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Abstract 
 

Burkholderia cenocepacia has emerged as an important opportunistic 
pathogen for patients suffering from cystic fibrosis. This bacterium is able to 
establish aggressive infections in the lungs, colonizing the viscous mucus 
covering the airways epithelium. Moreover, B. cenocepacia shows extremely 
high levels of drug resistance, making its eradication almost impossible. 
Bacterial divisome is considered a valuable pool of druggable targets, and 
this was confirmed by the characterization of C109, a potent inhibitor of the 
FtsZ GTPase activity, effective against B. cenocepacia and a broad-
spectrum of Gram-positives and -negatives. To find more putative cellular 
targets, the division mechanism of B. cenocepacia was explored, starting 
from the characterization of the division cell wall (dcw) operon. The cluster 
transcriptional organization was assessed by identifying the transcription 
units and the transcription start site, as well as the promoter and the binding 
site of MraZ, the dcw transcriptional regulator. Moreover, the FtsZ 
interactome was dissected in B. cenocepacia, finding significant differences 
from the most studied microorganisms. Finally, the biofilm inhibitory potential 
and the cytotoxicity of the C109 nanosuspension were tested in an in vivo-
like three-dimensional lung epithelial cell model. This work provides an 
overview of the B. cenocepacia division pathway, which will be essential for 
the target-based design of new drugs, and validate the antimicrobial activity 
of the C109 in a physiologically relevant model. 
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Abbreviations 
 

CF    Cystic fibrosis  

CFTR    Cystic fibrosis transmembrane conductance regulator 

Bcc    Burkholderia cepacia complex  

QS    Quorum sensing  

RND    Resistance nodulation division family  

dcw    Division cell wall operon  

C109    Compound 10126109  

TPGS    D-α-tocopheryl polyethylene glycol 1000 succinate  

TPGS109  C109 nanocrystals stabilized with TPGS 

5’-RACE   5’-rapid amplification of cDNA ends  

IMAC    Immobilized metal-ion affinity chromatography  

EMSA    Electrophoretic mobility shift assay  

6-Fam    6-carboxyfluorescein  

BACTH  Bacterial adenylate cyclase two-hybrid system  

MBP    Maltose binding protein  
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1. Introduction 

 

1.1 Cystic fibrosis 

Cystic fibrosis (CF) is the most common genetic disease among Caucasians, 
caused by mutations on both alleles of the gene CFTR (cystic fibrosis 
transmembrane conductance regulator). This condition leads to the 
formation of a defective protein in the whole body, affecting multiple organ 
systems, in particular lungs and pancreas. Historically, CF was first 
described by Dorothy Andersen in 1938, since until that time CF symptoms 
had been associated to celiac disease (Andersen, 1938). Since then, the 
understanding of the disease increased constantly; in 1946 it was recognized 
to be genetic with an autosomal recessive transmission pattern (Andersen 
and Hodges, 1946), while, few years later, in 1950s, CF started to be 
associated with high sweat chloride concentration and lung infections, not 
only with mucus abnormalities (Di Sant’Agnese et al., 1953). However, the 
characterization of the chloride transport defect as the main cause of CF and 
finally the identification of the CFTR gene occurred only in the 1980s (Kerem 
et al., 1989; Riordan et al., 1989; Rommens et al., 1989). At present, more 
than 100,000 people worldwide suffer from CF, but thanks to the 
improvements of symptomatic treatments, the life expectancy in developed 
countries has increased from few months in 1950s to more than 40 years 
now (Burgel et al., 2015). The first characterization of the CFTR gene and 
protein paved the way to the subsequent studies on the molecular pathology 
of CF, which result essential to develop a cure for this life-shortening 
disorder.  

1.1.1 CFTR defects in CF 

The CFTR gene is located on the long arm of the chromosome 7 (7q31.2) 
and consists of 189kb divided in 27 exons encoding a protein of 1480 amino 
acids (Bear et al., 1992). It is classified as member of the ATP-binding 
cassette transporter family (ABC), being its activity dependent on the ATP 
hydrolysis. However, unlike most proteins of this family, which actively 
transport substrates against their gradient, it uses the chemical energy of the 
ATP hydrolysis to conduct anions down their electrochemical gradient 
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forming a channel pore. The mature channel is composed of two 
transmembrane domains forming an anion-selective pore, as well as two 
cytoplasmic ATP-binding domains and a regulatory (R) domain that allows 
the channel to open only after phosphorylation by cAMP-dependent protein 
kinase (Csanády et al., 2019). In healthy individuals, CFTR, after the proper 
folding of the cytosolic domains in the endoplasmic reticulum and 
glycosylation at the Golgi, is transferred to the cell membrane, where it 
functions as chloride/bicarbonate channel. In CF patients more than 2000 
mutations of CFTR have been identified so far 
(http://www.genet.sickkids.on.ca), although only about 200 of them are 
demonstrated to cause the disease. Among those, the most are missense 
mutations, but also a lower percentage of frameshift, splicing, nonsense as 
well as deletions or insertions and promoter mutations have been 
characterized. However, the deletion of the phenylalanine 508 (Phe508∆) 
remains the most common in CF, being present in roughly 85% of the 
patients worldwide (De Boeck et al., 2014b). This multitude of mutations has 
been organized in 7 classes (Figure 1) according to their effect on the protein, 
since different mutations can cause the same defect. In particular, they can 
affect the production, folding, trafficking, channel gating and permeation or 
even the half-life of CFTR at the surface (De Boeck and Amaral, 2016). 
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Figure 1. Classes of CFTR gene mutations and approved therapies.                
Class I mutations decrease the production of full-length CFTR protein; Class II 

mutations includes the Phe508∆ and impair the protein folding and trafficking to the 
cell membrane; Class III mutations affect the regulation of the channel gating; 
Class IV mutations decrease the anionic conductance of the CFTR; Class V 
mutations lead to the formation of aberrant proteins due to abnormal splicing 

variants; Class VI mutations reduce the lifetime of the CFTR protein in the cell 
membrane; Class VII mutations cause the complete ablation of the CFTR mRNA, 
for this reason they are considered pharmacologically unrescuable (De Boeck and 

Amaral, 2016). 

 

1.1.2 Pathophysiology of CF 

In humans, CFTR channel is known to be expressed mostly at the apical part 
of the epithelia, regulating the luminal pH and maintaining the correct surface 
hydration. Therefore, the impairment of its function in CF causes 
abnormalities in the mucus that physiologically covers the mucosal surfaces 
of the human body. This compromises the normal functions of multiple 
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organs as pancreas, liver, gut and in particular lungs (Elborn, 2016). One of 
the most common CF symptoms is the pancreatic insufficiency that is often 
present at birth or soon after. Over years, the severity of the disease 
increases, and many patients show also biliary cirrhosis and intestinal 
obstruction, which causes a severe deficiency in nutrient absorption. 
Moreover, the abnormal inflammatory response, elicited by the obstruction 
of the pancreatic ducts, destroys the pancreatic islets function, leading to CF-
related diabetes (Davis, 2006). Currently, corrective targeted 
pharmacological therapies are available, reducing the impact of these 
dysfunctions on patients’ quality of life. These include the administration of 
exogenous pancreatic enzymes, insulin replacement and a high energy diet 
to manage the consequences of the metabolic alterations (Cystic Fibrosis 
Foundation, 2019). Furthermore, CF patients present defects in sweat 
glands, causing an excessive salt loss and, in male, in vas deferens, leading 
to infertility (Elborn, 2016).  

Nevertheless, the most affected organ is the lung, and respiratory failure 
remains the leading cause of death, accounting for 66.5% (European Cystic 
Fibrosis Society, 2019) and 59.3% (Cystic Fibrosis Foundation, 2019) of 
deaths, in Europe and USA respectively, excluding the transplant-related 
mortality. In lung, the homeostasis of the airway epithelium surface strongly 
depends on the balance between chloride/bicarbonate secretion and sodium 
absorption. Defective CFTR protein causes an electrolyte imbalance, 
reducing the chloride transport towards the epithelium surface and 
increasing the sodium adsorption mediated by the epithelial Na+ channel 
(Figure 2). Indeed, the absence of WT CFTR is thought to promote the 
overactivation of this channel, leading to surface liquid dehydration, even 
though experiments in different models have given conflicting results 
(Csanády et al., 2019). This condition causes the impairment of the major 
innate defense of the lung, the mucociliary clearance. This mechanism is the 
airway’s first line of defense that through the ciliary beating is able to remove 
the inhaled particles and pathogens trapped into the mucus layer covering 
the epithelium (Knowles and Boucher, 2002). Mucociliary clearance relies on 
two anatomic features: the airway surface liquid (ASL) and the ciliated apical 
surface of the epithelium. In healthy people, the beating of the cilia creates 
a current moving the mucus towards the nasopharynx, where it is 
expectorated. This is possible because the ASL is composed of two phases: 
the upper one, which consists of viscous mucus able to trap particulates; and 
the lower one, named periciliary layer (PCL), that is more fluid, in order to 
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facilitate the movement of the cilia (Knowles and Boucher, 2002). In CF, the 
dehydration of the mucus decreases the thickness of the PCL and increases 
its viscosity, impairing the airway clearance (Figure 2) and allowing the 
establishment of opportunistic infections (Lyczak et al., 2002). Moreover, the 
lower bicarbonate secretion decreases the ASL pH, resulting in the reduction 
of antimicrobial peptides activity (Shah et al., 2016). Among these, the key 
antibacterials β-defensin-3 and LL-37, highly effective against 
Staphylococcus aureus and Pseudomonas aeruginosa, were demonstrated 
to decrease their individual and synergistic activity in acidic environments 
(Abou Alaiwa et al., 2014), representing another important defense 
mechanism of the airways impaired in CF.  

Figure 2. Lung pathology of CF. The production of a defective CFTR channel 
causes a dramatic imbalance of ionic permeability and water absorption, impairing 
the mucociliary clearance of the lung epithelial surface. This condition leads to an 

increased susceptibility to infections and to an uncontrolled inflammation that 
eventually causes respiratory failure. Aqp, aquaporin; ENaC, epithelial Na+ 

Channel (Lopes-Pacheco, 2016). 

 

Besides this, CF patients show a defective inflammatory response. This 
abnormal reaction is detected early in life, often shortly after birth, and in 
most cases leads to an uncontrolled chronic lung inflammation. Over years, 
this condition damages the airways architecture and compromises the 
respiratory function (Pillarisetti et al., 2011). In the early stage, the 
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inflammation seems independent to any infection and is characterized by the 
presence of a high number of neutrophils in the lower respiratory tract, likely 
attracted by interleukin (IL)-8. Indeed, this cytokine is present in abnormally 
high concentrations in CF lungs, as well as other pro-inflammatory 
mediators, such as IL-6, IL-1β and IL-17, further increasing inflammation and 
neutrophil infiltration in lungs (Armstrong et al., 2005; Tan et al., 2011). On 
the contrary, anti-inflammatory molecules such as IL-10 (Armstrong et al., 
2005) and lipoxins (Karp et al., 2004) have been found to be reduced in CF 
lung, causing an imbalance in the inflammatory response. However, this 
increased immune activation is not coupled with a more efficient bacteria 
clearance, since the phagocytic capacity of CF neutrophils results impaired 
(Alexis et al., 2006). Moreover, the release of elevated quantities of 
neutrophil elastase, a broad-spectrum serine protease, by activated 
neutrophils is associated to a fast decline in pulmonary functions and the 
onset of bronchiectasis. Indeed, an excess of this enzyme, usually involved 
in bacterial killing, leads to the degradation of fibronectin and elastin as well 
as triggers the activation of the metalloprotease 9, causing the disruption of 
the lung tissue (Cohen-Cymberknoh et al., 2013). Nevertheless, other 
immune cells are involved in this pathological process as well, such as 
eosinophils (Keown et al., 2019), lymphocytes (Tan et al., 2011) and 
monocytes (Tarique et al., 2019), although probably with a less prominent 
role. Finally, using CF epithelial cell cultures, it was demonstrated that the 
airway epithelium itself could produce an increased quantity of pro-
inflammatory mediators, promoting the uncontrolled inflammation of lungs 
(Cigana et al., 2007).  

The administration of anti-inflammatory therapies is thought to be a good 
way to reduce this pathological condition. For this reason, several therapies 
have been tested, but only few of them resulted to have a beneficial effect. 
Indeed, the use of potent anti-inflammatory drugs can reduce the 
effectiveness of the immune response against the pathogens and so worsen 
the lung infections (Konstan et al., 2014). Nowadays, Azithromycin and 
inhaled corticosteroids are the most used in CF, reducing the rate of lung 
function decline (Cystic Fibrosis Foundation, 2019). Nevertheless, other 
promising molecules, including protease inhibitors and antioxidants, are 
currently undergoing clinical trials and, in the future, they could broaden the 
therapeutic spectrum for this pathology (De Boeck and Amaral, 2016).  
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1.1.3 CFTR modulator therapies 

The improvements in symptomatic therapeutic regimens have led to the 
substantial increasing of life expectation for CF patients seen in the last 30 
years. Despite this, the disease remains incurable and the quality of life of 
these people is still low. The introduction of the CFTR modulators could 
revolutionize the therapeutic approach for CF, directly targeting the channel 
protein defects. Indeed, these molecules are able to increase or even restore 
the correct expression and maturation of the protein CFTR, although, until 
now, only in patients with specific mutations. These compounds are grouped 
in 5 classes, based on their effect on the protein: potentiators, able to restore 
the channel gating and conductance; correctors, used to rescue the protein 
folding, maturation and trafficking; stabilizers, which increase the protein 
stability at the plasma membrane; read-through agents, able to rescue the 
protein synthesis; amplifiers, used to increase the abundance of the protein 
(Lopes-Pacheco, 2020).  

The first modulator that reached the market was ivacaftor (Kalydeco®), a 
potentiator approved in 2012 by both FDA and EMA, which is administered 
to patients with a gating mutation in at least one allele (De Boeck et al., 
2014a). Currently, ivacaftor is also used in combination with first- and 
second-generation correctors, lumacaftor/ivacaftor (Orkambi®) and 
tezacaftor/ivacaftor (Symdeko®), combining the two effects to increase the 
quantity of active channel at the membrane in patients homozygous for 
Phe508∆ or heterozygous for Phe508∆ but with a residual function mutation 
in trans (McNamara et al., 2019; Walker et al., 2019). Finally, the most recent 
modulator approved is the corrector elexacaftor that is administered in 
combination with tezacaftor/ivacaftor in the first triple combination 
(Trikafta®), further increasing the therapeutic activity of the older 
combination (Taylor-Cousar et al., 2019). Although they do not fully restore 
the CFTR function, these modulators are proving to be effective in 
decreasing the severe CF symptoms in adults and preventing the rapid 
deterioration of lungs and pancreas in younger patients, giving high 
expectations for the future development of improved and broader spectrum 
therapies.  

Nowadays, approximately 80% of CF patients are eligible for CFTR 
modulators, but the individuals with rare or unique mutations remain without 
therapeutic options. However, even though the molecules currently available 
belong only to two of the five classes described above, several new potential 
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modulators are being tested in clinical trials, and within the next years some 
of them could be approved, increasing the eligibility for these therapies 
(Lopes-Pacheco, 2020).  

 

1.2 CF-associated lung infections 

The human respiratory system is conventionally divided into upper airways 
that, in healthy individuals, are colonized by numerous commensal 
microorganisms, and lower airways, kept sterile by mucociliary clearance 
and innate immunity. Differently, in CF patients the detection of pathogens 
in the lower respiratory tract secretions starts early in childhood and persists 
for their entire life. Indeed, defective CFTR protein causes the dehydration 
of the airway mucus, blocking the mucociliary clearance mechanism (Lyczak 
et al., 2002). Moreover, in these patients, both innate and adaptive immune 
system are dysregulated in lung, leading to a chronic activation that 
nevertheless is unable to clear the infections (Hartl et al., 2012). Taken 
together, these factors lead to microenvironment alterations in CF airways. 
In particular, lungs are characterized by a thickened hypoxic mucus layer 
that promotes the slow growth of bacteria in biofilms, as well as interfering 
with the normal migration of immune cells and the diffusion of antibacterial 
molecules (Lyczak et al., 2002). This condition facilitates the establishment 
of persistent opportunistic infections.  

Using different molecular techniques and culture methodologies, viruses 
(Billard et al., 2017) and fungi (King et al., 2016) are being increasingly 
detected and isolated from CF lungs, but bacteria are still the most prevalent 
microorganisms isolated from sputum. In particular, Staphylococcus aureus 
and Haemophilus influenzae, usually considered non-pathogenic (Verhagen 
et al., 2013), are the most prevalent during childhood, instead Pseudomonas 
aeruginosa and the emerging pathogens Achromobacter xylosoxidans, 
Stenotrophomonas maltophilia and non-tuberculous mycobacteria are 
mostly acquired by adults (Figure 3). These bacterial species have different 
prevalence depending on country and age, but overall P. aeruginosa and S. 
aureus, including Methicillin-resistant S. aureus (MRSA), remain the most 
prevalent infections in CF (Cystic Fibrosis Foundation, 2019; European 
Cystic Fibrosis Society, 2019). However, besides them, the species of the 
Burkholderia cepacia complex (Bcc) are enumerated among the most lethal 
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pathogens for these patients. Indeed, despite infecting only a small 
percentage of CF individuals (around 3%) it is demonstrated that they lead 
to a faster deterioration of the respiratory function, strongly reducing patients’ 
survival rate (Jones et al., 2004). 

Figure 3. Prevalence of respiratory microorganisms in CF patients in US by 
age cohort (Cystic Fibrosis Foundation, 2019). 

 

1.2.1 Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a Gram-negative, motile, non-lactose fermenter 
environmental bacillus, easily cleared by host defenses of healthy people. 
Unfortunately, it is also associated with invasive and fulminant infections in 
immunocompromised individuals, as well as chronic lung infections in CF 
patients, which persist months to decades (Faure et al., 2018). Although it is 
still the most common bacterium isolated in adults with CF, the data show a 
constant decrease in P. aeruginosa prevalence since the late 90s (Cystic 
Fibrosis Foundation, 2019). This is probably due to the implementation of 
aggressive antibiotic treatments to eradicate initial acquisition and decrease 
the probability of poor outcome. Indeed, the establishment of P. aeruginosa 
chronic infection can cause accelerated respiratory function decline and 
premature death, representing a major threat for CF patients (Kerem et al., 
2014).  

In Europe, in 2017, the prevalence of P. aeruginosa chronic infections in all 
patients ranged between 14 - 62% (European Cystic Fibrosis Society, 2019), 
showing a significant variability between countries. This difference is likely 
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due to several factors, as different environmental distribution of the 
bacterium, different infection control protocols, as well as country-dependent 
inclusion criteria.  

P. aeruginosa is commonly acquired by CF patients from the environment, 
even though cases of patient-to-patient transmission have been reported 
(Knibbs et al., 2014), showing initially the characteristics of an acute 
infection. Over time, host-pathogen interactions evolve, and the bacterium 
decreases the production of the virulence factors necessary for the initial 
colonization, mainly by accumulating mutations in global regulators 
(Winstanley et al., 2016). Moreover, during this transition it starts the 
overproduction of the exopolysaccharide alginate, switching from the non-
mucoid to the mucoid phenotype. Alginate, and the other two 
exopolysaccharides produced by P. aeruginosa, Psl and PeI, are 
fundamental for the establishment and maintenance of its biofilm structure 
and promote the persistence of the infection by increasing host immune 
evasion (Faure et al., 2018).  

The intrinsic P. aeruginosa high resistance to antibiotics, in particular β-
lactams, results in a limited panel of effective therapies available and, after 
the transition to the mucoid phenotype, the infection is considered almost 
impossible to eradicate (Cohen-Cymberknoh et al., 2016). Currently, 
tobramycin is the most used antibiotic against this bacterium in CF patients: 
the inhalable formulation is used to control chronic infections, whereas 
intravenous tobramycin is used in case of exacerbations (Langton et al., 
2017). Moreover, aztreonam, amikacin, ciprofloxacin, and colistin have been 
validated as good alternatives to tobramycin (Hansen and Skov, 2015; 
Langton et al., 2017; Caceres Guido et al., 2019).  

1.2.2 Staphylococcus aureus 

Staphylococcus aureus is a Gram-positive, non-motile and non-spore 
forming coccus, usually found as a commensal in the anterior nares and skin 
of humans. However, it is notoriously also the leading cause of acute and 
chronic infections involving bloodstream, skin, soft tissue and respiratory 
tract (Tong et al., 2015). Often S. aureus is associated with nosocomial 
acquired infections, forming persistent biofilms on medical implants (Suresh 
et al., 2019). In CF, it is usually the first respiratory infection acquired, and 
the most prevalent during childhood, reaching more than 80% of prevalence 
in some European countries (European Cystic Fibrosis Society, 2019) and 
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in the United States (Cystic Fibrosis Foundation, 2019). In adults, the 
prevalence decreases, although a significant percentage of patients carries 
this infection (European Cystic Fibrosis Society, 2019; Cystic Fibrosis 
Foundation, 2019).  

The pathogenicity of S. aureus chronic colonization in CF lung is still 
debated, even though a recent study demonstrated that in certain conditions 
it is correlated to a more severe lung disease. In particular, the high bacterial 
density in sputa, the appearance of small-colony variants, and the 
coinfections with pathogens as P. aeruginosa and S. maltophilia were found 
as critical risk factors for worse lung deterioration (Junge et al., 2016). 
Instead, the presence of MRSA infections is clearly associated with 
respiratory function decline, frequent hospitalization, increased 
administration of antibiotics, and higher risk of premature death (Ren et al., 
2007; Dasenbrook et al., 2010). The methicillin resistance of these strains is 
given in most cases by the expression of an altered penicillin binding protein, 
encoded by the gene mecA, although some MRSA strains show mecA-
independent resistance mechanisms (Hryniewicz and Garbacz, 2017). The 
threat of MRSA is particularly serious in USA, since the prevalence of these 
infections dramatically increased in the last 20 years, and today more than 
20% of young adults with CF harbor the pathogen (Cystic Fibrosis 
Foundation, 2019). 

Currently, there are no specific international guidelines for S. aureus 
treatment in CF; nevertheless, the administration of antibiotic prophylaxis is 
considered the best strategy, in particular for MRSA strains, to prevent the 
onset of severe symptoms (Akil and Muhlebach, 2018). Concerning this, in 
the United Kingdom the randomized registry trial CF START 
(www.cfstart.org.uk) is ongoing, with the objective to assess the safety and 
efficacy of flucloxacillin as a long-term prophylaxis agent for infants with CF. 

1.2.3 Stenotrophomonas maltophilia 

Stenotrophomonas maltophilia is a Gram-negative, motile, ubiquitous, rod-
shaped bacterium, isolated from diverse environmental sources, including 
extreme natural and man-made niches (Hayward et al., 2010). Although this 
bacterium does not infect healthy individuals, it is enumerated among the 
most dangerous emerging nosocomial pathogens. Indeed, S. maltophilia can 
infect immunocompromised people, causing numerous clinical syndromes, 
including endocarditis, meningitis, pneumonia, and urinary tract infections. 

http://www.cfstart.org.uk/
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Its ability to adhere and form recalcitrant biofilms on abiotic surfaces, such 
as medical devices, as well as contaminate disinfectants, make this 
bacterium a severe threat for hospitalized patients (Brooke, 2012). This 
microorganism is also known as CF pathogen, causing chronic infections in 
lungs, and its prevalence in these patients has increased over years (Cystic 
Fibrosis Foundation, 2019). This trend has been correlated with the 
increasing administration of antibiotics. In particular, the extensive use of 
antipseudomonal agents seems to promote lung colonization by S. 
maltophilia (Talmaciu et al., 2000). Although the effect of its infection on lung 
function is still not completely clarified, a recent cohort study demonstrated 
a correlation between S. maltophilia acquisition and acceleration in 
respiratory decline in CF individuals (Barsky et al., 2017). Moreover, a 
serious issue for these patients is the misidentification of this bacterium as 
part of the Bcc (McMenamin et al., 2000) or as P. aeruginosa (Kidd et al., 
2009), leading to the administration of ineffective treatments.  

Regarding the therapies against S. maltophilia, currently there is no 
consensus for the management of these infections and the role of antibiotic 
treatments remains unclear (Amin and Waters, 2016). However, the 
development of a potential therapy results challenging, since the bacterium 
exhibits several intrinsic and acquired antibiotic and stress resistance 
mechanisms (Sanchez, 2015). 

1.2.4 Achromobacter xylosoxidans 

Achromobacter xylosoxidans is a Gram-negative non-fermenting, motile rod 
commonly found in soil and aquatic environments. It is also known as 
multidrug resistant opportunistic pathogen correlated with numerous human 
infections and CF. Indeed, it is able to colonize CF lungs causing infections 
with a prevalence that varies between 3 and 30% (Pereira et al., 2011; Cystic 
Fibrosis Foundation, 2019). A. xylosoxidans is prevalently acquired from the 
environment, although cases of patient-to-patient transmission have been 
reported (Pereira et al., 2011).  

The clinical impact of these infections on CF patients is not completely 
understood yet, even though two recent Canadian studies tried to elucidate 
this point. The first study analyzed a cohort of patients attending an adults 
CF clinic for 29 years, proving that there was no worsened long-term 
prognosis associated with Achromobacter infections. Most patients were 
able to clear the infection, even when classified as persistent. However, 
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incident infections were associated with a greater risk of pulmonary 
exacerbations (Edwards et al., 2017). The second study was performed on 
a larger population of both adults and children and confirmed the absence of 
long-term detrimental effects on pulmonary functions in case of chronic 
infection but evidenced a greater risk of death or transplantation (Somayaji 
et al., 2017).  

Currently, no consensus data are available regarding the antibiotic treatment 
against A. xylosoxidans initial infections or exacerbations in CF patients. 
Nevertheless, it is reported that the early treatment with combinations of 
inhaled and intravenous antibiotics successfully delays or prevents the 
establishment of chronic infections (Wang et al., 2013). 

1.2.5 Non-tuberculous mycobacteria 

Non-tuberculous mycobacteria (NTM) are commonly found in the 
environment, both in water sources and in soil. Most of them are non-
pathogenic to healthy humans, but they are reported as opportunistic 
pathogens in immunocompromised or CF patients. The species mainly 
associated with lung infections are the NTM of the Mycobacterium avium 
complex (MAC) (Mycobacterium avium, Mycobacterium intracellulare and 
Mycobacterium chimaera) and the subspecies of the Mycobacterium 
abscessus complex (MABSC) (Mycobacterium abscessus subsp abscessus, 
Mycobacterium abscessus subsp massiliense and Mycobacterium 
abscessus subsp bolletii) (Floto et al., 2016). In CF patients NTM acquisition 
is correlated with age, since the prevalence increases constantly over years, 
from 10% in 10 years old children to around 30% in 40 years old adults 
(Rodman et al., 2005). However, a correlation between age and the 
prevalent NTM species isolated has been demonstrated. Indeed, MABSC 
bacteria infect prevalently young patients with a severe CF phenotype, 
whereas MAC bacteria are often isolated from adults with a less severe 
disease (Catherinot et al., 2013).  

Concerning transmission, the cross-infection between patients is considered 
unlikely, as confirmed by a recent study. In this paper, 48 patients, from four 
CF centers in Italy, carrying M. abscessus infections, were followed for 10 
years, periodically analyzing the strain harbored by each individual. The 
unchanged presence of a variety of different M. abscessus strains 
demonstrated a very low risk of inter-human transmission (Tortoli et al., 
2017). Currently, NTM infections are increasingly monitored since they can 
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cause a severe inflammatory condition termed “NTM pulmonary disease”, 
leading to progressive lung damage (O'Connell et al., 2012). For this reason, 
the increasing prevalence of these infections reported in US and Europe 
(Cystic Fibrosis Foundation, 2019; European Cystic Fibrosis Society, 2019) 
represents a major threat for CF patients’ health. In response to this 
challenge, a joint effort of the European and US CF societies led to the 
development of international guidelines for the screening, diagnosis and 
management of NTM pulmonary infections in these individuals (Floto et al., 
2016). Thanks to this, now CF clinics have a standard protocol to follow for 
the management of these infections, even though it is fundamental to 
consider the strain specific antibiotic resistance, which is known to be 
intrinsically very high in NTM (Waters and Ratjen, 2016). 

 

1.3 The genus Burkholderia 

The genus Burkholderia was named after the American plant pathologist W. 
H. Burkholder, who published the first report describing Burkholderia cepacia 
as the phytopathogen causing sour skin of onion (Burkholder, 1950). Initially, 
due to its similarity to the pseudomonads, this Gram-negative bacterium was 
classified as Pseudomonas cepacia, until Yabuuchi and colleagues (1992) 
proposed the creation of the new genus Burkholderia. At that time, the novel 
genus contained only seven species and B. cepacia was the type species. 
Since then, more than one hundred species have been ascribed to this 
genus which includes a very heterogeneous group of bacteria isolated from 
virtually every ecological niche. The extraordinary variety of environments in 
which Burkholderia can be found indicates an incredible adaptability to 
different conditions, implying a great metabolic versatility. This makes them 
interesting for several biotechnological applications as: the degradation of 
toxic xenobiotics, producing a variety of hydrolytic enzymes; the production 
of antimicrobial and antifungal secondary metabolites; the stimulation of 
plant growth (Figure 4) (Chiarini et al., 2006; Compant et al., 2008). However, 
some of them can be pathogenic for eukaryotic hosts, as human, animals 
and plants (Figure 4), making their application as biocontrol agents 
hazardous and, accordingly, severely restricted (Eberl and Vandamme, 
2016). Therefore, a major effort to discriminate between pathogenic and 
beneficial Burkholderia has been made. 
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Figure 4. Burkholderia cepacia complex beneficial effects and human health 
threat. Bcc bacteria have a high biotechnological potential, producing antimicrobial 
compounds, increasing crop production, and degrading toxic pollutants. However, 

they are also known as opportunistic pathogens, limiting their use as biocontrol 
agents (Mahenthiralingam et al., 2005). 

 

This eventually led to the recent subdivision of the genus in Burkholderia 
sensu stricto, which contains the most pathogenic species, and in other six 
genera: Paraburkholderia (Sawana et al., 2014), Caballeronia (Dobritsa and 
Samadpour, 2016), Robbsia (Lopes-Santos et al., 2017), Mycetohabitans 
and Trinickia (Estrada-de Los Santos et al., 2018), Pararobbsia (Lin et al., 
2020), which encompasses primarily environmental species. Currently, 
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Burkholderia sensu stricto includes 32 validly named species and among 
them there are plant pathogens, as Burkholderia glumae (Ham et al., 2011), 
Burkholderia gladioli (Lee et al., 2016) and Burkholderia plantarii (Wang et 
al., 2016), but also the human and animal pathogens of the Burkholderia 
cepacia complex and Burkholderia pseudmallei complex (Tuanyok et al., 
2017; Vandamme et al., 2017). This complex comprises Burkholderia mallei 
and Burkholderia pseudomallei, classified as category B bioterrorism agents 
by the US Centers for Disease Control and Prevention (Larsen and Johnson, 
2009). 

1.3.1 Burkholderia cepacia complex 

Burkholderia cepacia complex (Bcc) is a cluster of non-spore-forming, 
aerobic Gram-negative bacilli, with remarkable genetic and phenotypic 
similarities. To date, in 2020, Bcc is composed of 24 closely related species 
(Table 1), even though the name of two species, B. paludis and B. 
aenigmatica, is still awaiting the official validation. Originally, some of these 
bacteria were known as different genomovars (phenotypically similar but 
genotypically distinct bacteria) of Burkholderia cepacia, but, after a molecular 
polyphasic approach, they were finally classified as separate species with 
official binomial names (Vermis et al., 2002).  
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Species name Reference 

Burkholderia cepacia (genomovar I) Yabuuchi et al., 1992 

Burkholderia multivorans (genomovar II) Vandamme et al., 1997 

Burkholderia cenocepacia (genomovar III) Vandamme et al., 2003 

Burkholderia stabilis (genomovar IV) Vandamme et al., 2000 

Burkholderia vietnamiensis (genomovar V) Gillis et al., 1995 

Burkholderia dolosa (genomovar VI) Vermis et al., 2004 

Burkholderia ambifaria (genomovar VII) Coenye et al., 2001a 

Burkholderia anthina (genomovar VIII) Vandamme et al., 2002 

Burkholderia pyrrocinia (genomovar IX) Vandamme et al., 2002 

Burkholderia ubonensis (genomovar X) Yabuuchi et al., 2000 

Burkholderia latens Vanlaere et al., 2008 

Burkholderia diffusa Vanlaere et al., 2008 
Burkholderia arboris Vanlaere et al., 2008 
Burkholderia seminalis Vanlaere et al., 2008 
Burkholderia metallica Vanlaere et al., 2008 
Burkholderia contaminans Vanlaere et al., 2009 

Burkholderia lata Vanlaere et al., 2009 

Burkholderia pseudomultivorans Peeters et al., 2013 

Burkholderia stagnalis De Smet et al., 2015 

Burkholderia territorii De Smet et al., 2015 

Burkholderia paludis Ong et al., 2016 

Burkholderia catarinensis Bach et al., 2017 

Burkholderia puraquae Martina et al., 2018 

Burkholderia aenigmatica Depoorter et al., 2020 

Table 1. Burkholderia species currently included in the Burkholderia cepacia 
complex. 
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The identification of the Bcc species has always been problematic since the 
classically used 16S rRNA or the recA gene sequence analysis approaches 
are not able to discriminate between the single species, due to their very high 
gene sequence identities (16S rRNA: 98%–100%; recA: 94%–95%) (Coenye 
et al., 2001b). Phenotypic analysis and biochemical tests are reported to lead 
often to misidentifications; for this reason, several different approaches have 
been tested for their reliability and accuracy (Vandamme and Dawyndt, 
2011). Among them, the recA-restriction fragment length polymorphism, 
which relies on the use of species-specific PCR primers and the analysis of 
a specific portion of the gene recA, is one of the best techniques available 
for this purpose, allowing the identification of most Bcc species (Payne et al., 
2005). In more recent years, matrix-assisted laser desorption ionization time-
of-flight mass spectrometry has been used for the identification of these 
species, giving promising results, although the accuracy is lower compared 
to the recA gene sequencing (Fehlberg et al., 2013). Finally, the most 
powerful taxonomic tool available is the multilocus sequence analysis, based 
on the study of seven housekeeping genes, that can discriminate the 
individual Bcc members at the strain level (Baldwin et al., 2005).  

