCCGGCCTAG
GCGGCCAGATCTGATCAAGAGACAGACCCGGAATTCTGATTACGCCGCGTTCTTCGCTGC
GCAATCGGTGCAGAAACCGAAAAAATACAGCACCGACAGCGCGAACGCGAACGCCGTGC
TCTCTGCCCAGCTTCAGTACATCTTCTCGGTATCGCGCGTTGCGCATTACCTGAAGGGGA
TGATGCGGGACAAGATCGGCAGCTTCGCGTCGGCGCAGAACGTGGAGACCTTCCTCAAC
CGGTGGATTTCGCAATACGTGCTGCTCGACGACAACGCGACGCAGGAGC 
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C93 
S

e
q 

A
 ATTCCGTCGATGCCCGGCAGGCCGAGGTCGAGGATCACGAGTTCGTGGCGGTTTTGTGC

CAGCGCCTGTTCGGCAAAGATGCCGTCGTGCACCATGTCGACGGTGAAGCCAGCCTGTT
CGAGGCTGCTCTGGATACCGCGTGCGATGGGGCGGTCGTCTTCGATCAGAAGGAGTCGC
ATGATGTTCGCTCAAGTACAATGGGTTGGCGGTTCAGGCAC 

S
e

q 
B

 

GAATGACCGGTGCCGGCCCCGCCGCGCGGCGCATGCCGCGCGCGAGCGCCGTTACCGA
ACGAGGTGCAACATGGTCCACAAGCTCACATCAGAAGAACGCAAGACGCGACTCGAACG
CCTGCCGCAATGGTCGGCGGTACCGGGCCGCGATGCGATCCAGCGCAG 

 