These methods allow the fast and unambiguous identification of these 
bacteria that is fundamental for an early diagnosis and treatment since most 
species of the complex have been characterized as human opportunistic 
pathogens. In particular, they are known to establish aggressive lung 
infections in patients with underlying medical conditions, as chronic 
granulomatous disease, or CF. Moreover, hospitalized and 
immunocompromised patients can be infected by Bcc bacteria, mainly due 
to their ability to contaminate disinfectants, intravenous solutions, nebulizer 
solutions, mouthwashes, or invasive medical devices (Tavares et al., 2020).  

1.3.2 Bcc species as CF pathogens 

The first report of P. cepacia in CF dates back to 1984, when Isles et al. 
(1984) described an increasing number of patients infected by this 
bacterium. This report pointed out the greater pulmonary function impairment 
caused by P. cepacia compared to P. aeruginosa, as well as the very high 
levels of antibiotic resistance. Since then, reports and studies concerning 
Burkholderia infections in CF have increased over years, raising our 
understanding of the mechanisms involved in the pathogenicity. Today, Bcc 
infections are particularly feared by CF patients being often associated to 
poor prognosis. Indeed, despite their relatively low prevalence, infecting 
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around 3% of CF population, upon chronic infection establishment, they 
cause a significant lung inflammation, leading to fast respiratory function 
deterioration (Mahenthiralingam et al., 2005). Moreover, in more than 10% 
of the cases, patient develops a fatal clinical syndrome characterized by high 
fever, severe progressive respiratory failure, leukocytosis, and elevated 
erythrocyte sedimentation, known as “cepacia syndrome” (Jones et al., 
2004). This already serious condition is also worsened by the intrinsic 
resistance to almost every existing antibiotic, making the infection extremely 
hard to treat and eradicate (Rhodes and Schweizer, 2016; Scoffone et al., 
2017). Concerning the prevalence of the Bcc species infecting CF patients, 
B. cenocepacia and B. multivorans are the most prevalent, although B. 
vietnamiensis, B. cepacia, and B. contaminans are increasingly isolated 
(Kenna et al., 2017). In recent years, B. multivorans accounts for the majority 
of Burkholderia species isolated from CF patients, as reported in USA 
(LiPuma, 2010), UK (Kenna et al., 2017) and Spain (Medina-Pascual et al., 
2012), with the exception of Italy (Teri et al., 2018), Australia (Ramsay et al., 
2013) and Canada (Cystic Fibrosis Canada, 2019). However, B. 
cenocepacia used to be the most common until 15 years ago and still 
remains one of the most serious.  

 

1.4 Burkholderia cenocepacia 

1.4.1 B. cenocepacia epidemiology 

Representing a major threat for CF patients, this species has been the most 
studied; by recA sequence analysis it was subdivided into four phylogenetic 
subgroups: IIIA, IIIB, IIIC, IIID (Vandamme et al., 2003). This classification 
allowed the discrimination between the most pathogenic strains, IIIA, IIIB 
(Drevinek and Mahenthiralingam, 2010) and IIID (Manno et al., 2004), and 
the environmental strain IIIC (Balandreau et al., 2001), even though it is 
known that they frequently overlap (LiPuma et al., 2002; Baldwin et al., 
2007).  

Due to its clinical relevance, most of the research was focused on the 
molecular pathogenesis of the epidemic B. cenocepacia Electrophoretic 
Type-12 (ET-12), a highly transmissible lineage belonging to genomovar IIIA 
(Drevinek and Mahenthiralingam, 2010). ET-12 lineage emerged from 
Canada during 1980s, causing multiple outbreaks in CF population and also 
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spreading to Europe, particularly in UK. The spreading of this infection was 
mainly due to UK CF patients attending summer camps in Canada and 
caused increased mortality among CF patients during 1990s 
(Mahenthiralingam et al., 2005). The evidence of patient-to-patient 
transmission of B. cenocepacia strains have increased the awareness of the 
threat that they represent for CF people, and resulted in the application of 
stringent infection control measures to prevent further outbreaks. This has 
limited B. cenocepacia spreading among patients, but probably contributed 
to the increasing infection prevalence of environmental strains, such as B. 
multivorans (Saiman and Siegel, 2004).  

Unfortunately, ET-12 is not the only epidemic lineage characterized, since 
the CZI clone, a B. cenocepacia IIIA strain isolated in Czech Republic, was 
described as its European counterpart (Drevinek et al., 2005). This strain is 
positive for the marker of transmissible B. cenocepacia strains (BCESM), but 
negative for the presence of the cable pilin subunit gene cblA, reported in 
ET-12 strains (Mahenthiralingam et al., 1997). After a more detailed 
characterization, CZI resulted the same strain type as another Canadian 
epidemic strain, the RAPD 01 (Speert et al., 2002). This raised the possibility 
of an intercontinental spread of this clone, even though no direct 
epidemiological link between Czech and Canadian patients was found 
(Drevinek et al., 2005).  

In USA, instead, the main epidemic strains characterized belong to the B. 
cenocepacia IIIB subgroup, and they are known as Midwest clone and PHDC 
strain. The first was originally reported in the late 1980s as the cause of 
several infections in the midwestern region of USA (LiPuma et al., 1988; 
Coenye and LiPuma, 2002). Instead, PHDC strain takes its name from the 
two cities in the mid-Atlantic part of USA where it was first described, and it 
was reported to be endemic in different CF centers for at least two decades 
(Chen et al., 2001). Moreover, this strain was isolated also in Europe, 
representing the second transatlantic clone affecting European CF patients 
(Coenye et al., 2004). Surprisingly, PHDC was found also in agricultural soil 
in New York state, demonstrating for the first time that the natural 
environment can be the source of highly pathogenic Burkholderia strains 
(LiPuma et al., 2002). 
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1.4.2 B. cenocepacia genome 

B. cenocepacia J2315 was isolated from a CF patient in Edinburgh in 1989 
(Govan et al., 1993), and is one of the best characterized members of the 
ET-12 epidemic lineage. This strain is notorious for the extremely high 
transmissibility and virulence and caused many devastating outbreaks in CF 
centers in Canada and Europe (Govan et al., 1993). The critical clinical 
impact of this bacterium has increased the interest in better understanding 
the factors mediating its pathogenicity and its genetics, becoming the first 
Bcc bacterium entirely sequenced (Holden et al., 2009).  

Interestingly, B. cenocepacia J2315 possesses one of the largest genomes 
among Gram-negative bacteria, accounting for 8.06-Mb, that reflects its 
extreme complexity. It shows a high G+C content and is composed of three 
circular chromosomes and the plasmid pBCJ2315 (Holden et al., 2009). 
Through an accurate genome annotation, it has been predicted that the four 
replicons encode 3.537, 2.849, 776 and 90 initial coding sequences 
respectively, of which 126 are partial genes or pseudogenes. It has also been 
noticed a distinct partitioning of functions between chromosomes, since 
chromosome 1 contains mainly genes encoding for core cellular functions, 
such as cell division and metabolism, while chromosomes 2 and 3 contain 
genes encoding for accessory functions and a consistent number of coding 
sequences with unknown functions (Holden et al., 2009). Concerning the 
genetic basis of the high virulence of this bacterium, several virulence factors 
have been identified, demonstrating to be well equipped with functions 
correlated with CF lung long term colonization. Moreover, fourteen DNA 
regions have been predicted as genomic islands deriving from horizontal 
genetic transfer, since they are not present in other less virulent B. 
cenocepacia strains (Holden et al., 2009). The best characterized is the 
cenocepacia island (cci), a 44-kb pathogenicity island that contains the 
Burkholderia cepacia epidemic strain marker (BCESM), as well as genes 
involved in arsenic resistance, antibiotic resistance, ion and sulfate family 
transporter, stress response, in addition to metabolism and various 
regulators that include an N-acyl-homoserine lactone-dependent quorum 
sensing system (Baldwin et al., 2004). Nevertheless, it has been shown that, 
besides the acquisition of new functions, gene loss can have an important 
role in infection as well, in particular in the persistence. Indeed, as in P. 
aeruginosa (Winstanley et al., 2016), the inactivation of genes essential for 
the acute infection may give an advantage to the establishment of the chronic 
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lung infection, thus facilitating the transmission to other patients (Holden et 
al., 2009). 

1.4.3 B. cenocepacia pathogenicity and virulence factors 

B. cenocepacia infections are notoriously the most feared by CF patients, 
since they are associated to reduced survival and to a higher risk of 
developing cepacia syndrome than the other Bcc species. The severity of 
these infections is well described in a UK report that compared the mortality 
rate over a period of 5 years in B. cenocepacia or P. aeruginosa infected CF 
populations. Indeed, it was shown that 33.3% and 14.7% of the patients died 
respectively within that time span, highlighting a dramatically higher risk of 
death for B. cenocepacia infected individuals (Jones et al., 2004). Moreover, 
B. cenocepacia chronic infection is often considered a contraindication for 
lung transplantation, which is the final treatment option for end-stage CF, 
since the post-transplant survival within the first year for these patients has 
been reported to be eight times lower than the non-infected patients 
(Alexander et al., 2008).  

The extreme virulence of B. cenocepacia is due to its ability to colonize CF 
lung and adapt to its stressful environment, taking advantage of the 
production of several virulence factors. These include secreted, membrane-
associated, or cytosolic proteins, that are essential for the bacterium to exert 
its pathogenicity towards the host, mediating adherence, cellular invasion, 
and intracellular survival. In CF lung, B. cenocepacia is initially entrapped 
within the thick mucus layer and, through specific proteins, adheres to mucin, 
the main component of the airway mucus. This interaction is mediated by 
AdhA, the 22-kDa adhesin associated with the cable pilus, a combination 
commonly found in strains belonging to the ET-12 lineage (Sajjan et al., 
1992). The expression of these proteins is probably one of the factors that 
makes this lineage so virulent, since the increased binding ability to mucin is 
associated to persistent infections and cepacia syndrome (Sajjan et al., 
1992). Moreover, AdhA and cable pilus are involved in the interaction with 
cytokeratin 13, a protein expressed selectively during tissue repair after an 
epithelial injury. This condition is hypothesized to be relevant in CF, knowing 
that the airway epithelium undergoes several injury and healing cycles, thus 
giving a further advantage to B. cenocepacia initial adhesion (Sajjan et al., 
2000).  
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To establish the infection, secreted proteins are known as important 
virulence factors for this bacterium: ZmpA and ZmpB are the best 
characterized zinc metalloproteases. These are involved in the degradation 
of antimicrobial peptides, lactoferrin, immunoglobulins and some 
components of the extracellular matrix in vitro, promoting the persistence of 
the infection (Kooi and Sokol, 2009).  

In CF lung microenvironment, the amount of freely available iron is limited, 
for this reason the expression of siderophore, molecules specialized in iron 
chelation and uptake, results fundamental in these conditions for B. 
cenocepacia. Concerning this, different studies demonstrated that ornibactin 
is the most relevant siderophore for this bacterium, while pyochelin is 
expressed, but in smaller amounts (Thomas, 2007).  

During the infection, to ensure its persistence, B. cenocepacia is able to 
evade certain host defenses by producing the lipopolysaccharide (LPS), a 
complex glycolipid located on the outer membrane of Gram-negatives. 
Interestingly, its LPS is characterized by a unique feature, containing the 
positively charged 4-amino-4-deoxy-L-arabinose residues, which reduce the 
net charge on the external membrane and thus decrease its susceptibility to 
the cationic antimicrobial peptides (Loutet et al., 2006).  

The activation of the innate immune system is normally involved in the 
clearance of respiratory pathogens, but B. cenocepacia can deregulate this 
mechanism. Indeed, it can stimulate an exaggerated pro-inflammatory 
cytokine response by interacting with different cellular receptors. This effect 
is mediated by the interaction of the toll-like receptor 4 with the LPS of B. 
cenocepacia, which is demonstrated to be one of the most potent stimulators 
of pro-inflammatory cytokines among Bcc and CF pathogens (Zughaier et 
al., 1999; De Soyza et al., 2004). Recently, the trimeric autotransporter 
adhesin BcaA has been demonstrated to be involved in this mechanism, by 
binding specifically the tumor necrosis factor receptor 1, and stimulating the 
production of the pro-inflammatory molecule IL-8 (Mil-Homens et al., 2017). 
Taken together these virulence mechanisms lead to an abnormal recruitment 
of neutrophils and, accordingly, to inflammation-related lung injury (Cohen-
Cymberknoh et al., 2013).  

B. cenocepacia is not only able to persist in the CF airways lumen, but it is 
demonstrated to invade the lung epithelium through different mechanisms 
(McClean and Callaghan, 2009). In this process, flagellum and secreted 
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lipases result crucial, increasing dramatically the invasion capability of B. 
cenocepacia in in vitro models (Tomich et al., 2002; Mullen et al., 2007).  

Moreover, after the internalization of the bacterium within vesicles, it can 
survive intracellularly both in epithelial cells and in macrophages, avoiding 
the recognition by host defenses during in vivo chronic infections. Its ability 
to survive within cells is mediated by several factors (Figure 5), as the type 
IV secretion system that blocks the fusion of the vacuole containing the 
bacterium with the lysosome, impairing the normal endosomal pathway 
(Sajjan et al., 2008). A prominent role in this mechanism is played also by 
the catalase/peroxidase KatA and KatB (Lefebre et al., 2005), the 
periplasmic superoxide dismutase SodC (Keith and Valvano, 2007), and the 
B. cenocepacia melanin-like pigment (Keith et al., 2007). Indeed, these 
increase the oxidative stress resistance of the bacterium, facilitating its 
survival within the phagosome.  

Finally, the alternative sigma factors RpoE and RpoN exert the function of 
main regulators of the intraphagosomal survival and are necessary to delay 
the phagolysosomal fusion (Figure 5) (Flannagan and Valvano, 2008; 
Saldías et al., 2008). In addition to the above-mentioned virulence 
determinants, B. cenocepacia possesses also different quorum sensing 
systems and it can form biofilms.  
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Figure 5. Virulence determinants used by Burkholderia cenocepacia for 
intraphagosomal survival and interactions with phagocytes. Cartoon of the 
virulence factors involved in persistence of B. cenocepacia in host phagocytes 

(Porter and Goldberg, 2011). 

 

1.4.3.1 Quorum sensing 

Quorum sensing (QS) is a mechanism of cell-to-cell communication by which 
a bacterial population can coordinate its pattern of gene expression based 
on cell density. This process is mediated by soluble autoinducer molecules 
produced and secreted by bacteria in the extracellular environment, until the 
threshold concentration is reached. At that point, the inducer triggers a 
collective alteration of gene expression (Papenfort and Bassler, 2016).  

Each B. cenocepacia strain encodes a classical LuxIR-like QS system, 
CepIR, while some epidemic strains are provided with an additional system, 
CciIR, encoded on the cci pathogenicity island (Lutter et al., 2001; Malott et 
al., 2005). The CepIR system mediates the production of N-octanoyl-
homoserine-lactone (C8-HSL) and smaller quantities of N-hexanoyl-
homoserine-lactone (C6-HSL, Figure 6) by the synthase CepI, regulating 
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various functions in B. cenocepacia through the activation of the 
transcriptional regulator CepR, the receptor of the acyl-homoserine-lactone 
(AHL) molecule (Lutter et al., 2001). Instead, the other AHL-based QS 
system, CciIR involves the production of C6-HSL, and a lower amount of C8-
HSL (Figure 6), by CciI and the subsequent activation of the cognate 
receptor CciR (Malott et al., 2005). Besides these, the bacterium possesses 
CepR2, an orphan regulator that is not coupled with an AHL synthase (Malott 
et al., 2009). The complex array of signaling systems of B. cenocepacia 
comprehends also an AHL-independent QS system, the Burkholderia 
diffusible signal factor system (BDSF), which is very similar to the one 
described in Xanthomonas campestris (Boon et al., 2008). Indeed, the 
diffusible signal molecule of this system is the cis-2-dodecenoic acid (Figure 
6), produced by a bifunctional crotonase DfsA (Spadaro et al., 2016), which 
activates the receptor RpfR (Yang et al., 2017). Recently, a novel QS signal 
was discovered, the diazeniumdiolate compound valdiazen (Figure 6). This 
molecule was demonstrated to positively regulate the transcription of the 
operon responsible of its biosynthesis, besides influencing the expression of 
more than 100 genes in B. cenocepacia H111 (Jenul et al., 2018). 
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 Figure 6. QS systems of Burkholderia cenocepacia and their interactions. 
The systems CepIR, CciIR, BDSF, and the orphan receptor CepR2 form a complex 
interactome, whereas the interactions of the Ham system are not characterized yet. 

C8-HSL, N-octanoyl-homoserine-lactone; C6-HSL, N-hexanoyl-homoserine-
lactone; BDSF, Burkholderia diffusible signal factor and valdiazen. Arrows indicate 

positive regulation, T-bars negative regulation. (Scoffone et al., 2019) 

 

Taken together, these systems are demonstrated to interact each other, 
forming a complex regulon (Figure 6) known to control hundreds of genes 
(O'Grady et al., 2009; Udine et al., 2013; Jenul et al., 2018). Among those, 
there are several virulence factors, including toxins, lipases, proteases, and 
siderophores, but also genes involved in biofilm formation and swarming 
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motility, demonstrating that QS is a major determinant of the B. cenocepacia 
pathogenesis (Subramoni and Sokol, 2012). For this reason, QS is 
considered a good target for the development of novel antivirulence 
compounds (Scoffone et al., 2019). 

1.4.3.2 Biofilm 

Biofilms are complex communities of microorganisms adhered to a surface 
and embedded within a matrix of polymeric compounds composed of 
exopolysaccharides, DNA, and proteins. It is known that biofilm formation is 
a multistep process including adhesion, aggregation, maturation, dispersion 
(Figure 7).  

The initial step is triggered by environmental signals, which lead to the 
reversible attachment of planktonic cells to a biotic or abiotic surface. Then, 
during growth, bacteria interact through intercellular communication 
systems, as QS, that eventually activate the coordinate production of the 
polysaccharide, trapping nutrients and bacteria, and leading to the 
irreversible attachment of the cells. After that, microorganisms form 
microcolonies that are progressively covered by the matrix until the complete 
maturation of the biofilm and the subsequent dispersion (Rabin et al., 2015).  

Figure 7. Schematic representation of the biofilm formation ad dispersion 
steps (Rumbaugh and Sauer, 2020). 
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The biofilm organization is known to lead to an increased resistance of the 
bacterial population to environmental stresses, antibiotics, and host 
defenses. Indeed, the thick matrix can protect bacteria from immune system 
recognition, as well as limit the penetration of the antibacterial molecules and 
promoting the formation of persisters, a subpopulation of dormant bacteria 
extremely resistant to antibiotics (Rabin et al., 2015).  

B. cenocepacia is thought to form biofilm in CF lung, including mixed biofilms 
with P. aeruginosa (Tomlin et al., 2001), although this has been 
demonstrated only in vitro. Biofilm formation is a tightly regulated process 
that involves several genes in B. cenocepacia (Huber et al., 2002) and is 
modulated by multiple gene regulation systems, including QS (Suppiger et 
al., 2013), the alternative sigma factor RpoN indirectly activated by c-di-GMP 
(Fazli et al., 2017), the LysR-type regulator ShvR (Subramoni et al., 2011), 
and the hybrid sensor kinase-response regulator AtsR (Aubert et al., 2008). 
Moreover, it is affected by other factors as iron availability (Berlutti et al., 
2005), exopolysaccharide synthesis, and motility (Cunha et al., 2004). 
Concerning the advantages given by the biofilm lifestyle, several studies 
compared the levels of antimicrobial resistance in planktonic and sessile B. 
cenocepacia. These studies show conflicting results, since some of them 
report no major differences in the resistance (Rose et al., 2009; Peeters et 
al., 2009), while others demonstrate an increased tolerance to antimicrobials 
(Caraher et al., 2007; Coenye et al., 2011), making further investigations 
necessary. 

1.4.4 B. cenocepacia antibiotic resistance 

Bacteria are defined resistant when able to grow in the presence of 
therapeutic levels of antibiotics. It is reported that two types of resistance 
exist: intrinsic and acquired. The first is an innate characteristic of the 
bacterium, independent of antibiotic selective pressure or heterologous DNA 
acquisition. Conversely, the second involves the selection of a bacterial 
subpopulation with genetic mutations that give a growth advantage in the 
presence of a specific antibiotic or resistance genes acquired through 
horizontal gene transfer.  

B. cenocepacia shows extremely high levels of intrinsic resistance, being 
insensitive to high concentrations of aminoglycosides, quinolones, 
polymyxins, and β-lactams (Drevinek and Mahenthiralingam, 2010). 
Nevertheless, it can acquire resistance also through mutations in the drug 
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cellular target, as reported for the resistance to levofloxacin (Tseng et al., 
2014), besides the acquisition of large genomic islands by horizontal gene 
transfer (Patil et al., 2017). The mechanisms used by B. cenocepacia to 
defend itself from antibiotics are the same ones shared by most Gram-
negative bacteria. Indeed, through the formation of structured biofilms, it can 
protect itself from hostile environments (Tomlin et al., 2001), whereas the 
appearance of persisters during the antibiotic treatment prevents the 
complete eradication of the bacterial population (Chiarelli et al., 2020). 
Moreover, the bacterium can inactivate several β-lactams by expressing β-
lactamases as AmpC, an enzyme able to hydrolyze expanded-spectrum 
cephalosporins, AmpD, an important cell wall recycling protein, and PenB, a 
class A penicillinase (Hwang and Kim, 2015). However, the most important 
resistance mechanisms of B. cenocepacia are the reduced permeability of 
the cell envelope, due to the presence of the LPS on the outer membrane 
(Moffatt et al., 2019), and the overexpression of efflux pumps. 

1.4.4.1 Efflux-pumps 

Overexpression of efflux-pumps is the leading mechanism responsible for 
multidrug resistance in B. cenocepacia since, due to their broad substrate 
specificity, a single type of efflux pump can extrude many drugs. In general, 
it is reported that Gram-negatives can express up to five different types of 
efflux pumps (Figure 8): the major facilitator superfamily (MFS), the ATP-
binding cassette family (ABC), the small multidrug resistance family (SMR), 
the multidrug and toxic compound extrusion family (MATE), and the 
resistance nodulation division family (RND) (Li et al., 2015).  
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Figure 8. Crystal structure of the five major families of efflux pumps from 
different bacteria. From the left: Sav1866 from S. aureus (ABC), EmrD (MFS), 

AcrB-AcrA-TolC (RND), EmrE (SMR) from Escherichia coli, and NorM from Vibrio 
cholerae (MATE) (Murakami, 2016). 

 

In B. cenocepacia J2315, the efflux pumps of the RND family are well 
characterized and were initially identified as 16 open reading frames 
organized in operons (Buroni et al., 2014). Concerning the protein structure, 
these transporters are composed of three subunits (Figure 8): one in the 
inner membrane, one in the outer membrane, while the third part is the 
periplasmic adaptor which connects the other two (Li et al., 2015). RND efflux 
pumps have been largely demonstrated to be important mediators of the 
intrinsic antibiotic resistance in B. cenocepacia, besides influencing other 
virulence determinants as QS and biofilm formation (Buroni et al., 2009; 
Bazzini et al., 2011). Moreover, it was reported that RNDs are differentially 
expressed depending on bacterial physiological state of growth. Indeed, the 
efflux of the same molecules is mediated by different pumps in planktonic 
and sessile cells (Coenye et al., 2011; Buroni et al., 2014). Finally, it was 
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demonstrated that RNDs, MFS and ABC transporters are involved in 
adaptive mechanisms promoting long-term colonization of B. cenocepacia in 
CF lungs (Mira et al., 2011), and represent an important resistance 
mechanism in clinical isolates (Tseng et al., 2014). Recently, it was shown 
that RND efflux pump systems also mediate the resistance to promising 
novel experimental compounds (Scoffone et al., 2014, 2015; Perrin et al., 
2018), representing a real challenge for the development of new anti-
Burkholderia antimicrobials. 

 

1.5 Canonical and alternative treatments against B. cenocepacia 

Antibiotic therapy in CF is currently used for the prevention, control, or 
eradication of respiratory infections. Over the last decades the 
implementation of aggressive antibiotic treatments in CF therapies has led 
to decreased morbidity and increased longevity, in particular when started 
early in life. Indeed, it is demonstrated that the early treatment of lung 
infections in CF children within the first two years of life leads to improved 
respiratory function and decreases the risk of early inflammation (Ramsey et 
al., 2014).  

However, the setup of standard antibiotic treatment in CF is challenging, due 
to the variety of pathogens usually found colonizing patients’ lung, their 
difficult identification, as well as their natural or acquired antibiotic resistance. 
For these reasons, there is no consensus therapy for CF patients, and the 
treatment is often based on the antimicrobial susceptibility test, although this 
method is not always able to predict the clinical outcome of the therapy 
(Somayaji et al., 2019). Moreover, the optimal duration of intravenous 
antibiotic therapies, which are standard of care for lung exacerbations or 
pathogen eradication, is not clearly defined yet and ranges from 10 to 21 
days (Abbott et al., 2019).  

B. cenocepacia shows one of the most worrisome resistance profiles among 
CF pathogens, being resistant to most available antibiotics (Scoffone et al., 
2017). So far, no standard guidelines have been described for B. 
cenocepacia chronic infection eradication, making its complete elimination 
from CF lungs virtually impossible (Regan and Bhatt, 2019). Indeed, several 
issues are still a matter of debate, including the duration of therapies, the use 
of mono vs. combined antibiotic therapy and the inconsistency between in 
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vitro and in vivo susceptibility data (Gautam et al., 2015). However, current 
treatment strategies are based on the use of double or triple antibiotic 
combinations and the administration of trimethoprim–sulfamethoxazole is 
the most used. Other therapeutic strategies include the administration of 
different combinations of ceftazidime, meropenem, and penicillins, after an 
in vitro susceptibility assessment (Avgeri et al., 2009). Moreover, aztreonam, 
doripenem, and tobramycin were tested in different trials against B. 
cenocepacia infections within the last years, even though none of them gave 
unambiguous results on the efficacy (Scoffone et al., 2017).  

Since canonical antibiotic treatments are often poorly effective against B. 
cenocepacia, the need for new treatments that go beyond classic 
antibacterial compounds is urgent and alternative therapies must be 
considered. Currently, some promising approaches, that can be used alone 
or in combination with antibiotics, are reported in literature (Scoffone et al., 
2017). Among those, anti-biofilm agents as OligoG (Powell et al., 2014), 
imidazoles (Van den Driessche et al., 2017), cysteamine (Fraser-Pitt et al., 
2016), and antimicrobial peptides (de la Fuente-Núñez et al., 2014) are being 
investigated, as well as molecules able to modulate the host immune 
response in lungs as immunosuppressors and corticosteroids (Gilchrist et 
al., 2012) or IFN-γ (Assani et al., 2014). Moreover, natural compounds, as 
plant nanoparticles (Amato et al., 2016), fish oils (Mil-Homens et al., 2016), 
and glycopolymers (Narayanaswamy et al., 2019) have been considered as 
alternative therapies. Finally, QS inhibitors are currently studied as 
antivirulence compounds. The few QS inhibitors described active against B. 
cenocepacia target the CepIR system and are analogs of the acyl-
homoserine lactone signal molecule (Brackman et al., 2012) or inhibitor of 
the synthase CepI, as the diketopiperazines (Scoffone et al., 2016). The 
latter class of molecules was demonstrated to impair the production of a wide 
range of virulence factors, both in vitro and in vivo in a C. elegans model of 
infection, and in a later study its mechanism of action was elucidated using 
a site directed mutagenesis approach on the target protein CepI (Buroni et 
al., 2018). 
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1.6 Bacterial cell division 

Binary fission is the process by which bacteria achieve cell division, leading 
eventually to the formation of two daughter cells genetically identical to the 
mother cell. Although this mechanism is extensively studied, there are still 
several aspects that are not completely elucidated. Indeed, bacterial division 
is an extremely complex process to investigate, integrating DNA replication, 
chromosome segregation and septum formation (Thanbichler, 2010). It is 
known that each of these steps involves many proteins acting in concert to 
carry out a successful division.  

In particular, the components of the divisome (Figure 9), the huge protein 
complex assembling at the midcell during division, are considered 
particularly important. This is confirmed by several studies performed on 
Caulobacter crescentus (Osorio et al., 2017), Bacillus subtilis (Errington and 
Wu, 2017) and Escherichia coli (Du and Lutkenhaus, 2017), which 
demonstrated the essential role of the divisome in the septation. Indeed, this 
dynamic structure is responsible for the constriction and the peptidoglycan 
synthesis at the division site.  

In E. coli, the formation of the Z-ring, a circular structure composed of 
Filamenting temperature-sensitive mutant Z (FtsZ) polymers at the midcell, 
primes the events of the early phase of the divisome assembly. Initially, the 
Z-ring structure is stabilized and anchored to the plasma membrane by 
interactions with the proteins FtsA and ZipA. FtsA is an actin-like ATPase, 
able to form polymers tethered to the membrane by its C-terminal 
amphipathic domain (Szwedziak et al., 2012). The protein is well known for 
its structural role in the divisome, nevertheless it is also demonstrated to 
interact with many division proteins and to be involved in the regulation of 
the divisome activity (Liu et al., 2015). Instead, ZipA is a bitopic membrane 
protein that, in contrast to FtsA, is enumerated among the non-strictly 
essential component of the divisome (Krupka et al., 2018). Both proteins are 
known to bind the conserved C-terminal peptide (CCTP) of FtsZ monomers, 
and to interact each other (Vega and Margolin, 2019). In this phase, the Z-
ring structure is further stabilized by the proteins ZapA, ZapC and ZapD 
which cross-link FtsZ polymers (Caldas et al., 2019; Bhattacharya et al., 
2015; Schumacher et al., 2017). Subsequently, FtsEX, an ABC transporter-
like complex controlling the peptidoglycan hydrolysis at the septum, localizes 
to the forming divisome through the direct interaction of FtsE with the FtsZ 
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CCTP (Du et al., 2019). The recruitment of this complex concludes the first 
stage of the process.  

After a physiological delay, the late phase occurs, leading finally to the 
formation of the mature divisome (Figure 9). In this phase, the DNA 
translocase FtsK (Chen and Beckwith, 2001; Männik et al., 2017) is recruited 
simultaneously with FtsQ, FtsL, FtsB, FtsW, FtsI and FtsN. FtsBLQ is a 
complex of bitopic membrane proteins acting as a protein scaffold with 
regulatory activity over the division (Boes et al., 2019). FtsW is a 
peptidoglycan glycosyltransferase (Taguchi et al., 2019) that collaborates 
with FtsI, the divisome peptidoglycan transpeptidase, in the biosynthesis of 
the septal peptidoglycan (Wang et al., 1998). Instead, FtsN is the trigger of 
the divisome activation and its recruitment starts the septation (Pichoff et al., 
2018).  

Among the above-mentioned proteins, the most important component of this 
structure is FtsZ, the prokaryotic homolog of the tubulin, fundamental for the 
division of most prokaryotes and archaea. As its eukaryotic counterpart, it 
shows GTPase activity which allows its polymerization and the formation of 
dynamic polymers through head-to-tail interactions (Du et al., 2018). These 
functions are fundamental for the assembly of the Z-ring, the molecular 
scaffold of the divisome. Given the essential role of FtsZ in bacterial division, 
the interactions with regulatory proteins result fundamental for a successful 
division. Among these, the best characterized are the proteins preventing the 
Z-ring formation in wrong places, such as: MinCD, that prevents its formation 
at the cell poles (Arumugam et al., 2014), and SlmA, that blocks its assembly 
over the nucleoid (Schumacher et al., 2016). Moreover, SulA, a protein 
induced by the SOS response, is demonstrated to bind FtsZ (Figure 9) and 
to inhibit its polymerization when DNA damage occurs, blocking the division 
until the DNA is completely repaired. SulA is demonstrated to directly interact 
with the T7 loop of FtsZ (Cordell et al., 2003) thus blocking the polymerization 
by both sequestrating the monomers and capping the formed filaments 
(Vedyaykin et al., 2020). However, besides their structural role, FtsZ 
polymers are demonstrated also to mediate other fundamental functions for 
the division, as generating the force that leads to mid cell constriction 
(Erickson and Osawa, 2017), as well as guiding the synthesis of septal wall 
through a treadmilling behavior (Baranova et al., 2020). Finally, for its 
essential role in the division and its extreme conservation in prokaryotes, 
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FtsZ is considered an ideal molecular target for the development of a new 
generation of antibiotics (Buroni et al., 2020).  

Figure 9. Cartoon of a transverse section of the divisome in Escherichia coli. 
The key components of the structure and their interactions are represented, 

including some modulators of the FtsZ polymerization (Vicente and Löwe, 2003). 

 

1.6.1 The division cell wall operon (dcw) 

In rod-shaped bacteria, FtsZ and the other proteins recognized as the 
absolutely essential for the optimal division, FtsL, FtsI, FtsW, FtsQ, FtsA, are 
encoded by genes clustered in the division cell wall (dcw) operon (Du and 
Lutkenhaus, 2017). This cluster contains genes involved in bacterial division 
and cell wall biosynthesis known as fts (filamenting temperature sensitive), 
mra (murein region a) and mur genes (Dewar and Dorazi, 2000). The operon 
is present in many bacteria and surprisingly shows a conserved gene 
composition and order, even in phylogenetically distant microorganisms 
sharing the same shape, in particular bacilliform bacteria (Tamames et al., 
2001). On the contrary, this pattern is less conserved in cocci, showing a 
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more heterogeneous distribution of the dcw genes within the genome 
(Massidda et al., 2013).  

The conservation of the dcw structure in rods is due to a constant positive 
selection of this trait since there is a clear correlation between the gene 
organization and the maintenance of the correct cell shape (Tamames et al., 
2001). The selective advantage of this organization is postulated by the 
genomic channeling theory, according to which the genomic arrangement 
could facilitate the co-transcription of related genes. Accordingly, this leads 
to the compartmentalization of their translation in specific subcellular 
locations, facilitating the assembly of multiprotein complexes directly at the 
division site (Mingorance et al., 2004). In E. coli, the operon in composed of 
16 tightly packed genes with the same transcriptional orientation (Figure 10) 
(Dewar and Dorazi, 2000).  

Figure 10. Representation of the dcw cluster of E. coli. The 16 genes are 
drawn to scale and their transcriptional direction is indicated. Promoters of the 

cluster are in green and the only transcriptional terminator is represented in light 
blue after envA (Dewar and Dorazi, 2000). 

 

The transcription of these genes is finely regulated by several promoters and 
control regions, which contribute to the modulation of the expression of the 
genes in different growth conditions or different times during the cell cycle. 
The best characterized promoter is the Pmra (mraZp1), localized upstream of 
the first gene mraZ (Figure 10). Its presence is demonstrated to be essential 
for the transcription of the first nine genes, from mraZ to ftsW (Hara et al., 
1997), but also to affect the expression of the gene ftsZ, although it is located 
17 kb downstream (Mengin-Lecreulx et al., 1998). However, despite the 
relatively large distance between the promoter and ftsZ, this result can be 
confirmed by the fact that the only transcriptional terminator identified in the 
operon is located after envA, the last gene of the cluster (Mengin-Lecreulx 
et al., 1998).  
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At the distal part of the operon, in the ddlB-ftsA region, other six promoters 
(Figure 10) were experimentally demonstrated to be active and regulate the 
levels of expression of ftsZ (Flärdh et al., 1997). However, the six promoters 
account only for the 33% of the total expression of ftsZ (Flärdh et al., 1998), 
whereas the remaining part originates from distal promoters upstream of 
ddlB (de la Fuente et al., 2001). Interestingly, the complex regulatory function 
of the ddlB-ftsA region seems to be a conserved characteristic among 
bacteria, since it was characterized also in other microorganisms, such as 
Bacillus subtilis (Real and Henriques, 2006), Bacillus mycoides (Santini et 
al., 2013), and surprisingly in the coccus Neisseria gonorrhoeae (Francis et 
al., 2000), which shows a dcw organization very similar to bacilli.  

The fine regulation of the expression of ftsZ is known to be essential in each 
step of the division; for this reason, several molecular mechanisms are 
involved in this process. In particular, in E. coli, the activity of the six 
promoters proximal to ftsZ is modulated by several factors, as the protein 
SdiA (Wang et al., 1991), as well as by the bacterial growth phase (Smith et 
al., 1993), and alternative sigma factors (Sitnikov et al., 1996). More recently, 
the transcriptional regulator controlling the activity of the dcw operon 
promoter Pmra was identified as the protein MraZ (Eraso et al., 2014). 

1.6.2 MraZ 

The characterization of the real function of MraZ was challenging and took 
many years to be achieved. Indeed, the gene mraZ is localized at the 5’ of 
the dcw operon in many microorganisms, including E. coli (Figure 10) (Eraso 
et al., 2014), and for this reason it was thought to have a role in PG synthesis 
and cell division (Mingorance et al., 2004). Even the resolution of its crystal 
structure in Mycoplasma pneumoniae (Chen et al., 2004) and E. coli (Adams 
et al., 2005) did not shed light on its cellular function.  However, its presence 
in mycoplasmas (Fisunov et al., 2016), that usually lack cell walls, suggested 
additional or alternative functions. This was confirmed by the fact that the N-
terminal end of MraZ is similar to the N-terminal of the transition state 
regulator AbrB from B. subtilis and the antidote protein of the MazE/F 
addiction module, MazE, from E. coli, characterized as DNA-binding proteins 
(Bobay et al., 2005). These two are functionally closely related proteins, 
grouped in a family of transcriptional regulators, characterized by a dimeric 
N-terminal region containing the so-called “looped-hinge helix fold”. Thus, 
due to their homology in the N-terminal domain, they were clustered in the 
same superfamily and, by inference, MraZ was hypothesized to bind DNA 
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(Bobay et al., 2005). Finally, almost ten years later, Eraso et al. (2014) 
experimentally proved the DNA binding ability of MraZ, showing that it is the 
transcriptional regulator of the dcw operon in E. coli. Indeed, they 
demonstrated its role as transcriptional repressor of the first 11 genes of the 
cluster, also regulating its own expression, as already reported for AbrB and 
MazE (Eraso et al., 2014; Strauch et al., 1989; Zhang et al., 2003). Moreover, 
its DNA binding site (DBS) was identified within the 38 bp region located 
between the promoter Pmra and the first codon of the gene mraZ, as three 
TGGGN direct repeats separated by 5 nucleotides (Figure 11).  

 

 

 

 

Figure 11. Representation of the MraZ binding site in E. coli. The DNA 
sequence is composed of three direct repeats (DR1, DR2, DR3) in the intergenic 

region between the dcw promoter Pmra and the gene mraZ. The interaction of MraZ 
with its binding site leads to the transcriptional repression of up to 11 dcw genes 

(Eraso et al., 2014). 

 

Probably, each direct repeat is recognized and bound by an octamer (8-mer) 
since, as demonstrated in Mycoplasma gallisepticum that shares with E. coli 
a very similar DBS, the stoichiometry of the binding of MraZ to its DBS 
depends on the protein concentration, varying from an 8-mer (low MraZ 
concentrations) to a 24-mer (high MraZ concentrations) (Fisunov et al., 
2016). In the absence of DNA, the free MraZ in solution forms a toroidal 
dodecameric structure, both in E. coli (Adams et al., 2005) and in M. 
gallisepticum (Fisunov et al., 2016), but when it binds the DNA it forms an 
octameric ring with a central pore of a size that can contain the DNA molecule 
(Fisunov et al., 2016).  

In E. coli, MraZ activity is known to be dependent on MraW, a protein 
encoded by the gene mraW, located directly downstream of mraZ. MraW is 
characterized as a 16S rRNA methyltransferase and antagonizes the toxic 
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effect on the cell caused by the overproduction of MraZ (Eraso et al., 2014). 
However, the molecular mechanism responsible for this inhibition is not 
clear, although it can rely on direct interactions of the two proteins or a MraW-
mediated post translational modification (Eraso et al., 2014). Regarding its 
transcriptional regulator activity, it was shown that MraZ controls a bigger 
regulon, influencing the transcription of genes outside the dcw cluster. 
Indeed, in stationary phase it modulates the expression of approximately 2% 
of the E. coli genome, whereas during the early logarithmic phase it can 
influence the transcription of about 23% of the genes through overexpression 
(Eraso et al., 2014). Finally, it was demonstrated that the important function 
of MraZ is conserved also in phylogenetically distant prokaryotes, as in M. 
gallisepticum, where it controls the transcription of the dcw genes, although 
in this case with an opposite role, activating the transcription (Fisunov et al., 
2016). 

 

1.7 The 10126109 compound (C109) 

The characterization of new therapeutic agents against B. cenocepacia 
infections is the main research topic of our laboratory, focusing the attention 
on the study of new antimicrobials and anti-virulence molecules. In recent 
years, through the screening of a collection encompassing more than 500 
newly synthesized compounds, we characterized a particularly promising 
molecule, named 10126109 (C109). This compound belongs to the 2,1,3-
benzothiadiazol-5-yl family and was synthesized by Dr. Vadim Makarov of 
the Federal Research Centre “Fundamentals of Biotechnology” of the 
Russian Academy of Sciences (Moscow, Russia). This molecule showed a 
minimal inhibitory concentration (MIC) of 8 μg/ml against B. cenocepacia 
J2315 and the bactericidal activity was achieved using a 2X concentration of 
the MIC (Scoffone et al., 2015). Moreover, C109 resulted active also against 
all the Bcc members, including more than 50 Burkholderia clinical isolates 
(Scoffone et al., 2015). Its spectrum of activity was further explored against 
several Gram-positive and -negative pathogens, demonstrating to have a 
potent inhibitory activity towards many of the most worrisome opportunistic 
pathogens, such as some microorganisms of the ESKAPE group, as well as 
Mycobacterium abscessus (Hogan et al., 2018).  
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Besides the assessment of the C109 antimicrobial potential, we focused the 
attention on the identification of its molecular target. Initially, the screening 
of low-frequency spontaneous mutants resistant to the C109 led only to the 
isolation of resistant bacteria overexpressing the RND-9 efflux pump, 
demonstrating once more the central role of efflux systems in B. cenocepacia 
drug resistance (Scoffone et al., 2015). This result also proved that C109 
targets an essential protein of the bacterium. Thus, in collaboration with Prof. 
Silvia Cardona of the University of Manitoba (Winnipeg, Canada), a high-
throughput approach was used, taking advantage of a high-density 
transposon mutant library of B. cenocepacia in which transposons contain 
an outward rhamnose-inducible promoter (PrhaB). This library was enriched 
for mutants expressing essential genes under the control of PrhaB. By growing 
the knockdown mutant library under sensitizing conditions (low rhamnose) in 
the presence of the C109, the hypersusceptible mutants became depleted 
and their relative abundances were determined by Illumina sequencing. The 
identified hypersusceptible mutants were characterized by phenotypical and 
molecular analysis, identifying the putative molecular target as a protein 
expressed in the dcw cluster. Finally, through biochemical assays, the C109 
cellular target was characterized as the essential division protein FtsZ 
(Hogan et al., 2018). Indeed, the compound inhibits its GTPase activity, 
preventing the formation of the FtsZ polymers and, consequently, the Z-ring 
assembly (Hogan et al., 2018).   

Since C109 showed high potential as prospective broad-spectrum antibiotic, 
but low solubility in water, a nanosuspension of C109 nanocrystals stabilized 
with D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) embedded 
in hydroxypropyl-β-cyclodextrin was developed in collaboration with Prof. 
Francesca Ungaro of the University of Napoli “Federico II” (Napoli, Italy). This 
was designed for aerosol delivery and optimized to improve its penetration 
in mucus and biofilm layers usually found in CF lung microenvironment 
(Costabile et al., 2020). As expected, the C109 nanosuspension showed 
enhanced solubility and diffusion properties, maintaining the same in vitro 
antimicrobial and biofilm inhibitory activity of the pure compound. Moreover, 
it showed no cytotoxicity towards human bronchial epithelial cells in 
therapeutic concentrations and was active in combination with piperacillin in 
a Galleria mellonella in vivo model of infection (Costabile et al., 2020). 
Finally, more than 50 C109-derivatives were synthetized and tested against 
Gram-negative species, but unfortunately none of them showed improved 
properties compared to the starting molecule (Chiarelli et al., 2020).
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2. Aims of the work 

 
Respiratory failure caused by chronic lung infections is the leading cause of 
death for individuals affected by cystic fibrosis (CF). Burkholderia cepacia 
complex bacteria are enumerated among the most dangerous opportunistic 
pathogens affecting these patients and, in particular, Burkholderia 
cenocepacia infections are often associated with poor prognosis. This 
bacterium, indeed, shows extremely high levels of antibiotic resistance 
towards nearly each class of antibiotics and the eradication of its chronic 
infections is considered impossible to achieve, even through the 
administration of aggressive antibiotic treatments. Given the limited panel of 
therapies available against B. cenocepacia, there is an urgent need for the 
development of new antimicrobials able to overcome the serious problem of 
drug-resistant strains, improving the CF patients’ outcome. 

In recent years, we characterized the compound C109, a newly synthesized 
benzothiadiazole derivative with bactericidal activity and a very low minimal 
inhibitory concentration (MIC) against B. cenocepacia (Scoffone et al., 2015). 
This molecule resulted active against B. cenocepacia biofilms, Bcc CF 
isolates and a broad range of Gram-positive and -negative pathogens 
(Hogan et al., 2018). Moreover, it was demonstrated that C109 exerted its 
antimicrobial activity by impairing the divisome formation, blocking the 
GTPase activity of the essential protein FtsZ (Hogan et al., 2018). To 
overcome the poor solubility of this promising antibacterial compound, a 
PEGylated nanoparticles formulation for inhalation was developed, showing 
the same bactericidal activity and an improved penetration of the synthetic 
CF mucus (Costabile et al., 2020). Taken together, these data validated the 
protein FtsZ as a promising molecular target in B. cenocepacia. However, 
this also demonstrated the high potential of the division proteins as 
druggable targets, in particular the essential proteins encoded in the division 
cell wall (dcw) operon. 

For this reason, the first aim of the research was the characterization of the 
dcw cluster in B. cenocepacia J2315, analyzing the organization of the 
transcription units and the presence of promoter and terminator sequences. 
Furthermore, the DNA binding activity of the protein MraZ, the conserved 
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dcw transcriptional regulator, was tested using a specific fragment in order 
to characterize the regulator of the B. cenocepacia cluster. In addition, the 
interactions of FtsZ with the key components of the bacterial divisome were 
investigated using a bacterial adenylate cyclase two-hybrid system, as well 
as co-sedimentation assays, giving new insights into B. cenocepacia division 
mechanisms.  

Moreover, I spent two months in the laboratory of Prof. Tom Coenye at Ghent 
University (Ghent, Belgium), testing the C109 antimicrobic potential in an 
innovative physiologically relevant model. In particular, the biofilm inhibitory 
activity against B. cenocepacia J2315 and the cytotoxicity of the water-
soluble C109 nanosuspension (TPGS109) in a CF three-dimensional lung 
epithelial cell model were evaluated. This experiment provided preliminary 
results for the future experimentation in vivo of the TPGS109 using mouse 
models. 
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3. Materials and methods 

 
3.1 Strains and culture conditions 

Strain Genotype Source 
E. coli   

DH5α F–, 80dlacZΔM15 Δ(lacZYA-argF)U169, endA1, 
recA1, hsdR17(rk

-mk
+), supE44, thi-1, ΔgyrA96, relA1 Laboratory stock 

BL21(DE3) F–, ompT, hsdSB(rB
–mB

–), gal, dcm (DE3) Laboratory stock 

TOP10 
F––, mcrA, Δ(mrr-hsdRMS-mcrBC), φ80lacZΔM15, 

ΔlacX74, recA1, araD139, Δ(ara-
leu)7697, galU, galK λ– rpsL(Strr), endA1, nupG 

Laboratory stock 

XL1Blue recA1, endA1, gyrA96, thi-1, hsdR17, supE44, relA1, 
lac [F´ proAB lacIqZ∆M15 Tn10 (Tetr)]. Laboratory stock 

BTH101 F–, cya-99, araD139, galE15, galK16, rpsL1 (Strr), 
hsdR2, mcrA1, mcrB1 Euromedex 

B. cenocepacia   
J2315 Wild type strain Laboratory stock 
K56-2 Wild type strain Laboratory stock 

Table 2. Bacterial strains used in this work. 

 

Escherichia coli and Burkholderia cenocepacia strains were cultured in Luria-
Bertani (LB) medium (Difco, BD, USA) with shaking at 200 rpm at 37°C or in 
LB agar plate at 37°C. E coli cultures for BACTH complementation assay 
were grown in LB with shaking at 30°C or in LB agar at 30°C. For plasmid 
and strain selection, the following antibiotics were used: Kanamycin 
(BioChemica) 50 μg/ml (E. coli); Gentamicin (Sigma) 20 μg/ml (E. coli), 500 
μg/ml (B. cenocepacia); Ampicillin (BioChemica) 100 μg/ml (E. coli); 
Chloramphenicol (Sigma) 34 μg/ml (E. coli); Streptomycin (Sigma) 100 μg/ml 
(E. coli). For the BACTH complementation assay, agar plates were 
supplemented with 0.5 mM isopropyl β-D-thiogalactopyranoside (IPTG) and 
40 μg/ml 5-Bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal).  
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3.2 RNA extraction and reverse transcription (RT)-PCR 

The total RNA of B. cenocepacia J2315 was extracted following the Direct-
zol RNA Miniprep Kit protocol (Zymo Research) with a preliminary step to 
increase the cell lysis efficiency. In this step, 5x108 bacterial cells, harvested 
in mid-exponential phase (OD600=0.6), were resuspended in TRI Reagent® 
(Zymo Research) and mixed with zirconia beads (Ambion) in a 2 ml bead 
beating tube. Subsequently, they were disrupted through 2 cycles of 4 min 
at the maximum speed of bead beating using the Minilys personal 
homogenizer (Bertin instruments). After the extraction, RNA was treated 
twice with the DNA-free™ DNA Removal Kit (Invitrogen), to completely 
remove DNA contaminations, and the quality of the sample was assessed 
using agarose gel electrophoresis. Finally, the retrotranscription was 
performed following the ProtoScript® II Reverse Transcriptase (NEB) 
protocol using 0.5 µg of total RNA as template and the reverse primers listed 
in Table 3. 

 

3.3 Analysis of the dcw transcription units by PCR 

To characterize the transcription units of the dcw cluster of B. cenocepacia 
J2315, the cDNAs obtained were used as templates to amplify by PCR 
specific fragments using primers annealing on two consecutive dcw genes. 
All the primers used for reverse transcription PCR and cDNA PCR are listed 
in Table 3. The results were verified by agarose gel electrophoresis and the 
amplicons obtained were purified and sequenced. The specificity of the 
results was validated using PCR negative controls (using RNA as template 
for the cDNA amplification) and positive controls (amplification of the 
genomic DNA using the cDNA primers). 
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Primer Sequence 5’- 3’ Expected fragment 

mraZRTfor1 GTGTTCCAAGGGGCGTCGGC 
661bp 

mraWRTrev1 GCATCCTTGATGCCCTGCGCCGTCT 

mraWRTfor1 AAGTCGTACTAGACGCGGCA 
503bp 

ftsLRTrev1 TCGAGATCGGCTGCATTTTCAGCGA 

ftsLRTfor1 GCCTCAATATCTTCCTGCTG 
509bp 

ftsIRTrev1 CCTGCTTCTGATAGAACGCG 

ftsIRTfor1 GGGTAGCGGCGCAAAGCATA 
514bp 

murERTrev1 CGGGCATCCCGGTGCCGAGCGT 

murERTfor1 GGCTCGAGTCGGTCAATGGC 
561bp 

murFRTrev1 ATCAGGCGGGCGGCTTCGCCG 

murFRTfor1 AAGATGGAGCGCGTGGTCGA 
512bp 

mraYRTrev1 ACAGCCCGATCACCGATTGC 

mraYRTfor1 ACCTGCTGTTCCCGCACATC 
571bp 

murDRTrev1 CCTCGCGGGTATCGGCAATA 

murDRTfor1 TCGACATGTTCACGAACTAC 
529bp 

ftsWRTrev1 GTTCACGCCCTTGCCGACAT 

ftsWRTfor1 ACGATGCTCGTGTGGCTGTC 
581bp 

murGRTrev1 GGTGCCGCCTGCCATCACCA 

murGRTfor1 AGGCTACCGACGAAGTCGCG 
568bp 

murCRTrev1 GAACGACGCATCCGACTCGT 

murCRTfor1 CTGGCGCTGGCGGAGTTCAA 
544bp 

ddlRTrev1 GAACAACACTGCCACCTTGC 

ddlRTfor1 CGCGACGCACGACAAGATCG 
512bp 

ftsQRTrev1 CGCCAACACGAGCAGCAGCA 

ftsQRTfor1 GGCAGGCATGCGGTTCCTGAC 
557bp 

ftsARTrev1 CCCGTCACGATGTGCACCTTC 

ftsARTfor1 AAGACATCAAGGTCGGCTACGGGAT 
616bp 

ftsZRTrev1 TGGTCTCGGTTTCCAGCATT 

ftsZRTfor1 GAAGAAGCAGCAGTCGGCAC 
581bp 

BCAL3456RTrev1 AATCCGAAGATCACCACCCG 

BCAL3456RTfor1 CAAATTCGAAGTGAGCGATG 
573bp 

lpxCRTrev1 TCGACATACAGGTTGTCGAT 

Table 3. Primers used for the transcription analysis of the dcw cluster and 
expected length of the PCR fragments. 
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3.4 β-galactosidase activity assay 

The activity of the putative promoter sequences of the B. cenocepacia J2315 
dcw operon was measured by β-galactosidase activity assay. To this aim, 
two overlapping fragments, containing the putative promoter located in the 
non-coding region upstream of the cluster, were obtained by PCR using 
dcwPROMOrev2 coupled with dcwPROMOfor1_2 or dcwPROMOfor2_2 
primers (Table 4) and genomic DNA as template. Moreover, in order to 
assess the presence of active promoters in the distal part of the operon, four 
fragments, covering the entire ddl-ftsA dcw region, were amplified by PCR 
using genomic DNA and the primers murCPROMOfor1-ddlPROMOrev1, 
ftsQPROMOfor1-ftsQPROMOrev1, ftsAPROMOfor1-ftsAPROMOrev1, 
ftsAPROMOfor2-ftsAPROMOrev2 (Table 4).  

Primer Sequence 5’- 3’ Restriction site 

dcwPROMOfor1_2 GGTATCGATAAGCTTACGCCCGTCTGGGCCGTCTT HindIII 

dcwPROMOrev2 TCTAGCTAGAAGCTTTTTCCGCTCTCCCGTTCAGG HindIII 

dcwPROMOfor2_2 GGTATCGATAAGCTTATTCGTCAAAAAAGCGGGCC HindIII 

murCPROMOfor1 GGTATCGATAAGCTTCATTCAACAGAAGGCATGAC HindIII 

ddlPROMOrev1 TCTAGCTAGAAGCTTACGTCGTTCCGTTCCTGCGT HindIII 

ftsQPROMOfor1 GGTATCGATAAGCTTATGTGGAACAACGTTCGCCA HindIII 

ftsQPROMOrev1 TCTAGCTAGAAGCTTAAAGTGCTCTTGCGTGTGAT HindIII 

ftsAPROMOfor1 GGTATCGATAAGCTTATGAGCAAAGACTACAAGGA HindIII 

ftsAPROMOrev1 TCTAGCTAGAAGCTTGATGTCGACCAGCACCACGC HindIII 

ftsAPROMOfor2 GGTATCGATAAGCTTGGCGGCGGCACGACGGACAT HindIII 

ftsAPROMOrev2 TCTAGCTAGAAGCTTTGTTGCCTCCGTCAAGAGAA HindIII 

Table 4. Primers used for promoter sequences cloning into pSU11 vector. The 
restriction site is underlined. 

 

The fragments were purified and independently cloned upstream of a 
promoterless lacZ reporter gene into the pSU11(Table 9) shuttle vector 
(Jenul et al., 2018), linearized with HindIII and dephosphorylated using 
alkaline phosphatase (Roche), following the In-fusion HD Cloning Kit 
protocol (Takara).  



  3. Materials and methods 
 

 
53 
 

The resulting plasmids (Table 9) were mobilized from E. coli DH5α to B. 
cenocepacia K56-2 by triparental mating (Craig et al., 1989). The β-
galactosidase assay was carried out as described before (Stachel et al., 
1985) with minor changes. Bacteria were grown overnight in liquid LB, diluted 
1/50 in fresh LB and cultured for additional six hours. Then, the precise OD600 
was measured and 1 ml of culture was harvested by centrifugation, 
resuspended in the same volume of Z-buffer (60 mM Na2HPO4, 40 mM 
NaH2PO4 pH=7, 10 mM KCl, 1 mM MgSO4, 50 mM Dithiothreitol (DTT)) and 
permeabilized with 25 µl of chloroform and 25 µl of 0.1% SDS. The obtained 
cell suspension was vortexed for 10 seconds and 500 µl were diluted 1:2 in 
Z-buffer and incubated at 28°C for 10 min. Then, 200 µl of o-nitrophenyl-β-
D-galactoside (ONPG) solution (4 mg/ml in Z-buffer) were added to the 
sample that was subsequently vortexed and further incubated at 28°C to 
allow the reaction to proceed. When the sample turned yellow, the reaction 
was stopped adding 500 µl of 1 M Na2CO3. Before the spectrophotometric 
quantification, the sample was centrifuged at 15000 x g for 10 min at room 
temperature and 1 ml of cell debris-free supernatant was used to measure 
the absorbance at 420 nm (A420) and 550 nm (A550). Finally, the calculation 
of the promoter activity in Miller Units (MU) was performed using the Miller 
formula: 

𝑀𝑖𝑙𝑙𝑒𝑟 𝑈𝑛𝑖𝑡𝑠 = 1000 ∗
[𝐴420 − (1,75 ∗ 𝐴550)]

𝑇 ∗ 𝑉 ∗ 𝑂𝐷600
 

T= reaction time (min) 

V= volume of cell extract in the reaction (ml) 

 

3.5 5’-rapid amplification of cDNA ends (5’-RACE) 

The transcription start site of the dcw operon of B. cenocepacia J2315 was 
assessed by 5’ rapid amplification of cDNA ends (5’-RACE). The RNA 
extraction, DNase treatment and reverse transcription were carried out as 
described above, using the oligonucleotide mraZRACErev1 (Table 5) for the 
RT-PCR.  

Then, to degrade the RNA of the resulting cDNA-RNA heteroduplex, the 
sample was treated with ribonuclease H (Promega) by adding 2 U of enzyme 
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directly in 20 µl of RT-PCR mix and incubating at 37°C for 30 min. After that, 
the single strand cDNA was purified and a tail of polyadenosine was added 
to the 3’ end by terminal deoxynucleotidyl transferase (Promega) reaction, 
according to the manufacturer’s instructions. The polyadenylated cDNA was 
amplified by PCR using the polyT universal forward primer RA1 (Table 5) 
and the reverse primer mraZRACErev2 (Table 5). The reaction product was 
used as template for the nested PCR performed with the primers RA2 and 
mraZRACErev3 (Table 5), designed to amplify a fragment within the first 
product sequence. The resulting amplified fragment was purified and 
sequenced to identify the dcw cluster transcription start site. 

Primer Sequence 5’- 3’ 

mraZRACErev1 CATTCCCAACAACATGACTT 

RA1 GACCACGCGTATCGATGTCGAC(T)16 

mraZRACErev2 CGGAAACAGCAACAGGCAGC 

RA2 GACCACGCGTATCGATGTCGAC 

mraZRACErev3 GTCACAGTCACCCGTCCTTC 

Table 5. Primers used for the 5’-RACE experiment. 

 

3.6 Expression and purification of B. cenocepacia MraZ 

The gene mraZ (BCAL3471) of B. cenocepacia J2315 was amplified by PCR 
using the primers mraZpET28aFOR-mraZpET28aREV (Table 6) and 
genomic DNA as template. These primers were designed following the In-
fusion HD Cloning Kit protocol instructions (Takara) to allow the 
recombination of the amplicon into the pET28a (Novagen) digested with 
BamHI/HindIII. Moreover, the PreScission protease (GE Healthcare) 
cleavage site was added to the forward primer to remove the 6-histidine tag 
from the protein. The amplified fragment was purified and cloned into the 
linearized pET28a (Novagen) vector by recombination according to the In-
fusion HD Cloning Kit protocol, obtaining the pET28a-MraZ (Table 9).  
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Primer Sequence 5’- 3’ Restriction site 
mraZpET28aFOR 

 
ATGGGTCGCGGATCCCTGGAAGTTCTGTTCCAGGGGCCCaTGT

TCCAAGGGGCGTCGGC BamHI 

mraZpET28aREV TGCGGCCGCAAGCTTTCAGAACGTGAAATTCTTCA HindIII 

sulApBADM41for TTCAGGGCGCCATGGggCTGGAAGTTCTGTTCCAGGGGCCCCA
CCCCGCCCTCGCC NcoI 

sulApBADM41rev ACGGAGCTCGAATTCTCAGGCGACGGCGCC EcoRI 

ftsASUMOfor GAGAACAGATTGGTGGTATGAGCAAAGACTACAAGGA  

ftsASUMOrev ATACCTAAGCTTGTCTTCAGAAGTTGCTCAGGAACC  

ZipASUMOFor GAGAACAGATTGGTGGTTGGCAGGGCGCGAAAGTGCGGCGC  

ZipASUMORev ATACCTAAGCTTGTCTTTACTGGCTGAAGAGGCGGCGCGTGAC  

Table 6. Primers used for gene cloning into plasmids for recombinant protein 
expression. The restriction site is underlined and the prescission protease 

sequence is in blue. 

 

For the optimal expression of the recombinant MraZ protein, pET28a-MraZ 
was transformed in E. coli BL21(DE3) strain. Three liters of LB supplemented 
with Kanamycin were inoculated 1/50 with the overnight starter culture and 
incubated at 37°C with shaking until OD600=0.6 was reached. At this point, 
the protein expression was induced with 0.5 mM of IPTG and the culture was 
incubated overnight at 18°C. Cells were harvested by centrifugation, 
resuspended in buffer A (25 mM Tris-HCl pH=7.5, 300 mM NaCl, 5 mM 
MgCl2, glycerol 5%), supplemented with 1 mM of the non-specific protease 
inhibitor Phenylmethanesulfonyl fluoride (PMSF, Sigma), and lysed by 
sonication. The lysate was centrifuged at 50000 x g for 30 minutes at 4°C 
and the protein was purified from the cell-free extract using immobilized 
metal affinity chromatography (IMAC) on a HiTrap TALON crude column (1 
ml, GE Healthcare), taking advantage of the MraZ 6-histidine tag interaction 
with the cobalt bound to the resin. The purified protein was eluted with 250 
mM of imidazole, dialyzed against the buffer B (50 mM Tris-HCl pH=7.5, 300 
mM NaCl, 5 mM MgCl2, glycerol 5%, 1 mM DTT), and digested with 
PreScission protease (GE Healthcare) to remove the 6-histidine tag. After 
that, the MraZ protein was further purified in the same buffer on a nickel 
nitrilotriacetic acid resin (Qiagen) packed in a column. Finally, the protein 
was quantified by spectrophotometric analysis, and 5 ml of MraZ 
concentrated 1 mg/ml were stored at -80°C. 
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3.7 Electrophoretic mobility shift assay (EMSA) 

The DNA binding site (DBS) of the protein MraZ was characterized by 
electrophoretic mobility shift assay (EMSA). The entire intergenic region 
upstream of mraZ, containing the putative DBS, was amplified by PCR using 
mraZBS1for-mraZBS1rev and mraZBS2for-mraZBS2rev primers (Table 7) 
and genomic DNA as template. The primers were labeled with 6-
carboxyfluorescein (6-Fam) to be easily detectable on gel using the 
ChemiDoc XRS+ System (Bio-Rad) and were designed to amplify the two 
DNA probes that consisted in two overlapping fragments of 250 bp covering 
the whole intergenic region. After PCR, the amplicons BS1-6-Fam and BS2-
6-Fam were sequenced to confirm their sequences.  

Primer Sequence 5’- 3’ 

mraZBS1for GATTGGCGCCGGGGTGGCGT 

mraZBS1rev GGAGCGGCCCGCTTTTTTGA 

mraZBS2for AAGTTGCACTAGCTCATTCA 

mraZBS2rev TTTCCGCTCTCCCGTTCAGG 

mraZBSNSfor ACACGAACTCGCGGCGGATC 

mraZBSNSrev TTGCGGCAGCGGCATGTCCT 

Table 7: Primers used for the EMSA experiment. 

 

The binding reaction was carried out incubating 0.34 pmoles of labeled DNA 
probes with increasing quantities of MraZ (250, 300, 350, 400 pmoles) in a 
reaction volume of 25 µl in binding buffer (20 mM Tris-HCl pH=7.5, 100 mM 
NaCl, 5 mM MgCl2, 0.1 mM DTT, 150 ng/µl BSA, 50 ng/µl deoxyribonucleic 
acid from herring sperm) for 30 minutes at 37°C. After the incubation, 
samples were loaded on agarose gel 1.5% and the electrophoretic run was 
performed in TBE 0.5X for 1 hour at 100 V at 4°C in the dark, after an initial 
equilibration of the gel for 30 min at 60 V in TBE 0.5X. The gel was then 
visualized using the ChemiDoc XRS+ System (Bio-Rad). The specificity of 
the binding was assessed by repeating the experiment in the same 
conditions, but adding a 20X excess of specific (non-labeled BS2 fragment) 
or non-specific (non-labeled 250 bp fragment amplified by PCR from the 
gene cepI of B. cenocepacia J2315 with mraZBSNSfor and mraZBSNSrev 
(Table 7) primers) DNA competitors in the sample. 
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3.8 Characterization of the interactors of the protein FtsZ  

3.8.1 Bacterial adenylate cyclase two-hybrid system (BACTH) 

In order to characterize the proteins interacting with FtsZ in B. cenocepacia 
J2315, the bacterial adenylate cyclase two-hybrid system (BACTH, 
Euromedex) was used. The system requires non-reverting adenylate cyclase 
(AC) deficient E. coli strain (BTH101), since the detection of the protein-
protein interaction in vivo relies on the reconstitution of the AC activity. This 
can be obtained using specific vectors, pKT25 and pKNT25 (low copy-
number), pUT18 and pUT18C (high copy-number), which express 
respectively the fragments T25 and T18 of the Bordetella pertussis AC that 
are not active when physically separated. Thus, the fusion of the C- or N-
terminus of the two subunits with interacting proteins leads to the 
heterodimerization of these hybrid proteins, to the restoration of the AC 
activity and, consequently, to the production of cAMP. This molecule binds 
and activates the catabolite activator protein, which is the global regulator of 
carbon utilization in E. coli, including lac and mal operons. Therefore, 
bacteria able to utilize lactose or maltose as the unique carbon source can 
be easily distinguished on indicator or selective media.  

3.8.2 Construction of the recombinant plasmids 

The genes coding for FtsZ (BCAL3457), FtsA (BCAL3458), FtsE 
(BCAL0454), FtsQ (BCAL3459), FtsI (BCAL3468), FtsN (BCAL0678), ZipA 
(BCAL2097), ZapA (BCAL2667), and SulA (pBCA006) of B. cenocepacia 
J2315 were amplified by PCR using the proper couples of primers listed in 
Table 8 and genomic DNA as template. Each fragment was purified and 
inserted by recombination, following the In-fusion HD Cloning Kit protocol 
(Takara), into each of the four plasmids of the BACTH system, obtaining the 
plasmids listed in Table 10. These vectors were previously digested with the 
corresponding restriction enzymes listed in Table 8. The resulting 
recombinant vectors expressed hybrid proteins in which the polypeptides of 
interest were fused to the C- or N-termini of the T25 and T18 fragments of 
adenylate cyclase, respectively. 
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Primer Sequence 5’- 3’ Restriction 
site 

FtsZpUT18pKNT25For GATTACGCCAAGCTTGATGGAATTCGAAATGCTGGA HindIII 

FtsZpUT18pKNT25Rev GGTACCCGGGGATCCTCGTCAGCCTGCTTGCGCAGGAAAG BamHI 

FtsZpUT18CFor GACTCTAGAGGATCCCATGGAATTCGAAATGCTGGA BamHI 

FtsZpUT18CRev GAATTCGAGCTCGGTACCCGGTCAGCCTGCTTGCGCAGGAAAG KpnI 

FtsZpKT25For GACTCTAGAGGATCCCATGGAATTCGAAATGCTGGA BamHI 

FtsZpKT25Rev CTTAGTTACTTAGGTACCCGGTCAGCCTGCTTGCGCAGGA KpnI 

FtsApUT18pKNT25For GATTACGCCAAGCTTGATGAGCAAAGACTACAAGGATC HindIII 

FtsApUT18pKNT2Rev TTCGAGCTCGGTACCCGGAAGTTGCTCAGGAACC KpnI 

FtsApUT18CpKT25For GACTCTAGAGGATCCCATGAGCAAAGACTACAAGGATC BamHI 

FtsApUT18CRev GAATTCGAGCTCGGTACCCGGAAGTTGCTCAGGAACCATTCC KpnI 

FtsApKT25Rev GTTACTTAGGTACCCGGAAGTTGCTCAGGAACCATTCC KpnI 

FtsEpUT18pKNT25For GATTACGCCAAGCTTGATGATCCGCCTCGAACGCATCGAC HindIII 

FtsEpUT18pKNT25Rev GTACCCGGGGATCCTCGAACGCCGGCACGCCTTGCGCGAG BamHI 

FtsEpUT18CpKT25For GACTCTAGAGGATCCCATGATCCGCCTCGAACGCATCGAC BamHI 

FtsEpUT18CRev CGAGCTCGGTACCCGGAACGCCGGCACGCCTTGCGCGAG KpnI 

FtsEpKT25Rev GTTACTTAGGTACCCGGAACGCCGGCACGCCTTGCGCGAG KpnI 

FtsQpUT18pKNT25For GATTACGCCAAGCTTGATGTGGAACAACGTTCGCCAAC HindIII 

FtsQpUT18pKNT25Rev GTACCCGGGGATCCTCCTTCTTGCGCTTGTCGGTATCG BamHI 

FtsQpUT18CpKT25For GACTCTAGAGGATCCCATGTGGAACAACGTTCGCCAAC BamHI 

FtsQpUT18CRev CGAGCTCGGTACCCGCTTCTTGCGCTTGTCGGTATCG KpnI 

FtsQpKT25Rev GTTACTTAGGTACCCGCTTCTTGCGCTTGTCGGTATCG KpnI 

FtsIpUT18pKNT25for GATTACGCCAAGCTTGATGAAGCCGTCCCAGAAGCGC HindIII 

FtsIpUT18pKNT25rev GTACCCGGGGATCCTCTCGAACTACTCCTGGTGAATTAC BamHI 

FtsIpUT18CFor CAGGTCGACTCTAGAGATGAAGCCGTCCCAGAAGCGC XbaI 

FtsIpUT18CRev GTTATATCGATGAATTCGATCGAACTACTCCTGGTGAATTAC EcoRI 

FtsIpKT25For GGGTCGACTCTAGAGATGAAGCCGTCCCAGAAGCGC XbaI 

FtsIpKT25Rev AACGACGGCCGAATTCTCATCGAACTACTCCTGGTGAATTAC EcoRI 

FtsNpUT18pKNT25For GATTACGCCAAGCTTGGTGCTGGGCCTGATCGTCGGCCTCG HindIII 

FtsNpUT18pKNT25Rev GTACCCGGGGATCCTCCTGCTTCGTGAAGCGGATCACC BamHI 

FtsNpUT18CpKT25For GACTCTAGAGGATCCCGTGCTGGGCCTGATCGTCGGCCTCG BamHI 

FtsNpUT18CRev CGAGCTCGGTACCCGCTGCTTCGTGAAGCGGATCACC KpnI 

FtsNpKT25Rev GTTACTTAGGTACCCGCTGCTTCGTGAAGCGGATCACC KpnI 

ZipApUT18pKNT25For GATTACGCCAAGCTTGATGGACGAGTTGACACTCGGTTTG HindIII 
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ZipApUT18pKNT25Rev CGGGGATCCTCTAGAGTCTGGCTGAAGAGGCGGCGCGTGA XbaI 

ZipApUT18CpKT25For GACTCTAGAGGATCCCATGGACGAGTTGACACTCGGTTTG BamHI 

ZipApUT18CRev GAATTCGAGCTCGGTACCCGCTGGCTGAAGAGGCGGCGCGTGA
C KpnI 

ZipApKT25Rev GTTACTTAGGTACCCGCTGGCTGAAGAGGCGGCGCGTGAC KpnI 

ZapApUT18pKNT25For GATTACGCCAAGCTTGATGAGCACCAAGCAGATCGAAGTCT HindIII 

ZapApUT18pKNT25rev GTACCCGGGGATCCTCCTGCGTCTCGTGCTGTGCGAGC BamHI 

ZapApUT18CpKT25For GACTCTAGAGGATCCCATGAGCACCAAGCAGATCGAAGTCT BamHI 

ZapApUT18CRev CGAGCTCGGTACCCGCTGCGTCTCGTGCTGTGCGAGC KpnI 

ZapApKT25Rev GTTACTTAGGTACCCGCTGCGTCTCGTGCTGTGCGAGC KpnI 

SulApUT18pKNT25For GATTACGCCAAGCTTGATGCACCCCGCCCTCGCCCATCCTG HindIII 

SulApUT18Rev CGGTACCCGGGGATCCTCGGCGACGGCGCCGGCGATCGTGGCC BamHI 

SulApKNT25Rev GTACCCGGGGATCCTCGGCGACGGCGCCGGCGATCGTGGCC BamHI 

SulApUT18CpKT25For GACTCTAGAGGATCCCATGCACCCCGCCCTCGCCCATCCT BamHI 

SulApUT18CRev GTTATATCGATGAATTCGAGGCGACGGCGCCGGCGATCGTGGCC EcoRI 

SulApKT25Rev GTTACTTAGGTACCCGGGCGACGGCGCCGGCGATCGTGGCC KpnI 

pUT18pKNT25CheckFor CTTTATGCTTCCGGCTCG  

pUT18CheckRev GTTCGCGATCCAGGCCGC  

pKNT25CheckRev GCGTAACCAGCCTGATGCG  

pUT18CCheckFor GTCACCCGGATTGCGGCG  

pUT18CCheckRev GTGTCGGGGCTGGCTTAAC  

pKT25CheckFor GCAGTTCGGTGACCAGCGG  

pKT25CheckRev GCAAGGCGATTAAGTTGGG  

Table 8. Primers used for the construction of the BACTH recombinant plasmids. 
The restriction site is underlined. 

 

3.8.3 BACTH complementation assay 

BACTH complementation assay was performed using various combinations 
of recombinant pUT18, pUT18C, pKT25 and pKNT25 (Table 10), carrying 
the divisome genes, co-transformed in BTH101 cells. The transformants 
were plated onto LB-IPTG-XGal medium containing Kanamycin and 
Ampicillin and incubated at 30°C for 48 h. The interactions between different 
hybrid proteins were evaluated in solid media (LB-IPTG-XGal and 
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MacConkey-Lactose) and in liquid culture quantifying the β-galactosidase 
activity. The β-galactosidase assay was performed as previously described, 
on strains grown in LB broth in the presence of 0.5 mM IPTG, Ampicillin and 
Kanamycin at 30°C for 18 h. A level of β-galactosidase activity at least four-
fold higher than the control (BTH101 cells transformed with empty 
pUT18/pKT25) was considered to indicate an interaction. 

 

3.9 Expression and purification of B. cenocepacia SulA 

The protein pBCA006 of B. cenocepacia J2315, the putative SulA, was 
expressed using the following protocol. The gene pBCA006 was amplified 
by PCR using the primers sulApBADM41for-sulApBADM41rev (Table 6) and 
genomic DNA as template. The amplified fragment was inserted by 
recombination, following the In-fusion HD Cloning Kit protocol instruction 
(Takara), into the pBADM-41 plasmid digested with NcoI/EcoRI, obtaining 
the pBADM-41-SulA (Table 9). This plasmid allows the inducible expression 
of SulA fused with the E. coli Maltose Binding Protein (MBP).  

The pBADM-41-SulA vector was co-transformed by electroporation with the 
pG-Tf2 plasmid (Chaperone plasmid set, Takara), expressing the E. coli 
chaperones GroEL-GroES and tig, into E. coli TOP10 competent cells. Upon 
induction, the mild overexpression of the GroEL-ES complex in this strain 
assisted the correct folding of MBP-SulA, increasing the quantity of soluble 
protein produced. Conversely, without this chaperone, the intrinsic instability 
of SulA led to the accumulation of the recombinant protein within inclusion 
bodies. For the expression of MBP-SulA, cells were grown in 3 L of LB 
supplemented with Ampicillin and Chloramphenicol, and 5 ng/ml of 
Tetracycline to induce the chaperone expression, until OD600=0.6 was 
reached. Then, the protein expression was induced with 0.2% of L-arabinose 
overnight at 18°C. After that, cells were collected by centrifugation, 
resuspended in buffer C (50 mM Tris-HCl pH=7, 5 mM MgCl2, glycerol 5%) 
supplemented with 1 mM of PMSF and lysed by sonication. Subsequently, 
the lysate was centrifuged at 50000 x g for 30 min and a solution of ATP 
pH=7 was added to the supernatant obtaining a final concentration of 5 mM, 
in order to facilitate the detachment of GroEL from MBP-SulA. After 15 min 
of incubation at 4°C, the extract was loaded on a MBPTrap HP (5 ml, GE 
Healthcare), eluting MBP-SulA complexed with GroEL with 10 mM of 
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maltose in buffer C. To eliminate the chaperone contamination, the eluate 
was further purified using cation exchange chromatography. A column of SP 
Sepharose Fast Flow resin (GE Healthcare) was used, and the protein was 
eluted in buffer C with a (0 - 1 M) KCl gradient. The fractions containing 
exclusively MBP-SulA were pooled, desalted using a HiPrep 26/10 Desalting 
column (GE Healthcare), and eluted in buffer D (20 mM Tris-HCl pH=7.9, 50 
mM KCl, 1 mM EDTA, glycerol 10%). Finally, the protein was quantified 
through spectrophotometric analysis and 6 aliquots concentrated 1 mg/ml 
were stored at -80°C. 

 

3.10 Expression and Purification of B. cenocepacia FtsA 

For the expression of the FtsA protein of B. cenocepacia J2315, the gene 
ftsA (BCAL3458) was amplified by PCR, using the primers ftsASUMOfor and 
ftsASUMOrev (Table 6), with genomic DNA as template. The PCR product 
was purified and inserted into the pETSUMO (Invitrogen) plasmid, using the 
In-fusion HD Cloning Kit protocol (Takara).  

Then the pETSUMO-FtsA (Table 9) was transformed into E. coli BL21(DE3) 
competent cells by electroporation. Three liters of culture were grown in LB 
supplemented with Kanamycin and the protein expression was induced at 
OD600=0.6 with 0.5 mM of IPTG overnight at 20°C. Cells were harvested by 
centrifugation, resuspended in buffer E (50 mM Tris-HCl pH=7.5, 300 mM 
NaCl, 5 mM MgCl2, glycerol 5%) containing 1 mM of PMSF and lysed by 
sonication. The lysate was clarified by centrifugation at 50000 x g for 30 
minutes and the supernatant was applied on a HisTrap HP nickel column (1 
ml, GE Healthcare), eluting the protein with 250 mM imidazole in buffer E. 
Then, the purified FtsA was dialyzed overnight against buffer B and the 
SUMO protease was used to remove the SUMO protein. A further purification 
step was carried out by size exclusion chromatography, using a HiLoad 
16/60 Superdex-75 column (GE Healthcare) in buffer D, obtaining the 
purified FtsA that was concentrated to 5 mg/ml and stored at -80°C. 
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3.11 Expression and purification of B. cenocepacia ZipA 

To express the soluble fragment of the protein ZipA of B. cenocepacia J2315, 
the gene zipA (BCAL2097) was amplified by PCR, using the primers 
ZipASUMOFor and ZipASUMOrev (Table 6), with genomic DNA as template. 
The amplicon obtained was purified and cloned into the pETSUMO 
(Invitrogen) plasmid, using the In-fusion HD Cloning Kit protocol (Takara). 

Subsequently, the pETSUMO-ZipA (Table 9) was transformed into E. coli 
BL21(DE3) competent cells by electroporation. The culture was grown in 3 L 
of LB supplemented with Kanamycin and the protein production was induced 
at OD600=0.6 with 0.5 mM of IPTG overnight at 18°C. Cells were harvested 
by centrifugation, resuspended in buffer E containing 1 mM of PMSF and 
lysed by sonication. The lysate was clarified by centrifugation at 50000 x g 
for 30 minutes and the supernatant was loaded on a HisTrap HP nickel 
column (1 ml, GE Healthcare), eluting the protein with 250 mM imidazole in 
buffer E. Then, the purified protein was dialyzed overnight against buffer B 
and the SUMO protease was used to remove the SUMO protein. A further 
purification step was carried out by size exclusion chromatography, using a 
HiLoad 16/60 Superdex-75 column (GE Healthcare) in buffer D, obtaining 
the purified ZipA that was concentrated to 10 mg/ml and stored at -80°C. 

 

3.12 Co-sedimentation assay of FtsZ with ZipA or SulA 

The polymerization reactions were carried out in 25 mM PIPES (pH 6.8), 
10 mM MgCl2, adding 12 µM FtsZ, 12 µM ZipA or SulA and 2 mM GTP or 
GDP. The reaction mixtures were incubated for 10 min at 30°C and 300 rpm 
to allow the polymerization to occur. Then, samples were ultracentrifuged at 
350,000 x g for 10 min at 25°C, and the supernatants were immediately 
separated from the pellets, which contained the protein polymers. 
Supernatant and pellet samples were analyzed by SDS-PAGE on 12% 
polyacrylamide gels. The quantification of FtsZ polymerization was 
performed as previously described (Król and Scheffers, 2013), using 
densitometry, by calculating the percentage of the relative intensity of the 
bands. 
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3.13 Co-sedimentation assay of FtsZ with FtsA and vesicles 

To allow FtsA interactions with membranes via its C-terminal amphipathic 
helix in the assay, lipid vesicles were added to the reaction. Vesicles from E. 
coli total lipid extract (Avanti Polar Lipids) were prepared in 25 mM PIPES 
(pH 6.8), 300 mM KCl and 10 mM MgCl2 by sonication. The reaction mixtures 
contained 2 mg/ml of vesicles with 12 µM of FtsZ and FtsA, 25 mM PIPES 
(pH 6.8), 10 mM MgCl2, and 2 mM GTP, GDP or ATP. The reactions were 
incubated for 10 min at 30°C and 300 rpm to allow the polymerization to 
occur, then samples were centrifuged at 20,000 x g at 20°C for 25 min. 
Supernatants were immediately removed for analysis and the pellets were 
resuspended in the same volume of 25 mM PIPES (pH 6.8), 300 mM KCl 
and 10 mM MgCl2 and solubilized with SDS gel loading buffer. Finally, 
samples were analyzed by SDS–PAGE on 12% polyacrylamide gels. 

 

3.14 Biofilm inhibition assay of B. cenocepacia J2315 in      
three-dimensional (3-D) lung epithelial cell model 

The biofilm inhibitory activity of the D-α-tocopheryl polyethylene glycol 1000 
succinate (TPGS) 109 nanosuspension was tested in a 3-D lung epithelial 
model. This model was validated as physiologically relevant using the human 
adenocarcinoma alveolar epithelial cell line A549 (ATCC® CCL-185™), 
demonstrating that cells grown in these conditions show in vivo-like 
characteristics, normally not observed in conventional monolayers 
(Carterson et al., 2005). Indeed, they form lung epithelium-like architectures, 
they have apical-basal orientation, barrier function, and they produce mucus. 
Moreover, they show a decreased expression of cancer markers, reflecting 
a phenotype more similar to the parental tissue (Carterson et al., 2005). 

In this work, the 3-D model of human CF bronchial epithelial cell line 
CFBE41o- (Ehrhardt et al., 2006) was used. Cells were cultured in minimum 
essential medium (MEM) (Thermo Fischer) supplemented with 2 mM L-
glutamine (Thermo Fischer), 10% of heat-inactivated fetal bovine serum 
(FBS) (Thermo Fischer), and 100 U/ml penicillin, 100 µg/ml streptomycin, 
following the protocol described for A549 cells (Carterson et al., 2005; 
Crabbé et al., 2017). After 14 days of incubation in the rotating-wall vessel 
(Synthecon), in a state of constant free fall in the growth medium, CFBE41o- 
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cells formed fully differentiated 3-D aggregates using the type I collagen-
coated dextran beads as growth scaffold. At this point, the culture medium 
was changed with LHC-8 w/o Gentamicin (Thermo Fisher) and 2.5x105 cells 
in 250 µl per well were seeded in 48-wells plate. Then, a culture of B. 
cenocepacia J2315 grown for 20 h in LB at 37°C was resuspended in LHC-
8 medium and added to the 3-D cells at a multiplicity of infection (MOI) of 
15:1. Biofilm formation was determined in the absence (negative control) or 
presence of different concentrations of TPGS109 (16-24 µg/ml), in the 
presence of ciprofloxacin (16 µg/ml) as antibiotic control, and in the presence 
of the nanoparticles carrier only (TPGS 64 µg/ml). Plates were incubated 
statically for 1 h at 37°C, 5% CO2 and, subsequently, cultures were rinsed 
once with Hanks' Balanced Salt Solution (HBSS) to limit the quantity of 
bacteria not associated with host cells. After that, fresh medium containing 
the same concentrations of TPGS109 and the control antibiotic was added 
to the wells and further incubated for 16 h in the same conditions. The day 
after, 3-D aggregates were transferred in new wells, to avoid the inclusion of 
bacteria adhered to the bottom of the wells, and then rinsed twice with HBSS. 
Subsequently, B. cenocepacia biofilm and the cells where disrupted adding 
200 µl of 1% Triton-X100 and vigorously pipetting several times. The 
suspensions, containing both adhered and intracellular bacteria, were 
serially diluted, plated onto LB agar plates and incubated at 37°C. After 48 
h, colonies were counted and CFU/ml were determined. 

 

3.15 Cytotoxicity assessment in 3-D lung epithelial cell model 

Cytotoxicity of the TPGS109 to 3-D aggregates of CFBE41o- cells was 
assessed by measuring the lactate dehydrogenase (LDH) enzymatic activity 
in the culture supernatant. 3-D cell cultures were generated as described 
above and seeded in a 48-wells plate (2.5x105 cells per well in 250 µl). The 
cytotoxicity was determined using the same conditions of the biofilm 
inhibition assay, in the presence of the same TPGS109 concentrations. After 
17 h of incubation at 37°C, 5% CO2, supernatants were collected and 
centrifuged at 3700 rpm for 15 min to eliminate cell debris. Finally, the LDH 
activity was quantified using the LDH activity assay kit (Sigma-Aldrich) 
following the manufacturer’s instructions. Culture media of cells incubated in 
LHC-8 alone were used as negative (cell viability) control (Ct-), while 
supernatants of cells disrupted with 1% Triton-X100 were used as positive 
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(death) control (Ct+). The cytotoxic effect was assessed using the following 
formula:  

𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 (%) =
(𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑) – (𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝐶𝑡−)

(𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝐶𝑡+) – (𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝐶𝑡−)
∗ 100 

 

3.16 Metabolic transformation of C109 in CFBE41o- cultures 

To verify if CFBE41o- cells can metabolize the C109 compound, cells were 
grown as monolayer in a T175 flask (Thermo Fisher), with the same medium 
used for the 3-D cultures, incubated at 37°C, 5% CO2. Once cells reached 
confluence, the monolayer was rinsed twice with PBS and 80 ml of LHC-8 
medium w/o Gentamicin (Thermo Fisher) and 16 µg/ml C109 were added to 
the culture. The flask was further incubated at 37°C, 5% CO2 and 20 ml of 
supernatant were collected after 0, 10, 30, 60 min of incubation. These 
samples were subjected to chloroform extraction (10 ml x 3) and the organic 
phases were evaporated. The obtained residues were resuspended in 500 
µl of chloroform and 5 µl of each sample were analyzed by thin layer 
chromatography (Silica gel 60 F254, Sigma Aldrich) using chloroform or 
chloroform/methanol 99:1 as eluents. Metabolites were visualized under UV 
light at a wavelength of 254 nm. 
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Plasmid Description Source 

pSU11 E. coli-Burkholderia shuttle vector containing lacZ reporter gene 
downstream of the MCS, Gmr Jenul et al., 2018 

pSU11-161 pSU11 containing the dcw predicted promoter sequence in a 161 
bp fragment This study 

pSU11-289 pSU11 containing the dcw predicted promoter sequence in a 289 
bp fragment This study 

pSU11-ftsQp pSU11 containing the DNA sequence of the gene ddl This study 

pSU11-ftsAp pSU11 containing the DNA sequence of the gene ftsQ This study 

pSU11-ftsZp1 pSU11 containing the first half of the ftsA gene sequence This study 

pSU11-ftsZp2 pSU11 containing the second half of the ftsA gene sequence This study 

pET28a Expression vector IPTG inducible, Kanr Novagen 

pET28a-MraZ pET28a containing MraZ coding sequence This study 
pBADM-41 

 
Expression vector for toxic or unstable proteins, containing MBP 

fusion, controlled by araBAD promoter, Ampr Laboratory collection 

pBADM-41-SulA pBADM-41 containing SulA coding sequence This study 

pETSUMO Expression system incorporating a SUMO fusion, IPTG inducible, 
Kanr Invitrogen 

pETSUMO-FtsA pETSUMO containing FtsA coding sequence This study 

pETSUMO-ZipA pETSUMO containing ZipA coding sequence This study 

 
Table 9. Plasmids used for promoter characterization and expression of 

recombinant proteins. 
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Plasmid Description Source 

pUT18 
Derivative of pUC19. A multicloning site sequence (MCS)allows 
construction of in-frame fusions at the N-terminal end of the T18 

polypeptide under the control of a lac promoter, Ampr 
Karimova et al., 1998 

pUT18C 
Derivative of pUC19. A MCS allows construction of in-frame 

fusions at the C-terminal end of the T18 polypeptide under the 
control of a lac promoter, Ampr 

Karimova et al., 1998 

pKT25 
Derivative of pSU40. A MCS allows construction of in-frame 

fusions at the C-terminal end of the T25 polypeptide under the 
control of a lac promoter, Kanr 

Karimova et al., 1998 

pKNT25 
Derivative of pSU40. A MCS allows construction of in-frame 

fusions at the N-terminal end of the T25 polypeptide under the 
control of a lac promoter, Kanr 

Karimova et al., 1998 

pUT18FtsZ pUT18 containing the T18 fused to the C-terminal end of FtsZ This study 

pUT18CFtsZ pUT18C containing the T18 fused to the N-terminal end of FtsZ This study 

pKT25FtsZ pKT25 containing the T25 fused to the N-terminal end of FtsZ This study 

pKNT25FtsZ pKNT25 containing the T25 fused to the C-terminal end of FtsZ This study 

pUT18FtsA pUT18 containing the T18 fused to the C-terminal end of FtsA This study 

pUT18CFtsA pUT18C containing the T18 fused to the N-terminal end of FtsA This study 

pKT25FtsA pKT25 containing the T25 fused to the N-terminal end of FtsA This study 

pKNT25FtsA pKNT25 containing the T25 fused to the C-terminal end of FtsA This study 

pUT18FtsE pUT18 containing the T18 fused to the C-terminal end of FtsE This study 

pUT18CFtsE pUT18C containing the T18 fused to the N-terminal end of FtsE This study 

pKT25FtsE pKT25 containing the T25 fused to the N-terminal end of FtsE This study 

pKNT25FtsE pKNT25 containing the T25 fused to the C-terminal end of FtsE This study 

pUT18FtsQ pUT18 containing the T18 fused to the C-terminal end of FtsQ This study 

pUT18CFtsQ pUT18C containing the T18 fused to the N-terminal end of FtsQ This study 

pKT25FtsQ pKT25 containing the T25 fused to the N-terminal end of FtsQ This study 

pKNT25FtsQ pKNT25 containing the T25 fused to the C-terminal end of FtsQ This study 

pUT18FtsI pUT18 containing the T18 fused to the C-terminal end of FtsI This study 

pUT18CFtsI pUT18C containing the T18 fused to the N-terminal end of FtsI This study 

pKT25FtsI pKT25 containing the T25 fused to the N-terminal end of FtsI This study 

pKNT25FtsI pKNT25 containing the T25 fused to the C-terminal end of FtsI This study 

pUT18FtsN pUT18 containing the T18 fused to the C-terminal end of FtsN This study 

pUT18CFtsN pUT18C containing the T18 fused to the N-terminal end of FtsN This study 

pKT25FtsN pKT25 containing the T25 fused to the N-terminal end of FtsN This study 

pKNT25FtsN pKNT25 containing the T25 fused to the C-terminal end of FtsN This study 

pUT18ZipA pUT18 containing the T18 fused to the C-terminal end of ZipA This study 

pUT18CZipA pUT18C containing the T18 fused to the N-terminal end of ZipA This study 
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pKT25ZipA pKT25 containing the T25 fused to the N-terminal end of ZipA This study 

pKNT25ZipA pKNT25 containing the T25 fused to the C-terminal end of ZipA This study 

pUT18ZapA pUT18 containing the T18 fused to the C-terminal end of ZapA This study 

pUT18CZapA pUT18C containing the T18 fused to the N-terminal end of ZapA This study 

pKT25ZapA pKT25 containing the T25 fused to the N-terminal end of ZapA This study 

pKNT25ZapA pKNT25 containing the T25 fused to the C-terminal end of ZapA This study 

pUT18SulA pUT18 containing the T18 fused to the C-terminal end of SulA This study 

pUT18CSulA pUT18C containing the T18 fused to the N-terminal end of SulA This study 

pKT25SulA pKT25 containing the T25 fused to the N-terminal end of SulA This study 

pKNT25SulA pKNT25 containing the T25 fused to the C-terminal end of SulA This study 

 
Table 10. Plasmids used for BACTH complementation assays. 
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4. Results 

 
4.1 Characterization of the dcw operon of B. cenocepacia J2315 

4.1.1 Identification of the dcw cluster in B. cenocepacia genome 

It is known that in rod-shaped bacteria the genes coding for the key proteins 
of cell division are clustered in the dcw (division cell wall) operon (Tamames 
et al., 2001). This is thought to facilitate the coordinated expression of these 
proteins during binary fission. In order to localize this cluster in B. 
cenocepacia J2315, the Burkholderia genome database 
(https://www.burkholderia.com, Winsor et al., 2008) was used. The dcw 
cluster was identified as a DNA region of 19.158 bp (3803412 - 3784254) on 
the negative strand of the chromosome 1, encompassing 17 genes 
transcribed with the same polarity (Figure 12). These show the same 
arrangement found in the dcw operon of E. coli, with the insertion of the gene 
BCAL3456, a thioredoxin reductase, between ftsZ and lpxC (envA) (Figure 
12). 

Figure 12. Representation of the dcw cluster of B. cenocepacia J2315. The 
genes are drawn to scale with the arrows indicating the transcriptional orientation. 

The promoter PmraBc is represented by the black arrow at the 5’ of the cluster, 
whereas the transcription terminator is found downstream of the last gene lpxC. 

 

4.1.2 Study of the transcriptional organization of the dcw operon 

According to previous reports (Dewar and Dorazi, 2000; Francis et al., 2000; 
Real and Henriques, 2006), the dcw operon is usually subdivided in many 

https://www.burkholderia.com/
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transcriptional units, controlled by several promoters and transcription 
factors. To determine the transcriptional organization of the cluster in B. 
cenocepacia, firstly its whole DNA sequence was analyzed using the 
bacterial rho-independent transcription terminator prediction software 
TransTermHP (http://transterm.ccb.jhu.edu/query.php, Kingsford et al., 
2007). A single transcription terminator site (3784225 - 3784210) was 
predicted downstream of the gene lpxC, with no other intermediate 
terminators within this sequence. Then, to verify whether the transcription 
can proceed continuously along the entire cluster, RT-PCR experiments 
were carried out. The total RNA of B. cenocepacia J2315 was extracted from 
bacteria in mid-log phase and retrotranscribed using the reverse primers 
listed in Table 3. Each primer was designed to anneal at the 5’-end of a 
different dcw gene. The cDNAs obtained were used as templates for PCR 
reactions containing the same reverse primers coupled with forward primers 
(Table 3) annealing at the 3’-end of the upstream gene. This allowed the 
analysis of the co-transcription of every gene pair combination from mraZ to 
lpxC. The expected fragment length for each primer pair is reported in Table 
3. Every fragment of the gene pairs within the mraZ-ftsZ region were 
successfully amplified (data not shown), demonstrating that each gene is 
transcribed together with the flanking genes, and thus the transcription can 
proceed from mraZ to ftsZ. This implies the formation of a single polycistronic 
mRNA of about 17 kb. Conversely, none of the expected amplicons of the 
ftsZ-lpxC region were obtained, demonstrating that the last two genes of the 
cluster are transcribed as single mRNAs. These results suggest the 
presence of a different mechanism to block the transcription, since no rho-
independent transcription terminator sequences were found downstream of 
ftsZ. 

4.1.3 Characterization of the dcw cluster promoter sequence and 
transcription start site 

In E. coli, it is reported that the transcription of the first 9 genes of the dcw 
cluster starts 38 bp upstream of the mraZ gene and is controlled by the Pmra 
promoter (Hara et al., 1997). For this reason, to identify the promoter of the 
first 15 dcw genes in B. cenocepacia, a bioinformatic analysis of the non-
coding region upstream of the mraZ gene (3803413 - 3803798) was carried 
out using the BDGP Neural Network Promoter Prediction 
(http://www.fruitfly.org/seq_tools/promoter.html) and the default parameters 
for predictions of promoters in prokaryotes. This search allowed the 

http://transterm.ccb.jhu.edu/query.php
http://www.fruitfly.org/seq_tools/promoter.html


                                                                                             4. Results 
 

 
71 
 

identification of a 50 bp putative promoter sequence starting 141 bp 
upstream of the first translated codon of mraZ (Figure 13). 

 

 

 

 

Figure 13. Representation of the PmraBc promoter sequence. The PmraBc 
sequence is underlined in bold, and its -10 and -35 boxes are indicated. The 

transcription star site (TSS), the repeats of the putative MraZ binding site 
(highlighted in red) and the first mraZ translated codon (underlined) are also 

present. 

 

To experimentally demonstrate its promoter activity, two overlapping 
fragments were amplified using the primers dcwPROMOfor1_2 and 
dcwPROMOrev2, and dcwPROMOfor2_2 and dcwPROMOrev2 (Table 4). 
These fragments were 289 bp and 161 bp long and both contained the 
putative promoter sequence. After the amplification, the fragments were 
cloned within the MCS of the pSU11 vector, upstream of a promoterless lacZ 
gene, obtaining the pSU11-161 and pSU11-289 (Table 9). The plasmids 
were mobilized from E. coli to B. cenocepacia K56-2 by triparental mating 
and the expression of lacZ was assessed by β-galactosidase activity assay 
on cells in early stationary phase. The tested fragments showed comparable 
activities (empty pSU11: 2.2±0.92; pSU11-161: 101.8±4.7 MU; pSU11-289: 
87.7±5.6 MU) (Figure 14A), demonstrating that the sequence has promoter 
activity and the 161 bp fragment contains the minimal transcription promoter 
PmraBc (Figure 13) of the dcw operon in B. cenocepacia. 
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Figure 14. Charts showing the promoter activities of the tested fragments 
expressed in Miller units. A) The 289 bp- (pSU11-289) and 161 bp- (pSU11-161) 
fragments show a strong promoter activity, containing the promoter of the first 15 

dcw genes of PmraBc. B). The four fragments covering the ddl-ftsA DNA region 
show a promoter activity comparable to the negative control (empty pSU11 vector, 

red bars), proving the absence of additional promoters within the dcw operon. 
Results are expressed as mean of 3 experiments and the error bars represent the 

standard deviation (SD). 

 

The expression of FtsZ is known to be finely regulated in many 
microorganisms (Flärdh et al., 1997; Real and Henriques, 2006; Santini et 
al., 2013) since it was demonstrated that its intracellular concentration 
strongly influences bacterial division (Palacios et al., 1996). Thus, the 
presence of additional promoters in the dcw region upstream of ftsZ of B. 
cenocepacia was assessed. The ddl-ftsA region was analyzed using the 
BDGP Neural Network Promoter Prediction software as previously 
described. Within this sequence, no putative promoters were found by 
bioinformatic analysis, but nevertheless it was experimentally tested using 
lacZ fusions. Four consecutive fragments were amplified by PCR: ftsQp, 
using murCPROMOfor1-ddlPROMOrev1; ftsAp, using ftsQPROMOfor1-
ftsQPROMOrev1; ftsZp1, using ftsAPROMOfor1-ftsAPROMOrev1; ftsZp2, 
using ftsAPROMOfor2-ftsAPROMOrev2 (Table 4). In this way, the whole ddl-
ftsA region was amplified and tested (Figure 15).  
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Figure 15. Magnified view of the distal genes of the dcw cluster. The primers 
used for the amplification of the ddl-ftsA fragments are depicted as black arrows. 

 

The amplified fragments were cloned upstream of the promoterless lacZ 
gene into the pSU11 vector, creating the pSU11-ftsQp, pSU11-ftsAp, 
pSU11-ftsZp1, pSU11-ftsZp2 plasmids (Table 9). Their promoter activities 
were assessed by β-galactosidase activity assay using B. cenocepacia K56-
2. The experiment was performed using cells in early stationary phase since, 
in E. coli, it is demonstrated that promoters of this region increase their 
activity once the growth rate decreases (Flärdh et al., 1997). In these 
conditions, the tested fragments showed no promoter activity (empty pSU11: 
1.93±0.55 MU; pSU11-ftsQp: 2.20±0.38 MU; pSU11-ftsAp: 4.22±0.49 MU; 
pSU11-ftsZp1: 4.38±0.21 MU; pSU11-ftsZp2: 1.63±0.71 MU) (Figure 14B), 
confirming the bioinformatic prediction. Consequently, these results 
demonstrated that, in standard laboratory culture conditions, the dcw cluster 
transcription starts only from PmraBc, and ftsZ expression is exclusively 
controlled by this promoter. 

Consequently, the transcription start site (TSS) of the dcw polycistronic 
mRNA was identified using 5’-RACE as described in Materials and methods. 
The TSS resulted to be a cytosine localized 100 bp upstream of the first 
codon of mraZ, at the 3’-end of the PmraBc promoter sequence (Figure 13). 
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4.2 Characterization of MraZ, the transcription factor of the   
dcw cluster 

4.2.1 Expression and purification of MraZ 

The MraZ protein of B. cenocepacia J2315 was expressed in the conditions 
described in Materials and methods, using the pET28a-MraZ vector (Table 
9) transformed into E. coli strain BL21(DE3). The purification was achieved 
by immobilized metal affinity chromatography (IMAC) and the soluble fraction 
of the his-tagged MraZ was eluted using 250 mM of imidazole (Figure 16). 

Figure 16. SDS-PAGE analysis of the fractions collected during the 
purification of MraZ. The soluble protein, indicated by the arrow, was eluted with 

250 mM of imidazole (E250). M, molecular weight marker (Thermo Fisher); P, 
pellet; S, supernatant; FT, flow-through; W, wash; E250, elution with 250 mM 

imidazole; E500, elution with 500 mM imidazole. 

 

After that, the his-tag tail was removed from the protein using the PreScission 
protease and MraZ was further purified by IMAC. Finally, 5 mg of pure protein 
were obtained from 3 liters of culture and used for the electrophoretic mobility 
shift assay. 
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4.2.2 Electrophoretic mobility shift assay (EMSA) of MraZ  

To characterize the DNA binding site (DBS) of MraZ, two fragments, 
overlapping for 137 bp and covering the whole intergenic region upstream of 
mraZ, were amplified using 6-carboxyfluorescein (6-Fam) labeled primers. In 
particular, fragment BS1-6-Fam, containing the 5’ half of the region from -
386 bp to -136 bp upstream of the mraZ gene, was obtained using 
mraZBS1for and mraZBS1rev (Table 7); instead, fragment BS2-6-Fam, 
containing the 3’ half of the region from -250 bp to -1 bp upstream of mraZ, 
was amplified with mraZBS2for and mraZBS2rev (Table 7). The two probes 
were chosen according to the fact that the MraZ DBS consists of repeated 
sequences localized within this DNA region in E. coli, B. subtilis, and 
mycoplasmas (Fisunov et al., 2016). Both probes were 250 bp long and were 
used for EMSA in the presence of different MraZ concentrations, proving that 
the protein is able to bind BS2-6-Fam (Figure 17A-B), but not BS1-6-Fam 
(data not shown). The specificity of the binding reaction was confirmed by 
adding a 20X excess of non-labeled BS2 fragment or a 20X excess of a non-
specific 250 bp-competitor in the binding reaction (Figure 17C-D). 
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Figure 17. Electrophoretic mobility shift assay of the MraZ protein and 
relative quantification of the bound DNA. A) The gel shows the band shift using 
a constant BS2-6-Fam probe amount (C, 0.34 pmoles) and increasing quantities of 

MraZ. B) The bars indicate the relative quantification of the percentage of the 
bound DNA obtained by densitometry analysis in function of the protein 

concentration. C) Demonstration of the specificity of the binding of MraZ to the 
fragment BS2, using a fixed amount of protein (300 pmoles) and BS2-6-Fam (C, 

0.34 pmoles) (lane 1), a 20X excess of non-labeled BS2 fragment which competes 
for the binding of MraZ (lane 2), or a 20X concentration of non-specific, non-

labeled competitor (a 250 bp cepI fragment) (lane 3). D) The bars indicate the 
relative quantification of the percentage of the bound DNA of the corresponding 

lanes obtained by densitometry analysis. 



                                                                                             4. Results 
 

 
77 
 

Finally, to find a putative MraZ DBS in B. cenocepacia, the BS2 fragment 
sequence was analyzed, searching for a repeated GTG motif, known to be a 
conserved in evolutionary distant bacteria (Fisunov et al., 2016). The 
sequence was identified as series of four repeats of seven nucleotides 
separated by a 3-nucleotide spacer region (Figure 13). In particular, it is 
localized downstream of the PmraBc -10 box, as reported in E. coli (Eraso et 
al., 2014), and it overlaps with the dcw operon TSS (Figure 13). 

 

4.3 Study of the FtsZ interactors in B. cenocepacia J2315 in vivo 
and in vitro 

4.3.1 Complementation analysis of cell division protein using a 
Bacterial Adenylate Cyclase Two Hybrid (BACTH) assay  

Since the division mechanism of B. cenocepacia has never been studied 
before, and the proteins involved in the formation of the divisome can only 
be deduced from homology comparison, the Bacterial Adenilate Cyclase 
Two Hybrid (BACTH) assay was used to identify FtsZ interactors in this 
bacterium. The proteins FtsA, FtsE, FtsQ, FtsI, FtsN, ZipA, ZapA, SulA were 
selected for the analysis, comparing the sequence of the B. cenocepacia 
proteins with the E. coli well characterized homologues, and cloned into the 
four plasmids of the BACTH system (pUT18, pUT18C, pKT25, pKNT25). The 
obtained recombinant vectors (Table 10) expressed the inserted proteins 
fused at the C- or N-terminus of either the T18 or the T25 fragment of the 
Bordetella pertussis adenylate cyclase. Each protein was tested for the 
interaction with FtsZ in every possible combination, using the four different 
constructs (Table 10), co-transforming the plasmids in E. coli strain BTH101 
(cya-). The functional complementation efficiencies between the hybrids 
were initially evaluated using β-galactosidase activity in solid media; then 
only pairs of vectors showing a significant complementation efficiency were 
further tested quantifying the β-galactosidase activity in liquid medium. 
BTH101 cells co-transformed with empty pUT18 and pKT25 vectors were 
used as negative controls. Levels of β-galactosidase activity at least four-fold 
higher than that measured for the negative control were considered 
indicative of an interaction.  
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The first interaction assessed was between two FtsZ monomers, co-
transforming BTH101 cells with both vectors expressing FtsZ, and obtaining 
a β-galactosidase activity value five-fold higher than the control. This 
interaction (Figure 18A-B) indicates a head to tail interaction of the 
monomers, known to be necessary for the GTPase activity and the 
polymerization of FtsZ (Schumacher et al., 2020). 

Figure 18. BACTH analysis of interactions between division proteins. A) E. 
coli strain BTH101 was co-transformed with two-hybrid plasmids (Table 10) 

expressing different hybrid proteins, as indicated. Transformants were spotted onto 
LB plates containing IPTG and X-Gal, or on MacConkey agar plates (MC) and 

incubated at 30°C for 40 h. Blue coloration on LB-IPTG-X-Gal or pink coloration on 
MC indicates a positive interaction. B) The efficiencies of functional 

complementation between the indicated hybrid proteins were quantified by 
measuring β-galactosidase activities in suspensions of E. coli BTH101 cells 

carrying the corresponding plasmids. These results represent the mean value of at 
least three independent experiments and error bars indicate the SD. The E. coli 

BTH101 harboring the empty vectors was used as control. 
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The SulA protein blocks FtsZ polymerization in E. coli and in Pseudomonas 
aeruginosa in case of DNA damage (Cordell et al., 2003). Using the BACTH 
assay, the putative SulA of B. cenocepacia was demonstrated to interact with 
FtsZ using its N-terminal part (Figure 18A-B), since the β-galactosidase 
activity resulted twenty-five-fold higher than the control. These results 
confirmed the involvement of the protein in the cell division of B. 
cenocepacia.  

FtsA is demonstrated to have a key role in the bacterial division, directly 
interacting with FtsZ to anchor the Z-ring to the membrane (Szwedziak et al., 
2012). The BACTH assay showed that the co-transformed strain containing 
B. cenocepacia FtsZ and FtsA had a β-galactosidase activity five-fold higher 
than the control strain (Figure 18A-B). This combination of the two hybrid 
proteins indicates a physical interaction between the N-terminus of FtsA and 
FtsZ.  

ZipA, a protein involved in the first steps of cell division, has been described 
to help the tethering of FtsZ to the membrane (Liu et al., 1999). The results 
obtained indicate that B. cenocepacia FtsZ interacts with the C-terminus of 
ZipA, since the β-galactosidase activity of the BACTH assay is 4.5-fold 
higher than the control (Figure 18A-B).  

The last early phase protein analyzed was ZapA (Caldas et al., 2019). The 
two-hybrid assay showed a β-galactosidase activity ten-fold higher than the 
control in BTH101 strains carrying the plasmids expressing B. cenocepacia 
FtsZ and ZapA (Figure 18A-B), demonstrating the interaction of FtsZ with the 
C-terminus of ZapA.  

Regarding the late proteins of the divisome assembly, the interaction 
between FtsZ and FtsE, FtsQ, FtsI and FtsN was evaluated. Results showed 
that BTH101 cells expressing FtsZ and FtsE had a β-galactosidase activity 
fifty-fold higher than the control. This demonstrates a physical interaction 
between FtsZ and the N-terminal region of FtsE, as reported in E. coli (Du et 
al., 2019). Conversely, the proteins FtsZ and FtsQ were hypothesized to 
interact in E. coli only in a work by Descoteaux and Drapeau (1987), but a 
further confirmation of this result was never achieved. Here, through BACTH 
assay, it was demonstrated the interaction between the C-terminal part of 
FtsZ and the N-terminal part of FtsQ. Indeed, the BTH101 strain transformed 
with the vectors expressing the two proteins of B. cenocepacia showed a β-
galactosidase activity sixteen-fold higher than the control strain. Instead, the 
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two-hybrid assays performed on clones expressing FtsZ together with FtsI 
or FtsN did not show any significant β-galactosidase activity (Figure 18A-B).  

Since the proteins FtsA and ZipA physically interact in E. coli (Vega and 
Margolin, 2019), this was investigated also in B. cenocepacia using the 
BACTH assay. The experiment revealed that the strain expressing the two 
proteins had a β-galactosidase activity thirty-two-fold higher than the control 
strain (Figure 18A-B). This result demonstrated that FtsA is able to interact 
with the N-terminal part of ZipA. In E. coli FtsA interacts also with FtsN to 
connect early and late divisome proteins (Busiek et al., 2012). Here, it was 
shown that B. cenocepacia FtsA and FtsN interact each other with their C-
termini, having a β-galactosidase activity five-fold-higher than the control 
(Figure 18A-B). Finally, the interaction between FtsA and FtsQ was also 
tested, revealing that the early division protein FtsA of B. cenocepacia 
interacts also with the late protein FtsQ (Figure 18A-B), as previously 
described in E. coli (Tsang and Bernhardt, 2015). 

4.3.2 Expression and purification of SulA 

The SulA protein of B. cenocepacia J2315 was expressed in the conditions 
described in Materials and methods, using the pBADM-41-SulA vector 
(Table 9) co-transformed with the pG-Tf2 plasmid (containing the E. coli 
GroES-GroEL-tig chaperones) in E. coli strain TOP10. The first step of 
purification was achieved using the column MBPTrap HP and the soluble 
fraction of MBP-SulA complexed with GroEL was eluted with 10 mM of 
maltose (Figure 19). 
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Figure 19. SDS-PAGE analysis of the fractions collected during the 
purification of SulA. The soluble protein was eluted with 10 mM of maltose (Elu). 
M, molecular weight marker (PanReac); P, pellet; S, supernatant; FT, flow-through; 

W, wash; Elu, elution with 10 mM maltose. 

 

Then, to eliminate the GroEL chaperone, the MBP-SulA protein was further 
purified using cation exchange chromatography and eluted with a (0 - 1 M) 
KCl gradient (Figure 20). 

Figure 20. SDS-PAGE analysis of the fractions collected after the ion 
exchange chromatography of SulA. Fractions starting from the left: 1) molecular 
weight markers (PanReac); 2,3) elution of GroEL and contaminant proteins; 4-8) 

fractions containing MBP-SulA without the chaperone GroEL. 
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 The fractions containing the pure MBP-SulA were pooled and concentrated, 
obtaining 6 mg of protein from 3 liters of culture, which were used for the co-
sedimentation assay with FtsZ. 

4.3.3 SulA inhibits FtsZ polymerization in vitro 

To confirm the physical interaction between FtsZ and SulA, demonstrated in 
vivo using the BACTH assay, and its regulatory function in cell division, a co-
sedimentation assay was carried out. To this aim, B. cenocepacia SulA was 
expressed and purified as described above, whereas B. cenocepacia FtsZ 
was obtained as described by Hogan et al. (2018). In order to investigate the 
effect of SulA on FtsZ polymerization, the assay was performed in the 
absence and in the presence of SulA. In the presence of its co-factor GTP, 
FtsZ alone is able to polymerize, allowing the recovery of a good amount of 
protein in the pellet fraction (Figure 21).  

Figure 21. Effect of SulA on FtsZ in vitro polymerization. FtsZ was induced to 
polymerize in the presence or absence of SulA. (A) The polymeric FtsZ was 

collected by sedimentation and the amount of FtsZ in the pellets (P) was estimated 
by Coomassie-blue staining of the SDS-PAGE. S, supernatant. (B) The bars 

indicate the relative quantification of FtsZ percentage in the pellet obtained by 
densitometry analysis. Data are the average ± SD of three independent 

experiments. 
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When SulA was added to the polymerization assay, in an equimolar 
concentration of FtsZ and in the presence of GTP to start the reaction, FtsZ 
was recovered only in the supernatant fraction. This indicates that FtsZ was 
not able to polymerize. As a control, FtsZ in the presence of GDP (no 
polymerization) was recovered only in the supernatant (Figure 21A-B). 
These results demonstrated that SulA blocks FtsZ polymerization in vitro, 
confirming its role as regulator of FtsZ activity in B. cenocepacia. 

4.3.4 Expression and purification of FtsA 

The FtsA protein of B. cenocepacia J2315 was expressed in the conditions 
described in Materials and methods, using the pETSUMO-FtsA vector (Table 
9) transformed into E. coli strain BL21(DE3). The purification was achieved 
by IMAC and the soluble fraction of the SUMO-FtsA fusion was eluted using 
250 mM of imidazole (Figure 22). 

Figure 22. SDS-PAGE analysis of the fractions collected during the 
purification of FtsA. The soluble protein was eluted with 250 mM of imidazole 
(E250). P, pellet; S, supernatant; FT, flow-through; W, wash; E250, elution with 

250 mM imidazole; M, molecular weight marker (PanReac). 

 

After that, the SUMO protein was removed from FtsA using the SUMO 
protease, and the native protein was further purified by size exclusion 
chromatography (Figure 23).  
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Figure 23. SDS-PAGE analysis of the fractions collected during the size 
exclusion chromatography of FtsA. Fractions 1-6 contain exclusively the protein 

FtsA. M, molecular weight markers (PanReac). 

 

Finally, 5 mg of pure protein were obtained from 3 liters of culture and used 
for the co-sedimentation assay with FtsZ. 

4.3.5 FtsA-FtsZ interaction in vitro 

FtsA and FtsZ in B. cenocepacia interact in vivo as highlighted by BACTH 
assay. To better study this interaction in vitro, the two proteins were 
expressed and purified as described above and used for co-precipitation 
assays in the presence of vesicles that allow FtsA to interact with the 
membranes via its C-terminal amphipathic helix (Szwedziak et al., 2012). 
The liposomes co-sedimentation showed that the presence of lipids did not 
affect FtsZ polymerization, since about half of the protein was found in the 
pellet fraction (Figure 24).  
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Figure 24. In vitro reconstitution of the FtsZ/FtsA interaction. FtsZ was 
induced to polymerize in the presence or absence of FtsA and GTP or GDP. The 
co-sedimentation was carried out in the presence of vesicles. The polymeric FtsZ 
and FtsA were collected by sedimentation and the amount of proteins in the pellet 

(P) was estimated by Coomassie-blue staining of SDS-PAGE. S, supernatant. 

 

In the presence of ATP and vesicles, FtsA polymerized completely (Figure 
24), while in absence of ATP, the protein was recovered only in the 
supernatant (data not shown). In the presence of both FtsZ and FtsA and 
their cofactors (GTP and ATP), all proteins were recovered in the pellet 
fraction (Figure 24). This result indicated that FtsA interaction with FtsZ 
increased the sedimentation of FtsZ in the pellet. 

4.3.6 Expression and purification of ZipA 

The ZipA protein of B. cenocepacia J2315 was expressed in the conditions 
described in Materials and methods, using the pETSUMO-ZipA vector (Table 
9) transformed in E. coli strain BL21(DE3). The purification was achieved by 
IMAC and the soluble fraction of the SUMO-ZipA fusion was eluted using 
250 mM of imidazole (Figure 25). 
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Figure 25. SDS-PAGE analysis of the fractions collected during the 
purification of ZipA. The soluble protein was eluted with 250 mM and 500 mM of 
imidazole (E250 and E500). M, molecular weight marker (PanReac); P, pellet; S, 
supernatant; FT, flow-through; W, wash; E250, elution with 250 mM imidazole; 

E500, elution with 500 mM imidazole. 

 

Then, the SUMO protein was removed from ZipA using the SUMO protease, 
and the native protein was further purified by size exclusion chromatography 
(Figure 26). 

Figure 26. SDS-PAGE analysis of the fractions collected during the size 
exclusion chromatography of ZipA. Fractions 1-3 contain exclusively the protein 

ZipA. M, molecular weight markers (PanReac). 
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Finally, 20 mg of pure protein were obtained from 3 liters of culture and used 
for the co-sedimentation assay with FtsZ. 

4.3.7 ZipA-FtsZ interaction in vitro 

To confirm the physical interaction, shown by BACTH assay, between B. 
cenocepacia FtsZ and ZipA, the proteins were expressed and purified, and 
a co-sedimentation assay was set up (Figure 27).  

Figure 27. In vitro reconstitution of the FtsZ/ZipA interaction. FtsZ was 
polymerized in the presence or in the absence of ZipA with GTP or GDP. (A) The 

polymeric FtsZ was collected by sedimentation and the amount of FtsZ in the 
pellets (P) was estimated by Coomassie-blue staining of the SDS-PAGE. S, 

supernatant. (B) and (C) The bars indicate the relative quantification of FtsZ (B) 
and ZipA (C) percentage in the pellet obtained by densitometry analysis. Data are 

the average ± SD of three independent experiments. 
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In the presence of ZipA and GTP the quantity of the polymerized FtsZ 
increased. Interestingly, also when the polymerization is not induced (using 
GDP in the reaction), FtsZ is present in the polymerized fraction together with 
ZipA (Figure 27). Their interaction was confirmed also by the fact that, in the 
presence of FtsZ and GTP, the quantity of ZipA in the polymerized fraction 
increased (Figure 27). These results confirmed that B. cenocepacia ZipA 
interacts with FtsZ in its monomeric and filamentous form. 

 

4.4 Biofilm inhibitory activity of TPGS109 against                       
B. cenocepacia J2315 in the 3-D CFBE41o- cell model 

The development of the water-soluble nanoparticles formulation of the FtsZ 
inhibitor C109 increased the compound solubility and dissolution rate in 
biological fluids, allowing its experimentation in in vivo models, as Galleria 
mellonella, avoiding the use of solvents (Costabile et al., 2020). However, 
this nanosuspension was optimized for aerosol delivery, thus the best way 
to test its activity will be the aerosolization in a mouse model of chronic B. 
cenocepacia lung infection. In order to obtain preliminary data on the activity 
and the toxicity of the D-α-tocopheryl polyethylene glycol 1000 succinate 
C109 (TPGS109), the compound was tested against B. cenocepacia J2315 
in a 3-D lung epithelial cell model. 

The experiment was carried out as described in Materials and methods, and 
the TPGS109 biofilm inhibitory activity was measured after 17 h of 
incubation. The best results were obtained treating the infected CFBE41o- 
aggregates with 20 µg/ml (70 µM) or 24 µg/ml (84 µM) of TPGS109, 
obtaining a significant reduction, in both cases, of about 0.9 Log-unit (8-fold) 
in the number of biofilm-forming bacteria compared to the untreated control 
(Figure 28). 
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Figure 28. Biofilm-inhibitory activity of TPGS109 against B. cenocepacia 
J2315 in the 3-D lung epithelial cell model after 17 h of incubation. Growth 
control represents the untreated bacteria, ciprofloxacin was used as antibiotic 

control and TPGS as the nanoparticle carrier only control. Data are reported as 
mean ± standard error of at least three independent experiments. *p < 0.05 (One-

way ANOVA test). 

 

Instead, the lower concentration tested, 16 µg/ml (56 µM), resulted in the 
reduction of 0.3 Log unit (2-fold) of the CFU obtained after the biofilm 
disruption, but this was not considered statistically significant according to 
the one-way ANOVA test (Figure 28). The carrier TPGS alone (64 µg/ml) did 
not show any effect on the B. cenocepacia biofilm formation. 

4.4.2 Cytotoxicity of TPGS109 in the 3-D CFBE41o- cell model 

The effect of the tested concentration of TPGS109 on cell viability was 
assessed measuring the enzymatic activity of the cytosolic LDH released in 
the supernatant by dead cells as described in Materials and methods. As 
shown in Figure 29, the toxicity of the nanosuspension on the CFBE41o- 
increases proportionally with the concentration used, reaching the 45% of 
dead cells in the presence of 24 µg/ml TPGS109 (Figure 29). 
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Figure 29. Cytotoxicity of TPGS109 to 3-D lung epithelial cells after 17 h of 
incubation. Cell viability was evaluated by LDH-release assay. Control represents 
untreated 3-D cells. Data are reported as mean ± standard error of at least three 

independent experiments. 

 

Moreover, observing the treated 3-D aggregates using optical microscopy, it 
was noticed a change in cell morphology using 24 µg/ml TPGS109, 
compared to the control, with the appearance of round-shaped cells, as well 
as a significant detachment of the cells from the beads (Figure 30D). 
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Figure 30. Effect of TPGS109 on cell adhesion to microcarrier beads after 17h 
of incubation. The 3-D aggregates phenotype was evaluated by optical 

microscopy. Images were obtained at a magnification of 1200×. A) Untreated 
control. B) Cells treated with 16 µg/ml TPGS109. C) Cells treated with 20 µg/ml 
TPGS109. D) Cells treated with 24 µg/ml TPGS109. The black arrow indicates 

round-shaped cells detaching from the surface of microcarrier beads. 

 

Considering these toxicity data, it is clear that the best concentration of 
TPGS109 to achieve a significant biofilm inhibition with a small effect on cell 
viability in this model is 20 µg/ml.  

4.4.3 Metabolic transformation of C109 in CFBE41o- cultures 

Despite the good biofilm inhibitory activity against B. cenocepacia J2315 
demonstrated in the 3-D CFBE41o- cell model, TPGS109 showed an activity 
1000 folds higher in the same assay conditions but in the absence of the 
cells (data not shown). This was probably due to the metabolization of the 
C109 by the cells, as already reported in B. cenocepacia cultures (Chiarelli 
et al., 2020). For this reason, the C109 stability over time in CFBE41o- 
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cultures was tested and the C109 metabolites obtained were visualized by 
TLC, using chloroform as eluent. As shown in Figure 31A, the quantity of 
compound resulted strongly decreased after 60 min of incubation with cells, 
with the consequent appearance of the metabolite M1 (Figure 31A). 
Moreover, using a slightly more polar eluent (chloroform/methanol 99:1) it 
was possible to identify also other two metabolites (M2 and M3) that resulted 
enriched after 60 min compared to the 30 min incubation (Figure 31B). 

Figure 31. TLC analysis of the C109 metabolites produced by CFBE41o- cells 
in different time spans. A) Visualization of the C109 metabolization in medium 
only (M) after 10 min of incubation and in the presence of cells after 0, 10, 30, 60 

min (TLC eluent: chloroform). B) Comparison of the C109 degradation after 30 and 
60 min of incubation with cells (TLC eluent: chloroform/methanol 99:1). Both TLCs 

(A and B) were visualized under UV light. M1, C109 metabolite 1; M2, C109 
metabolite 2; M3, C109 metabolite 3. 

 

This analysis highlighted the presence of different (at least 3) products of 
degradation of the C109 upon incubation with CFBE41o- cells, which 
probably do not retain the same biofilm inhibitory activity of the raw C109. 
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5. Discussion and future perspectives 

 
The shortage of therapeutic options for the treatment of B. cenocepacia lung 
infections represents a serious threat for cystic fibrosis patients and requires 
a major effort to find new effective treatments. Since this pathogen shows 
intrinsic and acquired resistance to almost all currently used antibiotics that 
hit the classical cellular targets, it is fundamental to focus the research on 
the development of novel molecules with innovative molecular targets that 
can prevent the easy insurgence of resistance.  

Bacterial division is widely considered a valuable pool of new drug targets, 
given the essentiality and the high conservation among bacteria of most 
proteins involved in this pathway (Buroni et al., 2020). We demonstrated that 
our most promising molecule, C109, is an inhibitor of FtsZ polymerization, 
which represents the first step of the bacterial divisome assembly, exerting 
its antimicrobial activity on a broad range of pathogens (Hogan et al., 2018). 
For this reason, the work reported in this thesis is focused on the 
characterization of the B. cenocepacia division mechanism, studying the 
genetics and the protein interactions involved in this process, with the aim of 
characterizing further essential druggable targets in this cystic fibrosis 
pathogen. 

Since the genes encoding the key components of the divisome are often 
clustered in the division cell wall (dcw) operon, first of all this was identified 
in the B. cenocepacia genome. The cluster encompassed 17 tightly packed 
genes on the chromosome 1 and showed the same conserved genetic 
arrangement described in Gram-positive and -negative bacilli (Tamames et 
al., 2001). This characteristic is thought to be fundamental for a successful 
division in rod-shaped bacteria. Indeed, it facilitates the synthesis of long 
polycistronic mRNAs that allow the co-translation of interacting proteins in 
the same cellular compartment. Consequently, the ordered assembly of 
protein complexes required for the septation is promoted (Mingorance et al., 
2004). The results obtained in this work confirmed the presence of a long 
polycistronic transcription unit also in B. cenocepacia, since the first 15 
genes of the operon, from mraZ to ftsZ, resulted to be co-transcribed in a 
single mRNA, and no transcriptional terminators were found within this 
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region. The transcription of this long mRNA was demonstrated to start 100 
bp upstream of the mraZ gene, and to be controlled by the promoter PmraBc. 
This was found in the intergenic regulatory region at the 5’ of the operon, as 
its analogue Pmra in E. coli (Hara et al., 1997), which similarly controls the 
formation of a long transcript that includes the whole operon (de la Fuente et 
al., 2001).  

However, the E. coli dcw cluster contains a few other promoters, modulating 
the formation of shorter transcription units (Dewar and Dorazi, 2000), which 
are absent in B. cenocepacia. In particular, the absence of additional 
promoters upstream of ftsZ, in the ddl-ftsA region is peculiar, since the fine 
regulation of its expression is fundamental to achieve a successful division, 
as reported in E. coli (Palacios et al., 1996). This result suggests the 
involvement of post-transcriptional control mechanisms that can replace the 
regulatory functions ascribed to the distal promoters found in other bacilli, 
such as E. coli (Flärdh et al., 1997), Bacillus subtilis (Real and Henriques, 
2006), and Bacillus mycoides (Santini et al., 2013).  

Within this work, the transcriptional regulator of the operon was also 
characterized as MraZ, the protein encoded by the first gene of the cluster. 
In B. cenocepacia, it specifically binds a conserved series of four repeats of 
seven nucleotides that partially overlap to the PmraBc sequence, regulating 
the dcw transcription as well as its own transcription, as already reported in 
even very distantly related microorganisms (Eraso et al., 2014; Maeda et al., 
2016; Fisunov et al., 2016). Indeed, MraZ is an extremely conserved 
transcription factor with essential functions in the division, since it is present 
also in mycoplasmas (Fisunov et al., 2016), the simplest self-replicating 
organisms with a minimal genome. 

This first part of the thesis provided an overview of the transcriptional 
arrangement of the dcw operon of B. cenocepacia, evidencing important 
regulatory mechanisms involved in the control of the division gene 
expression in this poorly characterized bacterium. 

This work also provided a better knowledge of the interactions among 
proteins involved in the septation of B. cenocepacia. In particular, the B. 
cenocepacia homologues of the best studied FtsZ interactors of E. coli were 
characterized. Their interactions with B. cenocepacia FtsZ was assessed 
using the BACTH system. Firstly, the interaction between two FtsZ 
monomers was tested, confirming that, also in B. cenocepacia, the two 
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monomers interact head to tail. This is known to be essential for the 
constitution of the GTPase active site and, accordingly, for FtsZ 
polymerization during the divisome assembly (Schumacher et al., 2020).  

Then, the SOS response protein SulA was demonstrated to interact both in 
vivo and in vitro with FtsZ by two-hybrid and co-sedimentation assays, 
respectively. These results confirmed what already reported in other 
microorganisms (Cordell et al., 2003; Dajkovic et al., 2008) and validated the 
regulatory function of SulA in this bacterium, that consists in the inhibition of 
FtsZ polymerization by capping the forming polymers (Vedyaykin et al., 
2020).  

Regarding the early division proteins, the interaction of FtsZ with the N-
terminal part of FtsA was demonstrated by BACTH assay. Since FtsA is 
reported to form polymers stabilized by the interaction of its C-terminal 
amphipathic domain with the membranes (Szwedziak et al., 2012), the co-
sedimentation assay with FtsZ was performed in the presence of vesicles. 
The results revealed that FtsA of B. cenocepacia is able to polymerize in 
these conditions, anchoring FtsZ polymers to the membrane and increasing 
the quantity of FtsZ found in the pellet fraction. Interestingly, in this 
experiment FtsA showed a higher affinity for FtsZ compared to the same 
experiment performed with E. coli proteins (Loose and Mitchison, 2014), 
evidencing possible differences in their interaction mechanism that will be 
further investigated through mutational studies and pull-down assays.  

The second early protein characterized was ZipA, a known interactor of FtsZ 
in E. coli (Liu et al., 1999; Ohashi et al., 2002). In B. cenocepacia, ZipA was 
demonstrated to interact with the C-terminal part of FtsZ by BACTH system, 
and this was further evaluated in vitro using a co-sedimentation assay. This 
showed that the presence of ZipA causes an increased sedimentation in the 
pellet fraction of FtsZ, even when polymerization is not induced. This result 
suggests that ZipA could stabilize the spontaneous formation of FtsZ 
polymers which occurs in the absence of GTP. 

Some late divisome proteins were also investigated, starting from FtsE, an 
ABC-transporter-like protein involved in the maturation of the divisome and 
in cell constriction (Schmidt et al., 2004; Du et al., 2019). Through BACTH 
assay, the physical interaction between the C-terminal domain of FtsZ and 
the N-terminal region of FtsE was validated in B. cenocepacia, as already 



5. Discussion and future perspectives 
 

 
96 

 

described in E. coli using different approaches (Corbin et al., 2007; Du et al., 
2019).  

FtsQ is known to be an essential component of the division machinery in E. 
coli and, upon the formation of the complex FtsQLB, it acts as a sensor that 
modulates the divisome activation (Tseng and Bernhardt, 2015). In this 
thesis, it was demonstrated the in vivo physical interaction between FtsQ and 
FtsZ in B. cenocepacia, evidencing a difference in the FtsZ interactome 
between this pathogen and E. coli. Indeed, in the latter, FtsQ is demonstrated 
to interact only with other divisome proteins, such as FtsI, FtsN, FtsW, and 
FtsK (Grenga et al., 2010). This interesting new interaction is worth to be 
further studied in vitro, recombinantly expressing the cytoplasmic part of 
FtsQ to characterize the exact contact site with FtsZ. 

Instead, the other late division proteins tested, FtsI and FtsN, were confirmed 
not to be part of the FtsZ interactome in B. cenocepacia, similarly to E. coli. 

Even though the early and late proteins are recruited at the mid-cell in two 
distinct phases, protein-protein interactions between components of the two 
groups were reported, demonstrating a molecular and functional 
interconnection among them (Alexeeva et al., 2010). This was confirmed 
also in B. cenocepacia, where FtsA interacts with ZipA, FtsQ, and FtsN, 
which are recruited in three different stages of the divisome assembly. 

In conclusion, these results confirmed the involvement of the described 
proteins in the division of B. cenocepacia and gave a complete overview of 
their interactions. This will be useful as starting point for the future 
characterization of divisome assembly in this bacterium. Most important, this 
knowledge will be exploited towards the design of new antibacterials 
targeting division proteins or essential protein-protein interactions. 

The second part of my thesis was focused on the FtsZ inhibitor C109. It is 
well established that C109 has a potent antimicrobial activity in vitro (Hogan 
et al., 2018), however there is a lack of data about its activity in vivo, since it 
was tested only in a Galleria mellonella infection model (Costabile et al., 
2020). To validate its efficacy also in physiologically relevant conditions, in 
this thesis C109 was tested in an in vivo-like 3-D lung epithelial cell model 
that mimics the complex microenvironment of biofilm-associated infections. 
The water-soluble nanosuspension of C109 (TPGS109) was tested for its 
biofilm inhibitory potential against B. cenocepacia J2315 infecting 3-D 
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CFBE41o- aggregates, finding an 8-fold reduction of the biofilm forming 
bacteria following the treatment with 20 µg/ml (70 µM) of TPGS109. At this 
concentration it resulted mildly toxic for these cells, confirming the 
cytotoxicity data already reported for CFBE41o- cells (Costabile et al., 2020). 
Unfortunately, lower concentrations of TPGS109 were not active in this 
model since the compound was demonstrated to be almost completely 
metabolized by the cells after 1h. Similar results were already reported after 
2h of incubation of C109 in B. cenocepacia cultures, leading to the formation 
of at least six molecules that unfortunately did not retain any antimicrobial 
effect (Chiarelli et al., 2020). However, it is not excluded that metabolites 
obtained after C109 transformation by CFBE41o- could still have at least a 
partial antimicrobial activity. This hypothesis will be explored after the 
identification of these molecules. 

To conclude, the last part of this thesis demonstrated the efficacy of the 
TPGSC109 in an in vivo-like model of infection, obtaining a significant 
decrease of the biofilm formation at micromolar concentration, slightly 
affecting cell viability. In order to further decrease the cytotoxicity, lower 
concentrations of nanosuspension will be tested in combination with 
meropenem and piperacillin, taking advantage of their additive effect 
highlighted in vitro (Hogan et al., 2018) and in vivo (Costabile et al., 2020). 

 
 
 
 
 
 
 
 





                                                                         6. References 
 

 
99 
 

6. References 
 

      Abbott L, Plummer A, Hoo ZH, Wildman M. Duration of intravenous antibiotic 
therapy in people with cystic fibrosis. Cochrane Database Syst Rev. 
2019;9:CD006682. doi: 10.1002/14651858.CD006682.pub6. 
      Abou Alaiwa MH, Reznikov LR, Gansemer ND, Sheets KA, Horswill AR, 
Stoltz DA, Zabner J, Welsh MJ. pH modulates the activity and synergism of the 
airway surface liquid antimicrobials β-defensin-3 and LL-37. Proc Natl Acad Sci U S 
A. 2014;111:18703-18708. doi: 10.1073/pnas.1422091112. 
      Adams MA, Udell CM, Pal GP, Jia Z. MraZ from Escherichia coli: cloning, 
purification, crystallization and preliminary X-ray analysis. Acta Crystallogr Sect F 
Struct Biol Cryst Commun. 2005;61:378-380. doi: 10.1107/S1744309105007657. 
      Akil N, Muhlebach MS. Biology and management of methicillin resistant 
Staphylococcus aureus in cystic fibrosis. Pediatr Pulmonol. 2018;53:S64-S74. doi: 
10.1002/ppul.24139. 
      Alexander BD, Petzold EW, Reller LB, Palmer SM, Davis RD, Woods CW, 
Lipuma JJ. Survival after lung transplantation of cystic fibrosis patients infected with 
Burkholderia cepacia complex. Am J Transplant. 2008;8:1025-1030. doi: 
10.1111/j.1600-6143.2008.02186.x. 
      Alexeeva S, Gadella TW Jr, Verheul J, Verhoeven GS, den Blaauwen T. 
Direct interactions of early and late assembling division proteins in Escherichia coli 
cells resolved by FRET. Mol Microbiol. 2010;77:384-398. doi: 10.1111/j.1365-
2958.2010.07211.x. 
      Alexis NE, Muhlebach MS, Peden DB, Noah TL. Attenuation of host defense 
function of lung phagocytes in young cystic fibrosis patients. J Cyst Fibros. 
2006;5:17-25. doi: 10.1016/j.jcf.2005.11.001. 
      Amato DN, Amato DV, Mavrodi OV, Braasch DA, Walley SE, Douglas JR, 
Mavrodi DV, Patton DL. Destruction of opportunistic pathogens via polymer 
nanoparticle-mediated release of plant-based antimicrobial payloads. Adv Healthc 
Mater. 2016;5:1094-1103. doi: 10.1002/adhm.201500974. 
      Amin R, Waters V. Antibiotic treatment for Stenotrophomonas maltophilia in 
people with cystic fibrosis. Cochrane Database Syst Rev. 2016;7:CD009249. doi: 
10.1002/14651858.CD009249.pub4. 
      Andersen DH. Cystic fibrosis of the pancreas and its relation to celiac disease. 
Am J Dis Child. 1938;56:344. 
      Andersen DH, Hodges RG. Celiac syndrome; genetics of cystic fibrosis of the 
pancreas, with a consideration of etiology. Am J Dis Child. 1946;72:62-80. doi: 
10.1001/archpedi.1946.02020300069004. 
      Armstrong DS, Hook SM, Jamsen KM, Nixon GM, Carzino R, Carlin JB, 
Robertson CF, Grimwood K. Lower airway inflammation in infants with cystic 



6. References 
 

 
100 

 

fibrosis detected by newborn screening. Pediatr Pulmonol. 2005;40:500-510. doi: 
10.1002/ppul.20294. 
      Arumugam S, Petrašek Z, Schwille P. MinCDE exploits the dynamic nature of 
FtsZ filaments for its spatial regulation. Proc Natl Acad Sci U S A. 2014;111:E1192-
E1200. doi: 10.1073/pnas.1317764111. 
      Assani K, Tazi MF, Amer AO, Kopp BT. IFN-γ stimulates autophagy-mediated 
clearance of Burkholderia cenocepacia in human cystic fibrosis macrophages. PLoS 
One. 2014;9:e96681. doi: 10.1371/journal.pone.0096681. 
      Aubert DF, Flannagan RS, Valvano MA. A novel sensor kinase-response 
regulator hybrid controls biofilm formation and type VI secretion system activity in 
Burkholderia cenocepacia. Infect Immun. 2008;76:1979-1991. doi: 
10.1128/IAI.01338-07. 
      Avgeri SG, Matthaiou DK, Dimopoulos G, Grammatikos AP, Falagas ME. 
Therapeutic options for Burkholderia cepacia infections beyond co-trimoxazole: a 
systematic review of the clinical evidence. Int J Antimicrob Agents. 2009;33:394-
404. doi: 10.1016/j.ijantimicag.2008.09.010. 
      Bach E, Sant'Anna FH, Magrich Dos Passos JF, Balsanelli E, de Baura VA, 
Pedrosa FO, de Souza EM, Passaglia LMP. Detection of misidentifications of 
species from the Burkholderia cepacia complex and description of a new member, 
the soil bacterium Burkholderia catarinensis sp. nov. Pathog Dis. 2017;75. doi: 
10.1093/femspd/ftx076. 
      Balandreau J, Viallard V, Cournoyer B, Coenye T, Laevens S, Vandamme 
P. Burkholderia cepacia genomovar III is a common plant-associated bacterium. 
Appl Environ Microbiol. 2001;67:982-985. doi: 10.1128/AEM.67.2.982-985.2001. 
      Baldwin A, Sokol PA, Parkhill J, Mahenthiralingam E. The Burkholderia 
cepacia epidemic strain marker is part of a novel genomic island encoding both 
virulence and metabolism-associated genes in Burkholderia cenocepacia. Infect 
Immun. 2004;72:1537-1547. doi: 10.1128/iai.72.3.1537-1547.2004. 
      Baldwin A, Mahenthiralingam E, Thickett KM, Honeybourne D, Maiden MC, 
Govan JR, Speert DP, Lipuma JJ, Vandamme P, Dowson CG. Multilocus 
sequence typing scheme that provides both species and strain differentiation for the 
Burkholderia cepacia complex. J Clin Microbiol. 2005;43:4665-4673. doi: 
10.1128/JCM.43.9.4665-4673.2005. 
      Baldwin A, Mahenthiralingam E, Drevinek P, Vandamme P, Govan JR, 
Waine DJ, LiPuma JJ, Chiarini L, Dalmastri C, Henry DA, Speert DP, 
Honeybourne D, Maiden MC, Dowson CG. Environmental Burkholderia cepacia 
complex isolates in human infections. Emerg Infect Dis. 2007;13:458-461. doi: 
10.3201/eid1303.060403. 
      Baranova N, Radler P, Hernández-Rocamora VM, Alfonso C, López-
Pelegrín M, Rivas G, Vollmer W, Loose M. Diffusion and capture permits dynamic 
coupling between treadmilling FtsZ filaments and cell division proteins. Nat 
Microbiol. 2020;5:407-417. doi: 10.1038/s41564-019-0657-5. 



                                                                         6. References 
 

 
101 

 

      Barsky EE, Williams KA, Priebe GP, Sawicki GS. Incident Stenotrophomonas 
maltophilia infection and lung function decline in cystic fibrosis. Pediatr Pulmonol. 
2017;52:1276-1282. doi: 10.1002/ppul.23781. 
      Bazzini S, Udine C, Sass A, Pasca MR, Longo F, Emiliani G, Fondi M, Perrin 
E, Decorosi F, Viti C, Giovannetti L, Leoni L, Fani R, Riccardi G, 
Mahenthiralingam E, Buroni S. Deciphering the role of RND efflux transporters in 
Burkholderia cenocepacia. PLoS One. 2011;6:e18902. doi: 
10.1371/journal.pone.0018902. 
      Bear CE, Li CH, Kartner N, Bridges RJ, Jensen TJ, Ramjeesingh M, Riordan 
JR. Purification and functional reconstitution of the cystic fibrosis transmembrane 
conductance regulator (CFTR). Cell. 1992;68:809-818. doi: 10.1016/0092-
8674(92)90155-6. 
      Berlutti F, Morea C, Battistoni A, Sarli S, Cipriani P, Superti F, Ammendolia 
MG, Valenti P. Iron availability influences aggregation, biofilm, adhesion and 
invasion of Pseudomonas aeruginosa and Burkholderia cenocepacia. Int J 
Immunopathol Pharmacol. 2005;18:661-670. doi: 10.1177/039463200501800407. 
      Bhattacharya A, Ray S, Singh D, Dhaked HP, Panda D. ZapC promotes 
assembly and stability of FtsZ filaments by binding at a different site on FtsZ than 
ZipA. Int J Biol Macromol. 2015;81:435-442. doi: 10.1016/j.ijbiomac.2015.08.030. 
      Billard L, Le Berre R, Pilorgé L, Payan C, Héry-Arnaud G, Vallet S. Viruses 
in cystic fibrosis patients' airways. Crit Rev Microbiol. 2017;43:690-708. doi: 
10.1080/1040841X.2017.1297763. 
      Bobay BG, Andreeva A, Mueller GA, Cavanagh J, Murzin AG. Revised 
structure of the AbrB N-terminal domain unifies a diverse superfamily of putative 
DNA-binding proteins. FEBS Lett. 2005;579:5669-5674. doi: 
10.1016/j.febslet.2005.09.045. 
      Boes A, Olatunji S, Breukink E, Terrak M. Regulation of the peptidoglycan 
polymerase activity of PBP1b by antagonist actions of the core divisome proteins 
FtsBLQ and FtsN. mBio. 2019;10:e01912-e01918. doi: 10.1128/mBio.01912-18. 
      Boon C, Deng Y, Wang LH, He Y, Xu JL, Fan Y, Pan SQ, Zhang LH. A novel 
DSF-like signal from Burkholderia cenocepacia interferes with Candida albicans 
morphological transition. ISME J. 2008;2:27-36. doi: 10.1038/ismej.2007.76. 
      Brackman G, Risseeuw M, Celen S, Cos P, Maes L, Nelis HJ, Van 
Calenbergh S, Coenye T. Synthesis and evaluation of the quorum sensing 
inhibitory effect of substituted triazolyldihydrofuranones. Bioorg Med Chem. 
2012;20:4737-4743. doi: 10.1016/j.bmc.2012.06.009. 
      Brooke JS. Stenotrophomonas maltophilia: an emerging global opportunistic 
pathogen. Clin Microbiol Rev. 2012;25:2-41. doi: 10.1128/CMR.00019-11. 
      Burgel PR, Bellis G, Olesen HV, Viviani L, Zolin A, Blasi F, Elborn JS; 
ERS/ECFS Task Force on Provision of Care for Adults with Cystic Fibrosis in 
Europe. Future trends in cystic fibrosis demography in 34 European countries. Eur 
Respir J. 2015;46:133-141. doi: 10.1183/09031936.00196314. 



6. References 
 

 
102 

 

      Burkholder WH. Sour skin, a bacterial rot of onion bulbs. Phytopathology. 
1950;40: 115–117. 
      Buroni S, Pasca MR, Flannagan RS, Bazzini S, Milano A, Bertani I, Venturi 
V, Valvano MA, Riccardi G. Assessment of three Resistance-Nodulation-Cell 
Division drug efflux transporters of Burkholderia cenocepacia in intrinsic antibiotic 
resistance. BMC Microbiol. 2009;9:200. doi: 10.1186/1471-2180-9-200. 
      Buroni S, Matthijs N, Spadaro F, Van Acker H, Scoffone VC, Pasca MR, 
Riccardi G, Coenye T. Differential roles of RND efflux pumps in antimicrobial drug 
resistance of sessile and planktonic Burkholderia cenocepacia cells. Antimicrob 
Agents Chemother. 2014;58:7424-7429. doi: 10.1128/AAC.03800-14. 
      Buroni S, Scoffone VC, Fumagalli M, Makarov V, Cagnone M, Trespidi G, 
De Rossi E, Forneris F, Riccardi G, Chiarelli LR. Investigating the mechanism of 
action of diketopiperazines inhibitors of the Burkholderia cenocepacia quorum 
sensing synthase CepI: a site-directed mutagenesis study. Front Pharmacol. 
2018;9:836. doi: 10.3389/fphar.2018.00836. 
      Buroni S, Makarov V, Scoffone VC, Trespidi G, Riccardi G, Chiarelli LR. The 
cell division protein FtsZ as a cellular target to hit cystic fibrosis pathogens. Eur J 
Med Chem. 2020;190:112132. doi: 10.1016/j.ejmech.2020.112132. 
      Busiek KK, Eraso JM, Wang Y, Margolin W. The early divisome protein FtsA 
interacts directly through its 1c subdomain with the cytoplasmic domain of the late 
divisome protein FtsN. J Bacteriol. 2012;194:1989-2000. doi: 10.1128/JB.06683-11. 
      Caceres Guido P, Perez M, Halac A, Ferrari M, Ibarra M, Licciardone N, 
Castaños C, Gravina LP, Jimenez C, Garcia Bournissen F, Schaiquevich P. 
Population pharmacokinetics of amikacin in patients with pediatric cystic fibrosis. 
Pediatr Pulmonol. 2019;54:1801-1810. doi: 10.1002/ppul.24468. 
      Caldas P, López-Pelegrín M, Pearce DJG, Budanur NB, Brugués J, Loose 
M. Cooperative ordering of treadmilling filaments in cytoskeletal networks of FtsZ 
and its crosslinker ZapA. Nat Commun. 2019;10:5744. doi: 10.1038/s41467-019-
13702-4. 
      Caraher E, Reynolds G, Murphy P, McClean S, Callaghan M. Comparison of 
antibiotic susceptibility of Burkholderia cepacia complex organisms when grown 
planktonically or as biofilm in vitro. Eur J Clin Microbiol Infect Dis. 2007;26:213-216. 
doi: 10.1007/s10096-007-0256-x. 
      Carterson AJ, Höner zu Bentrup K, Ott CM, Clarke MS, Pierson DL, 
Vanderburg CR, Buchanan KL, Nickerson CA, Schurr MJ. A549 lung epithelial 
cells grown as three-dimensional aggregates: alternative tissue culture model for 
Pseudomonas aeruginosa pathogenesis. Infect Immun. 2005;73:1129-1140. doi: 
10.1128/IAI.73.2.1129-1140.2005. 
      Catherinot E, Roux AL, Vibet MA, Bellis G, Ravilly S, Lemonnier L, Le Roux 
E, Bernède-Bauduin C, Le Bourgeois M, Herrmann JL, Guillemot D, Gaillard 
JL; OMA group. Mycobacterium avium and Mycobacterium abscessus complex 
target distinct cystic fibrosis patient subpopulations. J Cyst Fibros. 2013;12:74-80. 
doi: 10.1016/j.jcf.2012.06.009. 



                                                                         6. References 
 

 
103 

 

      Chen JC, Beckwith J. FtsQ, FtsL and FtsI require FtsK, but not FtsN, for co-
localization with FtsZ during Escherichia coli cell division. Mol Microbiol. 
2001;42:395-413. doi: 10.1046/j.1365-2958.2001.02640.x. 
      Chen JS, Witzmann KA, Spilker T, Fink RJ, LiPuma JJ. Endemicity and inter-
city spread of Burkholderia cepacia genomovar III in cystic fibrosis. J Pediatr. 
2001;139:643-649. doi: 10.1067/mpd.2001.118430. 
      Chen S, Jancrick J, Yokota H, Kim R, Kim SH. Crystal structure of a protein 
associated with cell division from Mycoplasma pneumoniae (GI: 13508053): a novel 
fold with a conserved sequence motif. Proteins. 2004;55:785-791. doi: 
10.1002/prot.10593. 
      Chiarelli LR, Scoffone VC, Trespidi G, Barbieri G, Riabova O, Monakhova 
N, Porta A, Manina G, Riccardi G, Makarov V, Buroni S. Chemical, metabolic, 
and cellular characterization of a FtsZ inhibitor effective against Burkholderia 
cenocepacia. Front Microbiol. 2020;11:562. doi: 10.3389/fmicb.2020.00562. 
      Chiarini L, Bevivino A, Dalmastri C, Tabacchioni S, Visca P. Burkholderia 
cepacia complex species: health hazards and biotechnological potential. Trends 
Microbiol. 2006;14:277-286. doi: 10.1016/j.tim.2006.04.006. 
      Cigana C, Assael BM, Melotti P. Azithromycin selectively reduces tumor 
necrosis factor alpha levels in cystic fibrosis airway epithelial cells. Antimicrob 
Agents Chemother. 2007;51:975-981. doi: 10.1128/AAC.01142-06. 
      Coenye T, Mahenthiralingam E, Henry D, LiPuma JJ, Laevens S, Gillis M, 
Speert DP, Vandamme P. Burkholderia ambifaria sp. nov, a novel member of the 
Burkholderia cepacia complex including biocontrol and cystic fibrosis-related 
isolates. Int J Syst Evol Microbiol. 2001a;51:1481-1490. doi: 10.1099/00207713-51-
4-1481. 
      Coenye T, Vandamme P, Govan JR, LiPuma JJ. Taxonomy and identification 
of the Burkholderia cepacia complex. J Clin Microbiol. 2001b;39:3427-3436. doi: 
10.1128/JCM.39.10.3427-3436.2001.  
      Coenye T, LiPuma JJ. Multilocus restriction typing: a novel tool for studying 
global epidemiology of Burkholderia cepacia complex infection in cystic fibrosis. J 
Infect Dis. 2002;185:1454-1462. doi: 10.1086/340279. 
      Coenye T, Spilker T, Van Schoor A, LiPuma JJ, Vandamme P. Recovery of 
Burkholderia cenocepacia strain PHDC from cystic fibrosis patients in Europe. 
Thorax. 2004;59:952-954. doi: 10.1136/thx.2003.019810. 
      Coenye T, Van Acker H, Peeters E, Sass A, Buroni S, Riccardi G, 
Mahenthiralingam E. Molecular mechanisms of chlorhexidine tolerance in 
Burkholderia cenocepacia biofilms. Antimicrob Agents Chemother. 2011;55:1912-
1919. doi: 10.1128/AAC.01571-10. 
      Cohen-Cymberknoh M, Kerem E, Ferkol T, Elizur A. Airway inflammation in 
cystic fibrosis: molecular mechanisms and clinical implications. Thorax. 
2013;68:1157-1162. doi: 10.1136/thoraxjnl-2013-203204. 
      Cohen-Cymberknoh M, Gilead N, Gartner S, Rovira S, Blau H, Mussaffi H, 
Rivlin J, Gur M, Shteinberg M, Bentur L, Livnat G, Aviram M, Picard E, 



6. References 
 

 
104 

 

Tenenbaum A, Armoni S, Breuer O, Shoseyov D, Kerem E. Eradication failure of 
newly acquired Pseudomonas aeruginosa isolates in cystic fibrosis. J Cyst Fibros. 
2016;15:776-782. doi: 10.1016/j.jcf.2016.04.006. 
      Compant S, Nowak J, Coenye T, Clément C, Ait Barka E. Diversity and 
occurrence of Burkholderia spp. in the natural environment. FEMS Microbiol Rev. 
2008;32:607-626. doi:10.1111/j.1574-6976.2008.00113.x 
      Corbin BD, Wang Y, Beuria TK, Margolin W. Interaction between cell division 
proteins FtsE and FtsZ. J Bacteriol. 2007;189:3026-30tsang35. doi: 
10.1128/JB.01581-06. 
      Cordell SC, Robinson EJ, Lowe J. Crystal structure of the SOS cell division 
inhibitor SulA and in complex with FtsZ. Proc Natl Acad Sci U S A. 2003;100:7889-
7894. doi: 10.1073/pnas.1330742100. 
      Costabile G, Provenzano R, Azzalin A, Scoffone VC, Chiarelli LR, Rondelli 
V, Grillo I, Zinn T, Lepioshkin A, Savina S, Miro A, Quaglia F, Makarov V, 
Coenye T, Brocca P, Riccardi G, Buroni S, Ungaro F. PEGylated mucus-
penetrating nanocrystals for lung delivery of a new FtsZ inhibitor against 
Burkholderia cenocepacia infection. Nanomedicine. 2020;23:102113. doi: 
10.1016/j.nano.2019.102113. 
      Crabbé A, Liu Y, Matthijs N, Rigole P, De La Fuente-Nùñez C, Davis R, 
Ledesma MA, Sarker S, Van Houdt R, Hancock RE, Coenye T, Nickerson CA. 
Antimicrobial efficacy against Pseudomonas aeruginosa biofilm formation in a three-
dimensional lung epithelial model and the influence of fetal bovine serum. Sci Rep. 
2017;7:43321. doi: 10.1038/srep43321. 
      Craig FF, Coote JG, Parton R, Freer JH, Gilmour NJ. A plasmid which can be 
transferred between Escherichia coli and Pasteurella haemolytica by electroporation 
and conjugation. J Gen Microbiol. 1989;135:2885-2890. doi: 10.1099/00221287-
135-11-2885. 
      Csanády L, Vergani P, Gadsby DC. Structure, gating, and regulation of the 
CFTR anion channel. Physiol Rev. 2019;99:707-738. doi: 
10.1152/physrev.00007.2018. 
      Cunha MV, Sousa SA, Leitão JH, Moreira LM, Videira PA, Sá-Correia I. 
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 infections. J Clin Microbiol. 2004;42:3052-3058. doi: 
10.1128/JCM.42.7.3052-3058.2004. 
      Cystic Fibrosis Canada. The Canadian Cystic Fibrosis Registry. 2018 Annual 
Data Report, 2019. 
      Cystic Fibrosis Foundation. Patient Registry. 2018 Annual Report, 2019. 
      Dajkovic A, Mukherjee A, Lutkenhaus J. Investigation of regulation of FtsZ 
assembly by SulA and development of a model for FtsZ polymerization. J Bacteriol. 
2008;190:2513-2526. doi: 10.1128/JB.01612-07. 
      Dasenbrook EC, Checkley W, Merlo CA, Konstan MW, Lechtzin N, Boyle 
MP. Association between respiratory tract methicillin-resistant Staphylococcus 



                                                                         6. References 
 

 
105 

 

aureus and survival in cystic fibrosis. JAMA. 2010;303:2386-2392. doi: 
10.1001/jama.2010.791. 
      Davis PB. Cystic fibrosis since 1938. Am J Respir Crit Care Med. 2006;173:475-
482. doi: 10.1164/rccm.200505-840OE. 
      De Boeck K, Munck A, Walker S, Faro A, Hiatt P, Gilmartin G, Higgins M. 
Efficacy and safety of ivacaftor in patients with cystic fibrosis and a non-G551D 
gating mutation. J Cyst Fibros. 2014a;13:674-680. doi: 10.1016/j.jcf.2014.09.005. 
      De Boeck K, Zolin A, Cuppens H, Olesen HV, Viviani L. The relative frequency 
of CFTR mutation classes in European patients with cystic fibrosis. J Cyst Fibros. 
2014b;13:403-409. doi: 10.1016/j.jcf.2013.12.003. 
      De Boeck K, Amaral MD. Progress in therapies for cystic fibrosis. Lancet Respir 
Med. 2016;4:662-674. doi: 10.1016/S2213-2600(16)00023-0. 
      de la Fuente A, Palacios P, Vicente M. Transcription of the Escherichia coli 
dcw cluster: evidence for distal upstream transcripts being involved in the expression 
of the downstream ftsZ gene. Biochimie. 2001;83:109-115. doi: 10.1016/s0300-
9084(00)01212-8. 
      de la Fuente-Núñez C, Reffuveille F, Haney EF, Straus SK, Hancock RE. 
Broad-spectrum anti-biofilm peptide that targets a cellular stress response. PLoS 
Pathog. 2014;10:e1004152. doi: 10.1371/journal.ppat.1004152. 
      De Smet B, Mayo M, Peeters C, Zlosnik JEA, Spilker T, Hird TJ, LiPuma JJ, 
Kidd TJ, Kaestli M, Ginther JL, Wagner DM, Keim P, Bell SC, Jacobs JA, Currie 
BJ, Vandamme P. Burkholderia stagnalis sp. nov. and Burkholderia territorii sp. 
nov., two novel Burkholderia cepacia complex species from environmental and 
human sources. Int J Syst Evol Microbiol. 2015;65:2265-2271. doi: 
10.1099/ijs.0.000251. 
      De Soyza A, Ellis CD, Khan CM, Corris PA, Demarco de Hormaeche R. 
Burkholderia cenocepacia lipopolysaccharide, lipid A, and proinflammatory activity. 
Am J Respir Crit Care Med. 2004;170:70-77. doi: 10.1164/rccm.200304-592OC. 
      Depoorter E, De Canck E, Peeters C, Wieme AD, Cnockaert M, Zlosnik JEA, 
LiPuma JJ, Coenye T, Vandamme P. Burkholderia cepacia complex taxon K: 
where to split? Front Microbiol. 2020;11:1594. doi: 10.3389/fmicb.2020.01594. 
      Descoteaux A, Drapeau GR. Regulation of cell division in Escherichia coli K-
12: probable interactions among proteins FtsQ, FtsA, and FtsZ. J Bacteriol. 
1987;169:1938-1942. doi: 10.1128/jb.169.5.1938-1942.1987. 
      Dewar SJ, Dorazi R. Control of division gene expression in Escherichia coli. 
FEMS Microbiol Lett. 2000;187:1-7. doi: 10.1111/j.1574-6968.2000.tb09127.x. 
      Di Sant’Agnese PA, Darling RC, Perera GA, Shea E. Abnormal electrolyte 
composition of sweat in cystic fibrosis of the pancreas; clinical significance and 
relationship to the disease. Pediatrics. 1953;12:549-563. 
      Dobritsa AP, Samadpour M. Transfer of eleven species of the genus 
Burkholderia to the genus Paraburkholderia and proposal of Caballeronia gen. nov. 
to accommodate twelve species of the genera Burkholderia and Paraburkholderia. 
Int J Syst Evol Microbiol. 2016;66:2836-2846. doi:10.1099/ijsem.0.001065 



6. References 
 

 
106 

 

      Drevinek P, Vosahlikova S, Cinek O, Vavrova V, Bartosova J, Pohunek P, 
Mahenthiralingam E. Widespread clone of Burkholderia cenocepacia in cystic 
fibrosis patients in the Czech Republic. J Med Microbiol. 2005;54:655-659. doi: 
10.1099/jmm.0.46025-0. 
      Drevinek P, Mahenthiralingam E. Burkholderia cenocepacia in cystic fibrosis: 
epidemiology and molecular mechanisms of virulence. Clin Microbiol Infect. 
2010;16:821-830. doi: 10.1111/j.1469-0691.2010.03237.x. 
      Du S, Lutkenhaus J. Assembly and activation of the Escherichia coli divisome. 
Mol Microbiol. 2017;105:177-187. doi: 10.1111/mmi.13696. 
      Du S, Pichoff S, Kruse K, Lutkenhaus J. FtsZ filaments have the opposite 
kinetic polarity of microtubules. Proc Natl Acad Sci U S A. 2018;115:10768-10773. 
doi: 10.1073/pnas.1811919115. 
      Du S, Henke W, Pichoff S, Lutkenhaus J. How FtsEX localizes to the Z ring 
and interacts with FtsA to regulate cell division. Mol Microbiol. 2019;112:881-895. 
doi: 10.1111/mmi.14324. 
      Eberl L, Vandamme P. Members of the genus Burkholderia: good and bad guys. 
F1000Res. 2016;5:F1000 Faculty Rev-1007. doi:10.12688/f1000research.8221.1 
      Edwards BD, Greysson-Wong J, Somayaji R, Waddell B, Whelan FJ, Storey 
DG, Rabin HR, Surette MG, Parkins MD. Prevalence and outcomes of 
Achromobacter species infections in adults with cystic fibrosis: a North American 
cohort study. J Clin Microbiol. 2017;55:2074-2085. doi: 10.1128/JCM.02556-16. 
      Ehrhardt C, Collnot EM, Baldes C, Becker U, Laue M, Kim KJ, Lehr CM. 
Towards an in vitro model of cystic fibrosis small airway epithelium: characterization 
of the human bronchial epithelial cell line CFBE41o-. Cell Tissue Res. 2006;323:405-
415. doi: 10.1007/s00441-005-0062-7. 
      Elborn JS. Cystic fibrosis. Lancet. 2016;388:2519-2531. doi: 10.1016/S0140-
6736(16)00576-6. 
      Eraso JM, Markillie LM, Mitchell HD, Taylor RC, Orr G, Margolin W. The 
highly conserved MraZ protein is a transcriptional regulator in Escherichia coli. J 
Bacteriol. 2014;196:2053-2066. doi: 10.1128/JB.01370-13. 
      Erickson HP, Osawa M. FtsZ constriction force - curved protofilaments bending 
membranes. Subcell Biochem. 2017;84:139-160. doi: 10.1007/978-3-319-53047-
5_5. 
      Errington J, Wu LJ. Cell cycle machinery in Bacillus subtilis. Subcell Biochem. 
2017;84:67-101. doi: 10.1007/978-3-319-53047-5_3. 
      Estrada-de Los Santos P, Palmer M, Chávez-Ramírez B, Beukes C, 
Steenkamp ET, Briscoe L, Khan N, Maluk M, Lafos M, Humm E, Arrabit M, 
Crook M, Gross E, Simon MF, Dos Reis Junior FB, Whitman WB, Shapiro N, 
Poole PS, Hirsch AM, Venter SN, James EK. Whole genome analyses suggests 
that Burkholderia sensu lato contains two additional novel genera (Mycetohabitans 
gen. nov., and Trinickia gen. nov.): Implications for the evolution of diazotrophy and 
nodulation in the Burkholderiaceae. Genes (Basel). 2018;9:389. doi: 
10.3390/genes9080389. 



                                                                         6. References 
 

 
107 

 

      European Cystic Fibrosis Society. Patient Registry. 2017 Annual data 
Report, 2019. 
      Faure E, Kwong K, Nguyen D. Pseudomonas aeruginosa in chronic lung 
infections: How to adapt within the host? Front Immunol. 2018;9:2416. doi: 
10.3389/fimmu.2018.02416. 
      Fazli M, Rybtke M, Steiner E, Weidel E, Berthelsen J, Groizeleau J, Bin W, 
Zhi BZ, Yaming Z, Kaever V, Givskov M, Hartmann RW, Eberl L, Tolker-Nielsen 
T. Regulation of Burkholderia cenocepacia biofilm formation by RpoN and the c-di-
GMP effector BerB. Microbiologyopen. 2017;6:e00480. doi: 10.1002/mbo3.480. 
      Fehlberg LC, Andrade LH, Assis DM, Pereira RH, Gales AC, Marques EA. 
Performance of MALDI-ToF MS for species identification of Burkholderia cepacia 
complex clinical isolates. Diagn Microbiol Infect Dis. 2013;77:126-128. doi: 
10.1016/j.diagmicrobio.2013.06.011. 
      Fisunov GY, Evsyutina DV, Semashko TA, Arzamasov AA, Manuvera VA, 
Letarov AV, Govorun VM. Binding site of MraZ transcription factor in Mollicutes. 
Biochimie. 2016;125:59-65. doi: 10.1016/j.biochi.2016.02.016. 
      Flannagan RS, Valvano MA. Burkholderia cenocepacia requires RpoE for 
growth under stress conditions and delay of phagolysosomal fusion in macrophages. 
Microbiology (Reading). 2008;154:643-653. doi: 10.1099/mic.0.2007/013714-0. 
      Flärdh K, Garrido T, Vicente M. Contribution of individual promoters in the ddlB-
ftsZ region to the transcription of the essential cell-division gene ftsZ in Escherichia 
coli. Mol Microbiol. 1997;24:927-936. doi: 10.1046/j.1365-2958.1997.4001762.x. 
      Flärdh K, Palacios P, Vicente M. Cell division genes ftsQAZ in Escherichia coli 
require distant cis-acting signals upstream of ddlB for full expression. Mol Microbiol. 
1998;30:305-315. doi: 10.1046/j.1365-2958.1998.01064.x. 
      Floto RA, Olivier KN, Saiman L, Daley CL, Herrmann JL, Nick JA, Noone 
PG, Bilton D, Corris P, Gibson RL, Hempstead SE, Koetz K, Sabadosa KA, 
Sermet-Gaudelus I, Smyth AR, van Ingen J, Wallace RJ, Winthrop KL, Marshall 
BC, Haworth CS; US Cystic Fibrosis Foundation and European Cystic Fibrosis 
Society. US Cystic Fibrosis Foundation and European Cystic Fibrosis Society 
consensus recommendations for the management of non-tuberculous mycobacteria 
in individuals with cystic fibrosis. Thorax. 2016;71 Suppl 1:i1-22. doi: 
10.1136/thoraxjnl-2015-207360. 
      Francis F, Ramirez-Arcos S, Salimnia H, Victor C, Dillon JR. Organization 
and transcription of the division cell wall (dcw) cluster in Neisseria gonorrhoeae. 
Gene. 2000;251:141-151. doi: 10.1016/s0378-1119(00)00200-6. 
      Fraser-Pitt D, Mercer D, Lovie E, Robertson J, O'Neil D. Activity of cysteamine 
against the cystic fibrosis pathogen Burkholderia cepacia complex. Antimicrob 
Agents Chemother. 2016;60:6200-6206. doi: 10.1128/AAC.01198-16. 
      Gautam V, Shafiq N, Singh M, Ray P, Singhal L, Jaiswal NP, Prasad A, 
Singh S, Agarwal A. Clinical and in vitro evidence for the antimicrobial therapy in 
Burkholderia cepacia complex infections. Expert Rev Anti Infect Ther. 2015;13:629-
663. doi: 10.1586/14787210.2015.1025056. 



6. References 
 

 
108 

 

      Gilchrist FJ, Webb AK, Bright-Thomas RJ, Jones AM. Successful treatment 
of cepacia syndrome with a combination of intravenous cyclosporin, antibiotics and 
oral corticosteroids. J Cyst Fibros. 2012;11:458-460. doi: 10.1016/j.jcf.2012.04.002. 
      Gillis M, Van TV, Bardin R, Goor M, Hebbar P, Willems A, Segers P, Kersters 
K, Heulin T, Fernandez MP. Polyphasic taxonomy in the genus Burkholderia 
leading to an emended description of the genus and proposition of Burkholderia 
vietnamiensis sp. nov. for N2-fixing isolates from rice in Vietnam. Int. J. Syst. 
Bacteriol. 1995;45:274-289. doi: 10.1099/00207713-45-2-274. 
      Govan JR, Brown PH, Maddison J, Doherty CJ, Nelson JW, Dodd M, 
Greening AP, Webb AK. Evidence for transmission of Pseudomonas cepacia by 
social contact in cystic fibrosis. Lancet. 1993;342:15-19. doi: 10.1016/0140-
6736(93)91881-l. 
      Grenga L, Guglielmi G, Melino S, Ghelardini P, Paolozzi L. FtsQ interaction 
mutants: a way to identify new antibacterial targets. N Biotechnol. 2010;27:870-881. 
doi: 10.1016/j.nbt.2010.05.002. 
      Ham JH, Melanson RA, Rush MC. Burkholderia glumae: next major pathogen 
of rice? Mol Plant Pathol. 2011;12:329-339. doi: 10.1111/j.1364-3703.2010.00676.x. 
      Hansen C, Skov M. Evidence for the efficacy of aztreonam for inhalation solution 
in the management of Pseudomonas aeruginosa in patients with cystic fibrosis. Ther 
Adv Respir Dis. 2015;9:16-21. doi: 10.1177/1753465814561624. 
      Hara H, Yasuda S, Horiuchi K, Park JT. A promoter for the first nine genes of 
the Escherichia coli mra cluster of cell division and cell envelope biosynthesis genes, 
including ftsI and ftsW. J Bacteriol. 1997;179:5802-5811. doi: 
10.1128/jb.179.18.5802-5811.1997. 
      Hartl D, Gaggar A, Bruscia E, Hector A, Marcos V, Jung A, Greene C, 
McElvaney G, Mall M, Döring G. Innate immunity in cystic fibrosis lung disease. J 
Cyst Fibros. 2012;11:363-382. doi: 10.1016/j.jcf.2012.07.003. 
      Hayward AC, Fegan N, Fegan M, Stirling GR. Stenotrophomonas and 
Lysobacter: ubiquitous plant-associated gamma-proteobacteria of developing 
significance in applied microbiology. J Appl Microbiol. 2010;108:756-770. doi: 
10.1111/j.1365-2672.2009.04471.x. 
      Hogan AM, Scoffone VC, Makarov V, Gislason AS, Tesfu H, Stietz MS, 
Brassinga AKC, Domaratzki M, Li X, Azzalin A, Biggiogera M, Riabova O, 
Monakhova N, Chiarelli LR, Riccardi G, Buroni S, Cardona ST. Competitive 
fitness of essential gene knockdowns reveals a broad-spectrum antibacterial 
inhibitor of the cell division protein FtsZ. Antimicrob Agents Chemother. 
2018;62:e01231-e01318. doi: 10.1128/AAC.01231-18. 
      Holden MT, Seth-Smith HM, Crossman LC, Sebaihia M, Bentley SD, 
Cerdeño-Tárraga AM, Thomson NR, Bason N, Quail MA, Sharp S, Cherevach I, 
Churcher C, Goodhead I, Hauser H, Holroyd N, Mungall K, Scott P, Walker D, 
White B, Rose H, Iversen P, Mil-Homens D, Rocha EP, Fialho AM, Baldwin A, 
Dowson C, Barrell BG, Govan JR, Vandamme P, Hart CA, Mahenthiralingam E, 



                                                                         6. References 
 

 
109 

 

Parkhill J. The genome of Burkholderia cenocepacia J2315, an epidemic pathogen 
of cystic fibrosis patients. J Bacteriol. 2009;191:261-277. doi: 10.1128/JB.01230-08. 
      Hryniewicz MM, Garbacz K. Borderline oxacillin-resistant Staphylococcus 
aureus (BORSA) - a more common problem than expected? J Med Microbiol. 
2017;66:1367-1373. doi: 10.1099/jmm.0.000585. 
      Huber B, Riedel K, Köthe M, Givskov M, Molin S, Eberl L. Genetic analysis 
of functions involved in the late stages of biofilm development in Burkholderia 
cepacia H111. Mol Microbiol. 2002;46:411-426. doi: 10.1046/j.1365-
2958.2002.03182.x. 
      Hwang J, Kim HS. Cell wall recycling-linked coregulation of AmpC and PenB β-
lactamases through ampD mutations in Burkholderia cenocepacia. Antimicrob 
Agents Chemother. 2015;59:7602-7610. doi: 10.1128/AAC.01068-15. 
      Isles A, Maclusky I, Corey M, Gold R, Prober C, Fleming P, Levison H. 
Pseudomonas cepacia infection in cystic fibrosis: an emerging problem. J Pediatr. 
1984;104:206-210. doi: 10.1016/s0022-3476(84)80993-2. 
      Jenul C, Sieber S, Daeppen C, Mathew A, Lardi M, Pessi G, Hoepfner D, 
Neuburger M, Linden A, Gademann K, Eberl L. Biosynthesis of fragin is controlled 
by a novel quorum sensing signal. Nat Commun. 2018;9:1297. doi: 10.1038/s41467-
018-03690-2. 
      Jones AM, Dodd ME, Govan JR, Barcus V, Doherty CJ, Morris J, Webb AK. 
Burkholderia cenocepacia and Burkholderia multivorans: influence on survival in 
cystic fibrosis. Thorax. 2004;59:948-951. doi: 10.1136/thx.2003.017210. 
      Junge S, Görlich D, den Reijer M, Wiedemann B, Tümmler B, Ellemunter H, 
Dübbers A, Küster P, Ballmann M, Koerner-Rettberg C, Große-Onnebrink J, 
Heuer E, Sextro W, Mainz JG, Hammermann J, Riethmüller J, Graepler-Mainka 
U, Staab D, Wollschläger B, Szczepanski R, Schuster A, Tegtmeyer FK, 
Sutharsan S, Wald A, Nofer JR, van Wamel W, Becker K, Peters G, Kahl BC. 
Factors associated with worse lung function in cystic fibrosis patients with persistent 
Staphylococcus aureus. PLoS One. 2016;11:e0166220. doi: 
10.1371/journal.pone.0166220. 
      Karimova G, Pidoux J, Ullmann A, Ladant D. A bacterial two-hybrid system 
based on a reconstituted signal transduction pathway. Proc Natl Acad Sci U S A. 
1998;95:5752-5756. doi: 10.1073/pnas.95.10.5752. 
      Karp CL, Flick LM, Park KW, Softic S, Greer TM, Keledjian R, Yang R, Uddin 
J, Guggino WB, Atabani SF, Belkaid Y, Xu Y, Whitsett JA, Accurso FJ, Wills-
Karp M, Petasis NA. Defective lipoxin-mediated anti-inflammatory activity in the 
cystic fibrosis airway. Nat Immunol. 2004;5:388-392. doi: 10.1038/ni1056. 
      Keith KE, Killip L, He P, Moran GR, Valvano MA. Burkholderia cenocepacia 
C5424 produces a pigment with antioxidant properties using a homogentisate 
intermediate. J Bacteriol. 2007;189:9057-9065. doi: 10.1128/JB.00436-07. 
      Keith KE, Valvano MA. Characterization of SodC, a periplasmic superoxide 
dismutase from Burkholderia cenocepacia. Infect Immun. 2007;75:2451-2460. doi: 
10.1128/IAI.01556-06. 



6. References 
 

 
110 

 

      Kenna DTD, Lilley D, Coward A, Martin K, Perry C, Pike R, Hill R, Turton JF. 
Prevalence of Burkholderia species, including members of Burkholderia cepacia 
complex, among UK cystic and non-cystic fibrosis patients. J Med Microbiol. 
2017;66:490-501. doi: 10.1099/jmm.0.000458. 
      Keown K, Abbott S, Kuzeljevic B, Rayment JH, Chilvers MA, Yang CL. An 
investigation into biomarkers for the diagnosis of ABPA and aspergillus disease in 
cystic fibrosis. Pediatr Pulmonol. 2019;54:1787-1793. doi: 10.1002/ppul.24465. 
      Kerem B, Rommens JM, Buchanan JA, Markiewicz D, Cox TK, Chakravarti 
A, Buchwald M, Tsui LC. Identification of the cystic fibrosis gene: genetic analysis. 
Science. 1989;245:1073-1080. doi: 10.1126/science.2570460. 
      Kerem E, Viviani L, Zolin A, MacNeill S, Hatziagorou E, Ellemunter H, 
Drevinek P, Gulmans V, Krivec U, Olesen H; ECFS Patient Registry Steering 
Group. Factors associated with FEV1 decline in cystic fibrosis: analysis of the ECFS 
patient registry. Eur Respir J. 2014;43:125-133. doi: 10.1183/09031936.00166412. 
      Kidd TJ, Ramsay KA, Hu H, Bye PT, Elkins MR, Grimwood K, Harbour C, 
Marks GB, Nissen MD, Robinson PJ, Rose BR, Sloots TP, Wainwright CE, Bell 
SC; ACPinCF Investigators. Low rates of Pseudomonas aeruginosa 
misidentification in isolates from cystic fibrosis patients. J Clin Microbiol. 
2009;47:1503-1509. doi: 10.1128/JCM.00014-09. 
      King J, Brunel SF, Warris A. Aspergillus infections in cystic fibrosis. J Infect. 
2016;72 Suppl:S50-S55. doi: 10.1016/j.jinf.2016.04.022. 
      Kingsford CL, Ayanbule K, Salzberg SL. Rapid, accurate, computational 
discovery of Rho-independent transcription terminators illuminates their relationship 
to DNA uptake. Genome Biol. 2007;8:R22. doi: 10.1186/gb-2007-8-2-r22. 
      Knibbs LD, Johnson GR, Kidd TJ, Cheney J, Grimwood K, Kattenbelt JA, 
O'Rourke PK, Ramsay KA, Sly PD, Wainwright CE, Wood ME, Morawska L, Bell 
SC. Viability of Pseudomonas aeruginosa in cough aerosols generated by persons 
with cystic fibrosis. Thorax. 2014;69:740-745. doi: 10.1136/thoraxjnl-2014-205213. 
      Knowles MR, Boucher RC. Mucus clearance as a primary innate defense 
mechanism for mammalian airways. J Clin Invest. 2002;109:571-577. doi: 
10.1172/JCI15217. 
      Konstan MW, Döring G, Heltshe SL, Lands LC, Hilliard KA, Koker P, 
Bhattacharya S, Staab A, Hamilton A; Investigators and Coordinators of BI 
Trial 543.45. A randomized double blind, placebo controlled phase 2 trial of BIIL 284 
BS (an LTB4 receptor antagonist) for the treatment of lung disease in children and 
adults with cystic fibrosis. J Cyst Fibros. 2014;13:148-155. doi: 
10.1016/j.jcf.2013.12.009. 
      Kooi C, Sokol PA. Burkholderia cenocepacia zinc metalloproteases influence 
resistance to antimicrobial peptides. Microbiology (Reading). 2009;155:2818-2825. 
doi: 10.1099/mic.0.028969-0. 
      Król E, Scheffers DJ. FtsZ polymerization assays: simple protocols and 
considerations. J Vis Exp. 2013;81:e50844. doi: 10.3791/50844. 



                                                                         6. References 
 

 
111 

 

      Krupka M, Sobrinos-Sanguino M, Jiménez M, Rivas G, Margolin W. 
Escherichia coli ZipA organizes FtsZ polymers into dynamic ring-like protofilament 
structures. mBio. 2018;9:e01008-e01018. doi: 10.1128/mBio.01008-18. 
      Langton Hewer SC, Smyth AR. Antibiotic strategies for eradicating 
Pseudomonas aeruginosa in people with cystic fibrosis. Cochrane Database Syst 
Rev. 2017;4:CD004197. doi: 10.1002/14651858.CD004197.pub5. 
      Larsen JC, Johnson NH. Pathogenesis of Burkholderia pseudomallei and 
Burkholderia mallei. Mil Med. 2009;174:647-651. 010.00676.x 
      Lee J, Park J, Kim S, Park I, Seo YS. Differential regulation of toxoflavin 
production and its role in the enhanced virulence of Burkholderia gladioli. Mol Plant 
Pathol. 2016;17:65-76. doi:10.1111/mpp.12262 
      Lefebre MD, Flannagan RS, Valvano MA. A minor catalase/peroxidase from 
Burkholderia cenocepacia is required for normal aconitase activity. Microbiology 
(Reading). 2005;151:1975-1985. doi: 10.1099/mic.0.27704-0. 
      Li XZ, Plésiat P, Nikaido H. The challenge of efflux-mediated antibiotic 
resistance in Gram-negative bacteria. Clin Microbiol Rev. 2015;28:337-418. doi: 
10.1128/CMR.00117-14. 
      Lin QH, Lv YY, Gao ZH, Qiu LH. Pararobbsia silviterrae gen. nov., sp. nov., 
isolated from forest soil and reclassification of Burkholderia alpina as Pararobbsia 
alpina comb. nov. Int J Syst Evol Microbiol. 2020;70:1412-1420. 
doi:10.1099/ijsem.0.003932 
      LiPuma JJ, Mortensen JE, Dasen SE, Edlind TD, Schidlow DV, Burns JL, 
Stull TL. Ribotype analysis of Pseudomonas cepacia from cystic fibrosis treatment 
centers. J Pediatr. 1988;113:859-862. doi: 10.1016/s0022-3476(88)80018-0. 
      LiPuma JJ, Spilker T, Coenye T, Gonzalez CF. An epidemic Burkholderia 
cepacia complex strain identified in soil. Lancet. 2002;359:2002-2003. doi: 
10.1016/S0140-6736(02)08836-0. 
      Lipuma JJ. The changing microbial epidemiology in cystic fibrosis. Clin 
Microbiol Rev. 2010;23:299-323. doi: 10.1128/CMR.00068-09. 
      Liu Z, Mukherjee A, Lutkenhaus J. Recruitment of ZipA to the division site by 
interaction with FtsZ. Mol Microbiol. 1999;31:1853-1861. doi: 10.1046/j.1365-
2958.1999.01322.x. 
      Liu B, Persons L, Lee L, de Boer PA. Roles for both FtsA and the FtsBLQ 
subcomplex in FtsN-stimulated cell constriction in Escherichia coli. Mol Microbiol. 
2015;95:945-970. doi: 10.1111/mmi.12906. 
      Loose M, Mitchison TJ. The bacterial cell division proteins FtsA and FtsZ self-
organize into dynamic cytoskeletal patterns. Nat Cell Biol. 2014;16:38-46. doi: 
10.1038/ncb2885. 
      Lopes-Pacheco M. CFTR modulators: Shedding light on precision medicine for 
cystic fibrosis. Front Pharmacol. 2016;7:275. doi: 10.3389/fphar.2016.00275. 
      Lopes-Pacheco M. CFTR modulators: The changing face of cystic fibrosis in 
the era of precision medicine. Front Pharmacol. 2020;10:1662. doi: 
10.3389/fphar.2019.01662. 



6. References 
 

 
112 

 

      Lopes-Santos L, Castro DBA, Ferreira-Tonin M, Corrêa DBA, Weir BS, Park 
D, Ottoboni LMM, Neto JR, Destéfano SAL. Reassessment of the taxonomic 
position of Burkholderia andropogonis and description of Robbsia andropogonis 
gen. nov., comb. nov. Antonie Van Leeuwenhoek. 2017;110:727-736. doi: 
10.1007/s10482-017-0842-6.  
      Loutet SA, Flannagan RS, Kooi C, Sokol PA, Valvano MA. A complete 
lipopolysaccharide inner core oligosaccharide is required for resistance of 
Burkholderia cenocepacia to antimicrobial peptides and bacterial survival in vivo. J 
Bacteriol. 2006;188:2073-2080. doi: 10.1128/JB.188.6.2073-2080.2006. 
      Lutter E, Lewenza S, Dennis JJ, Visser MB, Sokol PA. Distribution of quorum-
sensing genes in the Burkholderia cepacia complex. Infect Immun. 2001;69:4661-
4666. doi: 10.1128/IAI.69.7.4661-4666.2001. 
      Lyczak JB, Cannon CL, Pier GB. Lung infections associated with cystic fibrosis. 
Clin Microbiol Rev. 2002;15:194-222. doi: 10.1128/cmr.15.2.194-222.2002. 
      Maeda T, Tanaka Y, Takemoto N, Hamamoto N, Inui M. RNase III mediated 
cleavage of the coding region of mraZ mRNA is required for efficient cell division in 
Corynebacterium glutamicum. Mol Microbiol. 2016;99:1149-1166. doi: 
10.1111/mmi.13295. 
      Mahenthiralingam E, Simpson DA, Speert DP. Identification and 
characterization of a novel DNA marker associated with epidemic Burkholderia 
cepacia strains recovered from patients with cystic fibrosis. J Clin Microbiol. 
1997;35:808-816. doi: 10.1128/JCM.35.4.808-816.1997. 
      Mahenthiralingam E, Urban TA, Goldberg JB. The multifarious, multireplicon 
Burkholderia cepacia complex. Nat Rev Microbiol. 2005;3:144-156. doi: 
10.1038/nrmicro1085. 
      Malott RJ, Baldwin A, Mahenthiralingam E, Sokol PA. Characterization of the 
cciIR quorum-sensing system in Burkholderia cenocepacia. Infect Immun. 
2005;73:4982-4992. doi: 10.1128/IAI.73.8.4982-4992.2005. 
      Malott RJ, O'Grady EP, Toller J, Inhülsen S, Eberl L, Sokol PA. A 
Burkholderia cenocepacia orphan LuxR homolog is involved in quorum-sensing 
regulation. J Bacteriol. 2009;191:2447-2460. doi: 10.1128/JB.01746-08. 
      Männik J, Bailey MW, O'Neill JC, Männik J. Kinetics of large-scale 
chromosomal movement during asymmetric cell division in Escherichia coli. PLoS 
Genet. 2017;13:e1006638. doi: 10.1371/journal.pgen.1006638. 
      Manno G, Dalmastri C, Tabacchioni S, Vandamme P, Lorini R, Minicucci L, 
Romano L, Giannattasio A, Chiarini L, Bevivino A. Epidemiology and clinical 
course of Burkholderia cepacia complex infections, particularly those caused by 
different Burkholderia cenocepacia strains, among patients attending an Italian 
cystic fibrosis center. J Clin Microbiol. 2004;42:1491-1497. doi: 
10.1128/jcm.42.4.1491-1497.2004. 
      Martina P, Leguizamon M, Prieto CI, Sousa SA, Montanaro P, Draghi WO, 
Stämmler M, Bettiol M, de Carvalho CCCR, Palau J, Figoli C, Alvarez F, Benetti 
S, Lejona S, Vescina C, Ferreras J, Lasch P, Lagares A, Zorreguieta A, Leitão 



                                                                         6. References 
 

 
113 

 

JH, Yantorno OM, Bosch A. Burkholderia puraquae sp. nov., a novel species of 
the Burkholderia cepacia complex isolated from hospital settings and agricultural 
soils. Int J Syst Evol Microbiol. 2018;68:14-20. doi: 10.1099/ijsem.0.002293. 
      Massidda O, Nováková L, Vollmer W. From models to pathogens: how much 
have we learned about Streptococcus pneumoniae cell division? Environ Microbiol. 
2013;15:3133-3157. doi: 10.1111/1462-2920.12189. 
      McClean S, Callaghan M. Burkholderia cepacia complex: epithelial cell-
pathogen confrontations and potential for therapeutic intervention. J Med Microbiol. 
2009;58:1-12. doi: 10.1099/jmm.0.47788-0. 
      McMenamin JD, Zaccone TM, Coenye T, Vandamme P, LiPuma JJ. 
Misidentification of Burkholderia cepacia in US cystic fibrosis treatment centers: an 
analysis of 1,051 recent sputum isolates. Chest. 2000;117:1661-1665. doi: 
10.1378/chest.117.6.1661. 
      McNamara JJ, McColley SA, Marigowda G, Liu F, Tian S, Owen CA, Stiles 
D, Li C, Waltz D, Wang LT, Sawicki GS. Safety, pharmacokinetics, and 
pharmacodynamics of lumacaftor and ivacaftor combination therapy in children aged 
2-5 years with cystic fibrosis homozygous for F508del-CFTR: an open-label phase 
3 study. Lancet Respir Med. 2019;7:325-335. doi: 10.1016/S2213-2600(18)30460-
0. 
      Medina-Pascual MJ, Valdezate S, Villalón P, Garrido N, Rubio V, Saéz-Nieto 
JA. Identification, molecular characterization and antimicrobial susceptibility of 
genomovars of the Burkholderia cepacia complex in Spain. Eur J Clin Microbiol 
Infect Dis. 2012;31:3385-3396. doi: 10.1007/s10096-012-1707-6. 
      Mengin-Lecreulx D, Ayala J, Bouhss A, van Heijenoort J, Parquet C, Hara 
H. Contribution of the Pmra promoter to expression of genes in the Escherichia coli 
mra cluster of cell envelope biosynthesis and cell division genes. J Bacteriol. 
1998;180:4406-4412. doi: 10.1128/JB.180.17.4406-4412.1998. 
      Mil-Homens D, Ferreira-Dias S, Fialho AM. Fish oils against Burkholderia and 
Pseudomonas aeruginosa: in vitro efficacy and their therapeutic and prophylactic 
effects on infected Galleria mellonella larvae. J Appl Microbiol. 2016;120:1509-1519. 
doi: 10.1111/jam.13145. 
      Mil-Homens D, Pinto SN, Matos RG, Arraiano C, Fialho AM. Burkholderia 
cenocepacia K56-2 trimeric autotransporter adhesin BcaA binds TNFR1 and 
contributes to induce airway inflammation. Cell Microbiol. 2017;19. doi: 
10.1111/cmi.12677. 
      Mingorance J, Tamames J, Vicente M. Genomic channeling in bacterial cell 
division. J Mol Recognit. 2004;17:481-487. doi: 10.1002/jmr.718. 
      Mira NP, Madeira A, Moreira AS, Coutinho CP, Sá-Correia I. Genomic 
expression analysis reveals strategies of Burkholderia cenocepacia to adapt to 
cystic fibrosis patients' airways and antimicrobial therapy. PLoS One. 
2011;6:e28831. doi: 10.1371/journal.pone.0028831. 
      Moffatt JH, Harper M, Boyce JD. Mechanisms of polymyxin resistance. Adv 
Exp Med Biol. 2019;1145:55-71. doi: 10.1007/978-3-030-16373-0_5. 



6. References 
 

 
114 

 

      Mullen T, Markey K, Murphy P, McClean S, Callaghan M. Role of lipase in 
Burkholderia cepacia complex (Bcc) invasion of lung epithelial cells. Eur J Clin 
Microbiol Infect Dis. 2007;26:869-877. doi: 10.1007/s10096-007-0385-2. 
      Murakami S. Structures and transport mechanisms of RND efflux pumps. In: Li 
XZ., Elkins C., Zgurskaya H. (eds) Efflux-mediated antimicrobial resistance in 
bacteria. Adis, Cham. 2016. doi: 10.1007/978-3-319-39658-3_1 
      Narayanaswamy VP, Duncan AP, LiPuma JJ, Wiesmann WP, Baker SM, 
Townsend SM. In vitro activity of a novel glycopolymer against biofilms of 
Burkholderia cepacia complex cystic fibrosis clinical isolates. Antimicrob Agents 
Chemother. 2019;63:e00498-e00519. doi: 10.1128/AAC.00498-19. 
      O'Connell ML, Birkenkamp KE, Kleiner DE, Folio LR, Holland SM, Olivier 
KN. Lung manifestations in an autopsy-based series of pulmonary or disseminated 
nontuberculous mycobacterial disease. Chest. 2012;141:1203-1209. doi: 
10.1378/chest.11-0425. 
      O'Grady EP, Viteri DF, Malott RJ, Sokol PA. Reciprocal regulation by the 
CepIR and CciIR quorum sensing systems in Burkholderia cenocepacia. BMC 
Genomics. 2009;10:441. doi: 10.1186/1471-2164-10-441. 
      Ohashi T, Hale CA, de Boer PA, Erickson HP. Structural evidence that the P/Q 
domain of ZipA is an unstructured, flexible tether between the membrane and the C-
terminal FtsZ-binding domain. J Bacteriol. 2002;184:4313-4315. doi: 
10.1128/jb.184.15.4313-4315.2002. 
      Ong KS, Aw YK, Lee LH, Yule CM, Cheow YL, Lee SM. Burkholderia paludis 
sp. nov., an antibiotic-siderophore producing novel Burkholderia cepacia complex 
species, isolated from Malaysian tropical peat swamp soil. Front Microbiol. 
2016;7:2046. doi: 10.3389/fmicb.2016.02046. 
      Osorio A, Camarena L, Cevallos MA, Poggio S. A new essential cell division 
protein in Caulobacter crescentus. J Bacteriol. 2017;199:e00811-e00816. doi: 
10.1128/JB.00811-16. 
      Palacios P, Vicente M, Sánchez M. Dependency of Escherichia coli cell-
division size, and independency of nucleoid segregation on the mode and level of 
ftsZ expression. Mol Microbiol. 1996;20:1093-1098. doi: 10.1111/j.1365-
2958.1996.tb02549.x. 
      Papenfort K, Bassler BL. Quorum sensing signal-response systems in Gram-
negative bacteria. Nat Rev Microbiol. 2016;14:576-588. doi: 
10.1038/nrmicro.2016.89. 
      Patil PP, Mali S, Midha S, Gautam V, Dash L, Kumar S, Shastri J, Singhal L, 
Patil PB. Genomics reveals a unique clone of Burkholderia cenocepacia harboring 
an actively excising novel genomic island. Front Microbiol. 2017;8:590. doi: 
10.3389/fmicb.2017.00590. 
      Payne GW, Vandamme P, Morgan SH, Lipuma JJ, Coenye T, Weightman 
AJ, Jones TH, Mahenthiralingam E. Development of a recA gene-based 
identification approach for the entire Burkholderia genus. Appl Environ Microbiol. 
2005;71:3917-3927. doi: 10.1128/AEM.71.7.3917-3927.2005.  



                                                                         6. References 
 

 
115 

 

      Peeters E, Nelis HJ, Coenye T. In vitro activity of ceftazidime, ciprofloxacin, 
meropenem, minocycline, tobramycin and trimethoprim/sulfamethoxazole against 
planktonic and sessile Burkholderia cepacia complex bacteria. J Antimicrob 
Chemother. 2009;64:801-809. doi: 10.1093/jac/dkp253. 
      Peeters C, Zlosnik JE, Spilker T, Hird TJ, LiPuma JJ, Vandamme P. 
Burkholderia pseudomultivorans sp. nov., a novel Burkholderia cepacia complex 
species from human respiratory samples and the rhizosphere. Syst Appl Microbiol. 
2013;36:483-489. doi: 10.1016/j.syapm.2013.06.003. 
      Pereira RH, Carvalho-Assef AP, Albano RM, Folescu TW, Jones MC, Leão 
RS, Marques EA. Achromobacter xylosoxidans: characterization of strains in 
Brazilian cystic fibrosis patients. J Clin Microbiol. 2011;49:3649-3651. doi: 
10.1128/JCM.05283-11. 
      Perrin E, Maggini V, Maida I, Gallo E, Lombardo K, Madarena MP, Buroni S, 
Scoffone VC, Firenzuoli F, Mengoni A, Fani R. Antimicrobial activity of six 
essential oils against Burkholderia cepacia complex: insights into mechanism(s) of 
action. Future Microbiol. 2018;13:59-67. doi: 10.2217/fmb-2017-0121. 
      Pichoff S, Du S, Lutkenhaus J. Disruption of divisome assembly rescued by 
FtsN-FtsA interaction in Escherichia coli. Proc Natl Acad Sci U S A. 
2018;115:E6855-E6862. doi: 10.1073/pnas.1806450115. 
      Pillarisetti N, Williamson E, Linnane B, Skoric B, Robertson CF, Robinson 
P, Massie J, Hall GL, Sly P, Stick S, Ranganathan S; Australian Respiratory 
Early Surveillance Team for Cystic Fibrosis (AREST CF). Infection, inflammation, 
and lung function decline in infants with cystic fibrosis. Am J Respir Crit Care Med. 
2011;184:75-81. doi: 10.1164/rccm.201011-1892OC. 
      Porter LA, Goldberg JB. Influence of neutrophil defects on Burkholderia 
cepacia complex pathogenesis. Front Cell Infect Microbiol. 2011;1:9. doi: 
10.3389/fcimb.2011.00009. 
      Powell LC, Pritchard MF, Emanuel C, Onsøyen E, Rye PD, Wright CJ, Hill 
KE, Thomas DW. A nanoscale characterization of the interaction of a novel alginate 
oligomer with the cell surface and motility of Pseudomonas aeruginosa. Am J Respir 
Cell Mol Biol. 2014;50:483-492. doi: 10.1165/rcmb.2013-0287OC. 
      Rabin N, Zheng Y, Opoku-Temeng C, Du Y, Bonsu E, Sintim HO. Biofilm 
formation mechanisms and targets for developing antibiofilm agents. Future Med 
Chem. 2015;7:493-512. doi: 10.4155/fmc.15.6. 
      Ramsay KA, Butler CA, Paynter S, Ware RS, Kidd TJ, Wainwright CE, Bell 
SC. Factors influencing acquisition of Burkholderia cepacia complex organisms in 
patients with cystic fibrosis. J Clin Microbiol. 2013;51:3975-3980. doi: 
10.1128/JCM.01360-13. 
      Ramsey KA, Ranganathan S, Park J, Skoric B, Adams AM, Simpson SJ, 
Robins-Browne RM, Franklin PJ, de Klerk NH, Sly PD, Stick SM, Hall GL; 
AREST CF. Early respiratory infection is associated with reduced spirometry in 
children with cystic fibrosis. Am J Respir Crit Care Med. 2014;190:1111-1116. doi: 
10.1164/rccm.201407-1277OC. 



6. References 
 

 
116 

 

      Real G, Henriques AO. Localization of the Bacillus subtilis murB gene within 
the dcw cluster is important for growth and sporulation. J Bacteriol. 2006;188:1721-
1732. doi: 10.1128/JB.188.5.1721-1732.2006. 
      Regan KH, Bhatt J. Eradication therapy for Burkholderia cepacia complex in 
people with cystic fibrosis. Cochrane Database Syst Rev. 2019;4:CD009876. doi: 
10.1002/14651858.CD009876.pub4. 
      Ren CL, Morgan WJ, Konstan MW, Schechter MS, Wagener JS, Fisher KA, 
Regelmann WE; Investigators and Coordinators of the Epidemiologic Study of 
Cystic Fibrosis. Presence of methicillin resistant Staphylococcus aureus in 
respiratory cultures from cystic fibrosis patients is associated with lower lung 
function. Pediatr Pulmonol. 2007;42:513-518. doi: 10.1002/ppul.20604. 
      Rhodes KA, Schweizer HP. Antibiotic resistance in Burkholderia species. Drug 
Resist Updat. 2016;28:82-90. doi: 10.1016/j.drup.2016.07.003. 
      Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, Grzelczak Z, 
Zielenski J, Lok S, Plavsic N, Chou JL, Drumm ML, Iannuzzi MC, Colliins FS, 
Tsui LC. Identification of the cystic fibrosis gene: cloning and characterization of 
complementary DNA. Science. 1989;245:1066-1073. doi: 
10.1126/science.2475911. 
      Rodman DM, Polis JM, Heltshe SL, Sontag MK, Chacon C, Rodman RV, 
Brayshaw SJ, Huitt GA, Iseman MD, Saavedra MT, Taussig LM, Wagener JS, 
Accurso FJ, Nick JA. Late diagnosis defines a unique population of long-term 
survivors of cystic fibrosis. Am J Respir Crit Care Med. 2005;171:621-626. doi: 
10.1164/rccm.200403-404OC. 
      Rommens JM, Iannuzzi MC, Kerem B, Drumm ML, Melmer G, Dean M, 
Rozmahel R, Cole JL, Kennedy D, Hidaka N. Identification of the cystic fibrosis 
gene: chromosome walking and jumping. Science. 1989;245:1059-1065. doi: 
10.1126/science.2772657. 
      Rose H, Baldwin A, Dowson CG, Mahenthiralingam E. Biocide susceptibility 
of the Burkholderia cepacia complex. J Antimicrob Chemother. 2009;63:502-510. 
doi: 10.1093/jac/dkn540. 
      Rumbaugh KP, Sauer K. Biofilm dispersion. Nat Rev Microbiol. 2020;18:571-
586. doi: 10.1038/s41579-020-0385-0. 
      Saiman L, Siegel J. Infection control in cystic fibrosis. Clin Microbiol Rev. 
2004;17:57-71. doi: 10.1128/cmr.17.1.57-71.2004. 
      Sajjan US, Corey M, Karmali MA, Forstner JF. Binding of Pseudomonas 
cepacia to normal human intestinal mucin and respiratory mucin from patients with 
cystic fibrosis. J Clin Invest. 1992;89:648-656. doi: 10.1172/JCI115631. 
      Sajjan US, Sylvester FA, Forstner JF. Cable-piliated Burkholderia cepacia 
binds to cytokeratin 13 of epithelial cells. Infect Immun. 2000;68:1787-1795. doi: 
10.1128/iai.68.4.1787-1795.2000. 
      Sajjan SU, Carmody LA, Gonzalez CF, LiPuma JJ. A type IV secretion system 
contributes to intracellular survival and replication of Burkholderia cenocepacia. 
Infect Immun. 2008;76:5447-5455. doi: 10.1128/IAI.00451-08. 



                                                                         6. References 
 

 
117 

 

      Saldías MS, Lamothe J, Wu R, Valvano MA. Burkholderia cenocepacia 
requires the RpoN sigma factor for biofilm formation and intracellular trafficking 
within macrophages. Infect Immun. 2008;76:1059-1067. doi: 10.1128/IAI.01167-07. 
      Sánchez MB. Antibiotic resistance in the opportunistic pathogen 
Stenotrophomonas maltophilia. Front Microbiol. 2015;6:658. doi: 
10.3389/fmicb.2015.00658. 
      Santini T, Turchi L, Ceccarelli G, Di Franco C, Beccari E. Transcriptional 
analysis of ftsZ within the dcw cluster in Bacillus mycoides. BMC Microbiol. 
2013;13:27. doi: 10.1186/1471-2180-13-27. 
      Sawana A, Adeolu M, Gupta RS. Molecular signatures and phylogenomic 
analysis of the genus Burkholderia: proposal for division of this genus into the 
emended genus Burkholderia containing pathogenic organisms and a new genus 
Paraburkholderia gen. nov. harboring environmental species. Front Genet. 
2014;5:429. doi:10.3389/fgene.2014.00429 
      Schmidt KL, Peterson ND, Kustusch RJ, Wissel MC, Graham B, Phillips GJ, 
Weiss DS. A predicted ABC transporter, FtsEX, is needed for cell division in 
Escherichia coli. J Bacteriol. 2004;186:785-793. doi: 10.1128/jb.186.3.785-
793.2004. 
      Schumacher MA, Zeng W. Structures of the nucleoid occlusion protein SlmA 
bound to DNA and the C-terminal domain of the cytoskeletal protein FtsZ. Proc Natl 
Acad Sci U S A. 2016;113:4988-4993. doi: 10.1073/pnas.1602327113. 
      Schumacher MA, Huang KH, Zeng W, Janakiraman A. Structure of the Z 
Ring-associated protein, ZapD, bound to the C-terminal domain of the tubulin-like 
protein, FtsZ, suggests mechanism of Z Ring stabilization through FtsZ cross-linking. 
J Biol Chem. 2017;292:3740-3750. doi: 10.1074/jbc.M116.773192. 
      Schumacher MA, Ohashi T, Corbin L, Erickson HP. High-resolution crystal 
structures of Escherichia coli FtsZ bound to GDP and GTP. Acta Crystallogr F Struct 
Biol Commun. 2020;76:94-102. doi: 10.1107/S2053230X20001132. 
      Scoffone VC, Spadaro F, Udine C, Makarov V, Fondi M, Fani R, De Rossi E, 
Riccardi G, Buroni S. Mechanism of resistance to an antitubercular 2-thiopyridine 
derivative that is also active against Burkholderia cenocepacia. Antimicrob Agents 
Chemother. 2014;58:2415-2417. doi: 10.1128/AAC.02438-13. 
      Scoffone VC, Ryabova O, Makarov V, Iadarola P, Fumagalli M, Fondi M, Fani 
R, De Rossi E, Riccardi G, Buroni S. Efflux-mediated resistance to a 
benzothiadiazol derivative effective against Burkholderia cenocepacia. Front 
Microbiol. 2015;6:815. doi: 10.3389/fmicb.2015.00815. 
      Scoffone VC, Chiarelli LR, Makarov V, Brackman G, Israyilova A, Azzalin A, 
Forneris F, Riabova O, Savina S, Coenye T, Riccardi G, Buroni S. Discovery of 
new diketopiperazines inhibiting Burkholderia cenocepacia quorum sensing in vitro 
and in vivo. Sci Rep. 2016;6:32487. doi: 10.1038/srep32487. 
      Scoffone VC, Chiarelli LR, Trespidi G, Mentasti M, Riccardi G, Buroni S. 
Burkholderia cenocepacia infections in cystic fibrosis patients: Drug resistance and 



6. References 
 

 
118 

 

therapeutic approaches. Front Microbiol. 2017;8:1592. doi: 
10.3389/fmicb.2017.01592. 
      Scoffone VC, Trespidi G, Chiarelli LR, Barbieri G, Buroni S. Quorum sensing 
as antivirulence target in cystic fibrosis pathogens. Int J Mol Sci. 2019;20:1838. doi: 
10.3390/ijms20081838. 
      Shah VS, Ernst S, Tang XX, Karp PH, Parker CP, Ostedgaard LS, Welsh MJ. 
Relationships among CFTR expression, HCO3- secretion, and host defense may 
inform gene- and cell-based cystic fibrosis therapies. Proc Natl Acad Sci U S A. 
2016;113:5382-5387. doi: 10.1073/pnas.1604905113. 
      Sitnikov DM, Schineller JB, Baldwin TO. Control of cell division in Escherichia 
coli: regulation of transcription of ftsQA involves both rpoS and SdiA-mediated 
autoinduction. Proc Natl Acad Sci U S A. 1996;93:336-341. doi: 
10.1073/pnas.93.1.336. 
      Smith RW, Masters M, Donachie WD. Cell division and transcription of ftsZ. J 
Bacteriol. 1993;175:2788-2791. doi: 10.1128/jb.175.9.2788-2791.1993. 
      Somayaji R, Stanojevic S, Tullis DE, Stephenson AL, Ratjen F, Waters V. 
Clinical outcomes associated with Achromobacter species infection in patients with 
cystic fibrosis. Ann Am Thorac Soc. 2017;14:1412-1418. doi: 
10.1513/AnnalsATS.201701-071OC. 
      Somayaji R, Parkins MD, Shah A, Martiniano SL, Tunney MM, Kahle JS, 
Waters VJ, Elborn JS, Bell SC, Flume PA, VanDevanter DR; Antimicrobial 
Resistance in Cystic Fibrosis InternationalWorking Group. Antimicrobial 
susceptibility testing (AST) and associated clinical outcomes in individuals with 
cystic fibrosis: A systematic review. J Cyst Fibros. 2019;18:236-243. doi: 
10.1016/j.jcf.2019.01.008. 
      Spadaro F, Scoffone VC, Chiarelli LR, Fumagalli M, Buroni S, Riccardi G, 
Forneris F. The crystal structure of Burkholderia cenocepacia DfsA provides 
insights into substrate recognition and quorum sensing fatty acid biosynthesis. 
Biochemistry. 2016;55:3241-3250. doi: 10.1021/acs.biochem.6b00178. 
      Speert DP, Henry D, Vandamme P, Corey M, Mahenthiralingam E. 
Epidemiology of Burkholderia cepacia complex in patients with cystic fibrosis, 
Canada. Emerg Infect Dis. 2002;8:181-187. doi: 10.3201/eid0802.010163. 
      Stachel SE, An G, Flores C, Nester EW. A Tn3 lacZ transposon for the random 
generation of beta-galactosidase gene fusions: application to the analysis of gene 
expression in Agrobacterium. EMBO J. 1985;4:891-898. 
      Strauch MA, Perego M, Burbulys D, Hoch JA. The transition state transcription 
regulator AbrB of Bacillus subtilis is autoregulated during vegetative growth. Mol 
Microbiol. 1989;3:1203-1209. doi: 10.1111/j.1365-2958.1989.tb00270.x. 
      Subramoni S, Nguyen DT, Sokol PA. Burkholderia cenocepacia ShvR-
regulated genes that influence colony morphology, biofilm formation, and virulence. 
Infect Immun. 2011;79:2984-2997. doi: 10.1128/IAI.00170-11. 



                                                                         6. References 
 

 
119 

 

      Subramoni S, Sokol PA. Quorum sensing systems influence Burkholderia 
cenocepacia virulence. Future Microbiol. 2012;7:1373-1387. doi: 
10.2217/fmb.12.118. 
      Suppiger A, Schmid N, Aguilar C, Pessi G, Eberl L. Two quorum sensing 
systems control biofilm formation and virulence in members of the Burkholderia 
cepacia complex. Virulence. 2013;4:400-409. doi: 10.4161/viru.25338. 
      Suresh MK, Biswas R, Biswas L. An update on recent developments in the 
prevention and treatment of Staphylococcus aureus biofilms. Int J Med Microbiol. 
2019;309:1-12. doi: 10.1016/j.ijmm.2018.11.002. 
      Szwedziak P, Wang Q, Freund SM, Löwe J. FtsA forms actin-like 
protofilaments. EMBO J. 2012;31:2249-2260. doi: 10.1038/emboj.2012.76. 
      Taguchi A, Welsh MA, Marmont LS, Lee W, Sjodt M, Kruse AC, Kahne D, 
Bernhardt TG, Walker S. FtsW is a peptidoglycan polymerase that is functional only 
in complex with its cognate penicillin-binding protein. Nat Microbiol. 2019;4:587-594. 
doi: 10.1038/s41564-018-0345-x. 
      Talmaciu I, Varlotta L, Mortensen J, Schidlow DV. Risk factors for emergence 
of Stenotrophomonas maltophilia in cystic fibrosis. Pediatr Pulmonol. 2000;30:10-
15. doi: 10.1002/1099-0496(200007)30:1<10::aid-ppul3>3.0.co;2-q. 
      Tamames J, González-Moreno M, Mingorance J, Valencia A, Vicente M. 
Bringing gene order into bacterial shape. Trends Genet. 2001;17:124-126. doi: 
10.1016/s0168-9525(00)02212-5. 
      Tan HL, Regamey N, Brown S, Bush A, Lloyd CM, Davies JC. The Th17 
pathway in cystic fibrosis lung disease. Am J Respir Crit Care Med. 2011;184:252-
258. doi: 10.1164/rccm.201102-0236OC. 
      Tarique AA, Sly PD, Cardenas DG, Luo L, Stow JL, Bell SC, Wainwright CE, 
Fantino E. Differential expression of genes and receptors in monocytes from 
patients with cystic fibrosis. J Cyst Fibros. 2019;18:342-348. doi: 
10.1016/j.jcf.2018.07.012. 
      Tavares M, Kozak M, Balola A, Sá-Correia I. Burkholderia cepacia complex 
bacteria: a feared contamination risk in water-based pharmaceutical products. Clin 
Microbiol Rev. 2020;33:e00139-e00219. doi: 10.1128/CMR.00139-19. 
      Taylor-Cousar JL, Mall MA, Ramsey BW, McKone EF, Tullis E, Marigowda 
G, McKee CM, Waltz D, Moskowitz SM, Savage J, Xuan F, Rowe SM. Clinical 
development of triple-combination CFTR modulators for cystic fibrosis patients with 
one or two F508del alleles. ERJ Open Res. 2019;5:00082-2019. doi: 
10.1183/23120541.00082-2019. 
      Teri A, Sottotetti S, Biffi A, Girelli D, D'Accico M, Arghittu M, Colombo C, 
Corti F, Pizzamiglio G, Cariani L. Molecular typing of Burkholderia cepacia 
complex isolated from patients attending an Italian cystic fibrosis centre. New 
Microbiol. 2018;41:141-144. 
      Thanbichler M. Synchronization of chromosome dynamics and cell division in 
bacteria. Cold Spring Harb Perspect Biol. 2010;2:a000331. doi: 
10.1101/cshperspect.a000331. 



6. References 
 

 
120 

 

      Thomas MS. Iron acquisition mechanisms of the Burkholderia cepacia complex. 
Biometals. 2007;20:431-452. doi: 10.1007/s10534-006-9065-4. 
      Tomich M, Herfst CA, Golden JW, Mohr CD. Role of flagella in host cell 
invasion by Burkholderia cepacia. Infect Immun. 2002;70:1799-1806. doi: 
10.1128/iai.70.4.1799-1806.2002. 
      Tomlin KL, Coll OP, Ceri H. Interspecies biofilms of Pseudomonas aeruginosa 
and Burkholderia cepacia. Can J Microbiol. 2001;47:949-954. 
      Tong SY, Davis JS, Eichenberger E, Holland TL, Fowler VG Jr. 
Staphylococcus aureus infections: epidemiology, pathophysiology, clinical 
manifestations, and management. Clin Microbiol Rev. 2015;28:603-661. doi: 
10.1128/CMR.00134-14. 
      Tortoli E, Kohl TA, Trovato A, Baldan R, Campana S, Cariani L, Colombo C, 
Costa D, Cristadoro S, Di Serio MC, Manca A, Pizzamiglio G, Rancoita PMV, 
Rossolini GM, Taccetti G, Teri A, Niemann S, Cirillo DM. Mycobacterium 
abscessus in patients with cystic fibrosis: low impact of inter-human transmission in 
Italy. Eur Respir J. 2017;50:1602525. doi: 10.1183/13993003.02525-2016. 
      Tsang MJ, Bernhardt TG. A role for the FtsQLB complex in cytokinetic ring 
activation revealed by an ftsL allele that accelerates division. Mol Microbiol. 
2015;95:925-944. doi: 10.1111/mmi.12905. 
      Tseng SP, Tsai WC, Liang CY, Lin YS, Huang JW, Chang CY, Tyan YC, Lu 
PL. The contribution of antibiotic resistance mechanisms in clinical Burkholderia 
cepacia complex isolates: an emphasis on efflux pump activity. PLoS One. 
2014;9:e104986. doi: 10.1371/journal.pone.0104986. 
      Tuanyok A, Mayo M, Scholz H, Hall CM, Allender CJ, Kaestli M, Ginther J, 
Spring-Pearson S, Bollig MC, Stone JK, Settles EW, Busch JD, Sidak-Loftis L, 
Sahl JW, Thomas A, Kreutzer L, Georgi E, Gee JE, Bowen RA, Ladner JT, 
Lovett S, Koroleva G, Palacios G, Wagner DM, Currie BJ, Keim P. Burkholderia 
humptydooensis sp. nov., a new species related to Burkholderia thailandensis and 
the fifth member of the Burkholderia pseudomallei complex. Appl Environ Microbiol. 
2017;83:e02802-e02816. doi: 10.1128/AEM.02802-16. 
      Udine C, Brackman G, Bazzini S, Buroni S, Van Acker H, Pasca MR, 
Riccardi G, Coenye T. Phenotypic and genotypic characterization of Burkholderia 
cenocepacia J2315 mutants affected in homoserine lactone and diffusible signal 
factor-based quorum sensing systems suggests interplay between both types of 
systems. PLoS One. 2013;8:e55112. doi: 10.1371/journal.pone.0055112. 
      Van den Driessche F, Vanhoutte B, Brackman G, Crabbé A, Rigole P, 
Vercruysse J, Verstraete G, Cappoen D, Vervaet C, Cos P, Coenye T. Evaluation 
of combination therapy for Burkholderia cenocepacia lung infection in different in 
vitro and in vivo models. PLoS One. 2017;12:e0172723. doi: 
10.1371/journal.pone.0172723. 
      Vandamme P, Holmes B, Vancanneyt M, Coenye T, Hoste B, Coopman R, 
Revets H, Lauwers S, Gillis M, Kersters K, Govan JR. Occurrence of multiple 
genomovars of Burkholderia cepacia in cystic fibrosis patients and proposal of 



                                                                         6. References 
 

 
121 

 

Burkholderia multivorans sp. nov. Int J Syst Bacteriol. 1997;47:1188-1200. doi: 
10.1099/00207713-47-4-1188. 
      Vandamme P, Mahenthiralingam E, Holmes B, Coenye T, Hoste B, De Vos 
P, Henry D, Speert DP. Identification and population structure of Burkholderia 
stabilis sp. nov. (formerly Burkholderia cepacia genomovar IV). J Clin Microbiol. 
2000;38:1042-1047. doi: 10.1128/JCM.38.3.1042-1047.2000. 
      Vandamme P, Henry D, Coenye T, Nzula S, Vancanneyt M, LiPuma JJ, 
Speert DP, Govan JR, Mahenthiralingam E. Burkholderia anthina sp. nov. and 
Burkholderia pyrrocinia, two additional Burkholderia cepacia complex bacteria, may 
confound results of new molecular diagnostic tools. FEMS Immunol Med Microbiol. 
2002;33:143-149. doi: 10.1111/j.1574-695X.2002.tb00584.x. 
      Vandamme P, Holmes B, Coenye T, Goris J, Mahenthiralingam E, LiPuma 
JJ, Govan JR. Burkholderia cenocepacia sp. nov.--a new twist to an old story. Res 
Microbiol. 2003;154:91-96. doi: 10.1016/S0923-2508(03)00026-3. 
      Vandamme P, Dawyndt P. Classification and identification of the Burkholderia 
cepacia complex: Past, present and future. Syst Appl Microbiol. 2011;34:87-95. doi: 
10.1016/j.syapm.2010.10.002. 
      Vandamme P, Peeters C, De Smet B, Price EP, Sarovich DS, Henry DA, Hird 
TJ, Zlosnik JEA, Mayo M, Warner J, Baker A, Currie BJ, Carlier A. Comparative 
genomics of Burkholderia singularis sp. nov., a low G+C content, free-living 
bacterium that defies taxonomic dissection of the genus Burkholderia. Front 
Microbiol. 2017;8:1679. doi: 10.3389/fmicb.2017.01679. 
      Vanlaere E, Lipuma JJ, Baldwin A, Henry D, De Brandt E, Mahenthiralingam 
E, Speert D, Dowson C, Vandamme P. Burkholderia latens sp. nov., Burkholderia 
diffusa sp. nov., Burkholderia arboris sp. nov., Burkholderia seminalis sp. nov. and 
Burkholderia metallica sp. nov., novel species within the Burkholderia cepacia 
complex. Int J Syst Evol Microbiol. 2008;58:1580-1590. doi: 10.1099/ijs.0.65634-0. 
      Vanlaere E, Baldwin A, Gevers D, Henry D, De Brandt E, LiPuma JJ, 
Mahenthiralingam E, Speert DP, Dowson C, Vandamme P. Taxon K, a complex 
within the Burkholderia cepacia complex, comprises at least two novel species, 
Burkholderia contaminans sp. nov. and Burkholderia lata sp. nov. Int J Syst Evol 
Microbiol. 2009;59:102-111. doi: 10.1099/ijs.0.001123-0. 
      Vedyaykin A, Rumyantseva N, Khodorkovskii M, Vishnyakov I. SulA is able 
to block cell division in Escherichia coli by a mechanism different from sequestration. 
Biochem Biophys Res Commun. 2020;525:948-953. doi: 
10.1016/j.bbrc.2020.03.012. 
      Vega DE, Margolin W. Direct Interaction between the two Z Ring membrane 
anchors FtsA and ZipA. J Bacteriol. 2019;201:e00579-e00618. doi: 
10.1128/JB.00579-18. 
      Verhagen LM, Luesink M, Warris A, de Groot R, Hermans PW. Bacterial 
respiratory pathogens in children with inherited immune and airway disorders: 
nasopharyngeal carriage and disease risk. Pediatr Infect Dis J. 2013;32:399-404. 
doi: 10.1097/INF.0b013e31827db77a. 



6. References 
 

 
122 

 

      Vermis K, Coenye T, Mahenthiralingam E, Nelis HJ, Vandamme P. 
Evaluation of species-specific recA-based PCR tests for genomovar level 
identification within the Burkholderia cepacia complex. J Med Microbiol. 
2002;51:937-940. doi: 10.1099/0022-1317-51-11-937. 
      Vermis K, Coenye T, LiPuma JJ, Mahenthiralingam E, Nelis HJ, Vandamme 
P. Proposal to accommodate Burkholderia cepacia genomovar VI as Burkholderia 
dolosa sp. nov. Int J Syst Evol Microbiol. 2004;54:689-691. doi: 10.1099/ijs.0.02888-
0. 
      Vicente M, Löwe J. Ring, helix, sphere and cylinder: the basic geometry of 
prokaryotic cell division. EMBO Rep. 2003;4:655-660. doi: 
10.1038/sj.embor.embor885. 
      Walker S, Flume P, McNamara J, Solomon M, Chilvers M, Chmiel J, Harris 
RS, Haseltine E, Stiles D, Li C, Ahluwalia N, Zhou H, Owen CA, Sawicki G; 
VX15-661-113 Investigator Group. A phase 3 study of tezacaftor in combination 
with ivacaftor in children aged 6 through 11 years with cystic fibrosis. J Cyst Fibros. 
2019;18:708-713. doi: 10.1016/j.jcf.2019.06.009. 
      Wang XD, de Boer PA, Rothfield LI. A factor that positively regulates cell 
division by activating transcription of the major cluster of essential cell division genes 
of Escherichia coli. EMBO J. 1991;10:3363-3372. 
      Wang L, Khattar MK, Donachie WD, Lutkenhaus J. FtsI and FtsW are 
localized to the septum in Escherichia coli. J Bacteriol. 1998;180:2810-2816. doi: 
10.1128/JB.180.11.2810-2816.1998. 
      Wang M, Ridderberg W, Hansen CR, Høiby N, Jensen-Fangel S, Olesen HV, 
Skov M, Lemming LE, Pressler T, Johansen HK, Nørskov-Lauritsen N. Early 
treatment with inhaled antibiotics postpones next occurrence of Achromobacter in 
cystic fibrosis. J Cyst Fibros. 2013;12:638-643. doi: 10.1016/j.jcf.2013.04.013 
      Wang M, Wei P, Cao M, Zhu L, Lu Y. First report of rice seedling blight caused 
by Burkholderia plantarii in north and southeast China. Plant Disease 2016;100:645. 
      Waters V, Ratjen F. Antibiotic treatment for nontuberculous mycobacteria lung 
infection in people with cystic fibrosis. Cochrane Database Syst Rev. 
2016;12:CD010004. doi: 10.1002/14651858.CD010004.pub4. 
      Winsor GL, Khaira B, Van Rossum T, Lo R, Whiteside MD, Brinkman FS. 
The Burkholderia Genome Database: facilitating flexible queries and comparative 
analyses. Bioinformatics. 2008 ;24:2803-2804. doi: 10.1093/bioinformatics/btn524. 
      Winstanley C, O'Brien S, Brockhurst MA. Pseudomonas aeruginosa 
evolutionary adaptation and diversification in cystic fibrosis chronic lung infections. 
Trends Microbiol. 2016;24:327-337. doi: 10.1016/j.tim.2016.01.008. 
      Yabuuchi E, Kosako Y, Oyaizu H, Yano I, Hotta H, Hashimoto Y, Ezaki T, 
Arakawa M. Proposal of Burkholderia gen. nov. and transfer of seven species of the 
genus Pseudomonas homology group II to the new genus, with the type species 
Burkholderia cepacia (Palleroni and Holmes 1981) comb. nov. Microbiol Immunol. 
1992;36:1251-1275. doi: 10.1111/j.1348-0421.1992.tb02129.x. 



                                                                         6. References 
 

 
123 

 

      Yabuuchi E, Kawamura Y, Ezaki T, Ikedo M, Dejsirilert S, Fujiwara N, Naka 
T, Kobayashi K. Burkholderia uboniae sp. nov., L-arabinose-assimilating but 
different from Burkholderia thailandensis and Burkholderia vietnamiensis. Microbiol 
Immunol. 2000;44:307-317. doi: 10.1111/j.1348-0421.2000.tb02500.x. 
      Yang C, Cui C, Ye Q, Kan J, Fu S, Song S, Huang Y, He F, Zhang LH, Jia Y, 
Gao YG, Harwood CS, Deng Y. Burkholderia cenocepacia integrates cis-2-
dodecenoic acid and cyclic dimeric guanosine monophosphate signals to control 
virulence. Proc Natl Acad Sci U S A. 2017;114:13006-13011. doi: 
10.1073/pnas.1709048114. 
      Zhang J, Zhang Y, Inouye M. Characterization of the interactions within the 
mazEF addiction module of Escherichia coli. J Biol Chem. 2003;278:32300-32306. 
doi: 10.1074/jbc.M304767200. 
      Zughaier SM, Ryley HC, Jackson SK. Lipopolysaccharide (LPS) from 
Burkholderia cepacia is more active than LPS from Pseudomonas aeruginosa and 
Stenotrophomonas maltophilia in stimulating tumor necrosis factor alpha from 
human monocytes. Infect Immun. 1999;67:1505-1507. doi: 10.1128/IAI.67.3.1505-
1507.1999. 
 
 

 
 
 
 
 





                                                                         Acknowledgements 
 

 
125 

 

Acknowledgements 
 

Prima di tutto, vorrei ringraziare la Prof.ssa Giovanna Riccardi per aver 
creduto nelle mie capacità ed avermi dato la possibilità di coltivare la mia 
passione per la microbiologia lavorando nel suo laboratorio, passione che è 
nata proprio durante il corso di Microbiologia generale del quale lei è 
docente. 

Ringrazio il mio supervisore, la Prof.ssa Edda De Rossi, per l’estrema 

disponibilità dimostrata nei miei confronti ed il supporto fornitomi in questi 
anni di dottorato, in particolare durante la stesura della tesi. 

Uno speciale ringraziamento va alla Prof.ssa Silvia Buroni, o più 
semplicemente Silvia, per avermi sempre guidato in questo difficile percorso, 
fornendomi tutti i mezzi necessari alla riuscita del mio lavoro, motivandomi e 
aiutandomi in ogni situazione. 

Un grande grazie va a Viola per aver condiviso con me la sua invidiabile 
esperienza nel campo della ricerca, per essere sempre stata disponibile ad 
aiutarmi in ogni esperimento e in poche parole per avermi insegnato il 
mestiere del ricercatore.   

Ringrazio il Prof. Laurent Chiarelli (Sciarellì) per i fondamentali consigli che 
hanno permesso la riuscita di diversi esperimenti, per la sua costante 
disponibilità e per essere stato un buon compagno di viaggio. 

Al Prof. Tom Coenye va un sentito ringraziamento per avermi dato la 
possibilità di vivere un’esperienza unica di ricerca all’estero, che ha ampliato 
i miei orizzonti e mi ha fatto crescere sia professionalmente che 
umanamente. Ringrazio anche tutti i ragazzi del laboratorio LPM per avermi 
accolto calorosamente nel loro gruppo e Dusan per aver condiviso con me 
questa bellissima avventura. 

Un grazie va anche alla Prof.ssa Maria Rosalia Pasca per la sua cortesia e 
disponibilità e alle ragazze del suo laboratorio Giulia, Camilla e Debora per 
la compagnia e per avermi fatto sorridere anche nelle giornate più difficili. 



  Acknowledgements 
 

 
126 

 

Ringrazio Betty e Claudia per non essersi mai tirate indietro ed avermi 
sempre dato una mano in questi anni, addolcendo le lunghe giornate di 
lavoro anche solo con una semplice chiacchierata. 

Ringrazio infinitamente la mia famiglia per aver sempre creduto nelle mie 
scelte, aiutandomi in qualsiasi momento e insegnandomi il valore dell’umiltà 

e del duro lavoro. Li ringrazio inoltre per essere stati ed essere sempre per 
me un faro nella tempesta e un porto sicuro a cui poter tornare. 

Infine, a Valeria devo dire grazie per essermi sempre stata vicina in questi 
anni, per avermi ascoltato, capito, sopportato, incoraggiato, accompagnato 
in bellissimi viaggi, per aver condiviso tutto con me e per altre milioni di cose. 
Grazie per avermi aiutato a diventare quello che sono oggi.



                                                                         List of original manuscripts 
 

 
127 

 

List of original manuscripts 

 
Full papers: 

Scoffone V.C., Chiarelli L.R., Trespidi G., Mentasti M., Riccardi G., Buroni 
S. (2017). Burkholderia cenocepacia infections in cystic fibrosis patients: 
drug resistance and therapeutic approaches. Front Microbiol. 8:1592.           
IF: 4.235 

Buroni S., Scoffone V.C., Fumagalli M., Makarov V., Trespidi G., De Rossi 
E., Forneris F., Riccardi G. and Chiarelli L.R. (2018). Investigating the 
mechanism of action of diketopiperazines inhibitors of the Burkholderia 
cenocepacia quorum sensing synthase CepI: a site directed mutagenesis 
study. Front Pharmacol. 9:836. IF: 4.225 

Scoffone V.C., Trespidi G., Chiarelli L.R., Barbieri G., Buroni S. (2019). 
Quorum sensing as antivirulence target in cystic fibrosis pathogens. Int J Mol 
Sci. pii: E1838. IF: 4.556 

Buroni S., Makarov V., Scoffone V.C., Trespidi G., Riccardi G., Chiarelli L.R. 
(2020). The cell division protein FtsZ as a cellular target to hit cystic fibrosis 
pathogens. Eur J Med Chem. 190:112132. IF: 5.572 

Chiarelli L.R., Scoffone V.C., Trespidi G., Barbieri G., Riabova O., 
Monakhova N., Porta A., Manina G., Riccardi G., Makarov V., Buroni S. 
(2020). Chemical, metabolic, and cellular characterization of a FtsZ inhibitor 
effective against Burkholderia cenocepacia. Front Microbiol. 11:562.             
IF: 4.235 

Trespidi G., Scoffone V.C., Barbieri G., Riccardi G., De Rossi E., Buroni S. 
(2020) Molecular characterization of the Burkholderia cenocepacia dcw 
operon and FtsZ interactors as new targets for novel antimicrobial design. 
Antibiotics. 9:841. IF: 3.893 

 

 



List of original manuscripts 
 

 
128 

 

Abstracts: 

Scoffone V.C., Fumagalli M., Spiga L., Trespidi G., Chiarelli L.R., Riccardi 
G., Buroni S. Molecular investigations on the quorum sensing synthase CepI 
of Burkholderia cenocepacia. XXXII SIMGBM Congress, Palermo, 17-20th 
September 2017. 

Scoffone V.C., Chiarelli L.R., Fumagalli M., Forneris F., Trespidi G., 
Stelitano G., Makarov V., Riccardi G., Buroni S. Deciphering the mechanism 
of action of diketopiperazine inhibitors of the Burkholderia cenocepacia 
quorum sensing synthase CepI. 21st IBCWG, Dublin, Ireland, 2nd-5th May 
2018. 

Trespidi G. Molecular investigations on the transcriptional regulation and 
organization of the dcw operon of Burkholderia cenocepacia. Cortona 
Procarioti 2018, Cortona, Italy, 17-19th May 2018. (Oral presentation) 

Scoffone V.C., Trespidi G., Chiarelli L.R., Manina G., Forneris F., Makarov 
V., Riccardi G. and Buroni S. Exploring the divisome machinery to fight the 
cystic fibrosis pathogen Burkholderia cenocepacia. EMBO workshop 
Bacterial cell division: Closing the gap, Lund, Sweden, 9-12th June 2019. 

Trespidi G., Scoffone V.C., Chiarelli L.R., Manina G., Makarov V., Riccardi 
G., De Rossi E. and Buroni S. A new way to counteract the cystic fibrosis 
pathogen Burkholderia cenocepacia: the impairment of the divisome. XXXIII 
SIMGBM Congress, Firenze, 19-22 giugno 2019. (Poster presentation) 

Scoffone V.C., Trespidi G., Chiarelli L.R., Manina G., Riccardi G., Buroni S. 
Burkholderia cenocepacia divisome as a new target to hit a rare cystic 
fibrosis pathogen. 33rd Annual North American Cystic Fibrosis Conference, 
Nashville, Tennessee, 31st October – 2nd November 2019. 

 

 

 

 



                                                                         List of original manuscripts 
 

 
129 

 

 



List of original manuscripts 
 

 
130 

 

 



                                                                         List of original manuscripts 
 

 
131 

 

 



List of original manuscripts 
 

 
132 

 

 



                                                                         List of original manuscripts 
 

 
133 

 

 



List of original manuscripts 
 

 
134 

 

 



                                                                         List of original manuscripts 
 

 
135 

 

 



List of original manuscripts 
 

 
136 

 

 



                                                                         List of original manuscripts 
 

 
137 

 

 



List of original manuscripts 
 

 
138 

 

 



                                                                         List of original manuscripts 
 

 
139 

 

 



List of original manuscripts 
 

 
140 

 

 



                                                                         List of original manuscripts 
 

 
141 

 

 



List of original manuscripts 
 

 
142 

 

 



                                                                         List of original manuscripts 
 

 
143 

 

 



List of original manuscripts 
 

 
144 

 

 



                                                                         List of original manuscripts 
 

 
145 

 

 



List of original manuscripts 
 

 
146 

 

 



                                                                         List of original manuscripts 
 

 
147 

 

 



List of original manuscripts 
 

 
148 

 

 



                                                                         List of original manuscripts 
 

 
149 

 

 



List of original manuscripts 
 

 
150 

 

 



                                                                         List of original manuscripts 
 

 
151 

 

 



List of original manuscripts 
 

 
152 

 

 



                                                                         List of original manuscripts 
 

 
153 

 

 



List of original manuscripts 
 

 
154 

 

 



                                                                         List of original manuscripts 
 

 
155 

 

 



List of original manuscripts 
 

 
156 

 

 



                                                                         List of original manuscripts 
 

 
157 

 

 



List of original manuscripts 
 

 
158 

 

 



                                                                         List of original manuscripts 
 

 
159 

 

 



List of original manuscripts 
 

 
160 

 

 



                                                                         List of original manuscripts 
 

 
161 

 

 



List of original manuscripts 
 

 
162 

 

 



                                                                         List of original manuscripts 
 

 
163 

 

 



List of original manuscripts 
 

 
164 

 

 



                                                                         List of original manuscripts 
 

 
165 

 

 



List of original manuscripts 
 

 
166 

 

 



                                                                         List of original manuscripts 
 

 
167 

 

 



List of original manuscripts 
 

 
168 

 

 



                                                                         List of original manuscripts 
 

 
169 

 

 



List of original manuscripts 
 

 
170 

 

 



                                                                         List of original manuscripts 
 

 
171 

 

 



List of original manuscripts 
 

 
172 

 

 



                                                                         List of original manuscripts 
 

 
173 

 

 



List of original manuscripts 
 

 
174 

 

 



                                                                         List of original manuscripts 
 

 
175 

 

 



List of original manuscripts 
 

 
176 

 

 



                                                                         List of original manuscripts 
 

 
177 

 

 



List of original manuscripts 
 

 
178 

 

 



                                                                         List of original manuscripts 
 

 
179 

 

 



List of original manuscripts 
 

 
180 

 

 



                                                                         List of original manuscripts 
 

 
181 

 

 



List of original manuscripts 
 

 
182 

 

 



                                                                         List of original manuscripts 
 

 
183 

 

 



List of original manuscripts 
 

 
184 

 

 



                                                                         List of original manuscripts 
 

 
185 

 

 



List of original manuscripts 
 

 
186 

 

 



                                                                         List of original manuscripts 
 

 
187 

 

 



List of original manuscripts 
 

 
188 

 

 



                                                                         List of original manuscripts 
 

 
189 

 

 



List of original manuscripts 
 

 
190 

 

 



                                                                         List of original manuscripts 
 

 
191 

 

 



List of original manuscripts 
 

 
192 

 

 



                                                                         List of original manuscripts 
 

 
193 

 

 



List of original manuscripts 
 

 
194 

 

 



                                                                         List of original manuscripts 
 

 
195 

 

 



List of original manuscripts 
 

 
196 

 

 



                                                                         List of original manuscripts 
 

 
197 

 

 

 

 



List of original manuscripts 
 

 
198 

 

 



                                                                         List of original manuscripts 
 

 
199 

 

 



List of original manuscripts 
 

 
200 

 

 



                                                                         List of original manuscripts 
 

 
201 

 

 



List of original manuscripts 
 

 
202 

 

 



                                                                         List of original manuscripts 
 

 
203 

 

 



List of original manuscripts 
 

 
204 

 

 



                                                                         List of original manuscripts 
 

 
205 

 

 



List of original manuscripts 
 

 
206 

 

 



                                                                         List of original manuscripts 
 

 
207 

 

 



List of original manuscripts 
 

 
208 

 

 



                                                                         List of original manuscripts 
 

 
209 

 

 



List of original manuscripts 
 

 
210 

 

 



                                                                         List of original manuscripts 
 

 
211 

 

 



List of original manuscripts 
 

 
212 

 

 



                                                                         List of original manuscripts 
 

 
213 

 

 



List of original manuscripts 
 

 
214 

 

 



                                                                         List of original manuscripts 
 

 
215 

 

 



List of original manuscripts 
 

 
216 

 

 



                                                                         List of original manuscripts 
 

 
217 

 

 



List of original manuscripts 
 

 
218 

 

 



                                                                         List of original manuscripts 
 

 
219 

 

 



List of original manuscripts 
 

 
220 

 

 



                                                                         List of original manuscripts 
 

 
221 

 

 



List of original manuscripts 
 

 
222 

 

 



                                                                         List of original manuscripts 
 

 
223 

 

 



List of original manuscripts 
 

 
224 

 

 



                                                                         List of original manuscripts 
 

 
225 

 

 



List of original manuscripts 
 

 
226 

 

 



                                                                         List of original manuscripts 
 

 
227 

 

 



List of original manuscripts 
 

 
228 

 

 



                                                                         List of original manuscripts 
 

 
229 

 

 



List of original manuscripts 
 

 
230 

 

 



                                                                         List of original manuscripts 
 

 
231 

 

 



List of original manuscripts 
 

 
232 

 

 



                                                                         List of original manuscripts 
 

 
233 

 

 


