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Abstract 

 Non-typeable Haemophilus influenzae (NTHi) is a common pathogen associated with 

diseases such as acute otitis media or exacerbations in patients with chronic obstructive 

pulmonary disease. The biofilm forming capability substantially contributes to the persistence 

of NTHi. However, the regulation of biofilm formation is not completely understood. Quorum 

sensing regulated by autoinducer-2 produced by luxS is until now the only described 

regulatory mechanism. In this study, we show that the two component signalling system 

QseB/C is involved in the biofilm formation of NTHi in vitro. An isogenic NTHi mutant of 

qseC (Hi3655KR2) showed a significant decrease in biofilm formation under static and semi-

static conditions as assessed by crystal violet staining. In addition, under constant flow 

conditions the ΔqseC mutantHi3655KR2 formed less biofilm after 48 h. The biofilm defects 

were irrespective of autoinducer-2 levels. Hence, here we suggest for the first time a 

regulatory circuit in NTHi, which controls biofilm formation by mechanisms other than or in 

addition to luxS-dependent factors.      

(158 words) 
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Introduction 

 Haemophilus influenzae is a Gram-negative commensal that colonizes the upper 

respiratory tract of humans (Erwin and Smith, 2007). It can be differentiated due to the 

presence or absence of a polysaccharide capsule into typeable (types a-f) and non-typeable 

strains (NTHi), respectively. H. influenzae is a major respiratory pathogen in pre-school 

children and in adults with chronic obstructive pulmonary disease (COPD). Since the 

introduction of a conjugate polysaccharide vaccine against the dominant H. influenzae type b 

(Hib) in the 1990s, the incidence accounted to this serotype was successfully reduced. 

However, there is strong evidence for a trend towards NTHi replacing Hib in the context of 

invasive disease in humans (Resman et al., 2010). NTHi is one of the main causes for 

recurrent otitis media (OM) and tonsillitis, and is often associated with COPD (Murphy, 2006; 

Leibovitz et al., 2010). OM and COPD are major diseases, with acute OM being responsible 

for 80 % morbidity among children under the age of 3 years, and COPD causing 5 % of the 

annual deaths globally with enormous health costs (Nazir and Erbland, 2009). Clinical studies 

support the hypothesis that biofilm formation is important for severity and persistence of OM 

as well as COPD (Eldika and Sethi, 2006; Bakaletz, 2007). 

 Biofilms are complex three-dimensional structures which facilitate bacteria to survive 

in hostile environments during colonization. Bacteria in biofilms constitute functionally 

heterogeneous bacterial communities that can exhibit differences in the expression of surface 

molecules, antibiotic resistance and virulence factors all contributing to persistence in the 

human host (Hall-Stoodley and Stoodley, 2009). The role of biofilms in chronic diseases 

caused by NTHi is generally acknowledged (Bakaletz, 2007). There are microscopical 

observations of bacterial aggregates or micro-colonies of NTHi in patient biopsy samples 

(Hoa et al. 2009). In addition, many NTHi isolates recovered from patients are able to attach 

to abiotic surfaces as estimated from biofilm formation assays (Moriyama et al., 2009).    

  Several genetic determinants are identified, which can affect the biofilm properties of 

NTHi. However, the number of existing studies dealing with regulatory mechanisms 

controlling the formation of biofilms by NTHi is limited. One such mechanism is quorum 
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sensing (QS) where small signalling molecules enable the bacteria to sense their population 

density (Freeman and Bassler, 1999; Piazza et al, 1999). NTHi possesses a luxS gene, which 

is responsible for the production of the signalling molecule autoinducer-2 (AI-2). However, 

the role of luxS and AI-2 during biofilm formation and its contribution to virulence is 

controversial (Daines et al., 2005; Armbruster et al., 2009). In a more recent study, NTHi-

derived AI-2 was also brought into connection with interspecies communication in 

polymicrobial biofilms in an in vivo OM animal model (Armbruster et al., 2010). Another key 

regulatory mechanism consists of two component signalling systems, which are substantial 

for adaptation to changing environmental conditions and often are part of quorum sensing 

processes. The first component, the sensor kinase, senses environmental changes by detecting 

signalling molecules. This information is transmitted via a phosphorelay to the second 

component, the respective response regulator, which acts as a transcriptional regulator by up- 

or down-regulating the activity of its target genes (Eguchi and Utsumi, 2008; Casino et al., 

2010). 

 NTHi possesses several known and putative two-component signalling systems, which 

are explored only to a limited extent or like in the case of the QseB/C-system are yet not 

characterized. The ortholog of the QseB/C-system in NTHi, encoded by the qseB and qseC 

genes organized in an operon (Fig. 2A), was first described in enterohemorrhagic E. coli 

(EHEC) and was found to regulate the expression of virulence genes in connection with QS 

independent of AI-2 (Sperandio, Torres, and Kaper, 2002). More recent studies point at 

virulence associated functions of this novel phosphorelay system also in other pathogens 

(Moreira et al., 2010; Novak et al., 2010; Pullinger et al., 2010). . 

 In this study, we evaluated the influence of qseC on the in vitro biofilm characteristics 

of NTHi. A qseC deletion mutant was created and tested in crystal violet staining assays as 

well as in an experimental model using constant flow conditions. In addition, possible effects 

on AI-2 production were examined.  
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Methods 

 Bacterial strains and culture conditions. Hi3655wt and its isogenic mutants were 

grown overnight on chocolate agar plates at 37 °C with 5 % CO2. Liquid cultures were 

prepared in BHI (BD Bacto™) supplemented with 10 µg/ml Hemin (Sigma-Aldrich) and 10 

µg/ml NAD
+
 (Fluka) (sBHI). Vibrio harveyi MM32 (BAA-1121™) was purchased from 

ATCC
®

 and grown in autoinducer bioassay (AB) medium with 10 µg/ml kanamycin and 2 

µg/ml chloramphenicol at 30 °C. The autoinducer bioassay medium contained 0.3 M NaCl, 

0.05 M MgSO4, and 0.2 % (w/v) casamino acids adjusted to pH 7.5. After autoclaving, the 

medium was supplemented with sterile 10 mM K2HPO4/KH2PO4  (pH 7.0), 1 mM L-arginine 

and 1 % (v/v) glycerol (E. P. Greenberg et al.,1979).  

 Construction of knock-out mutants. An iIsogenic qseC and luxS knock-out mutants of 

Hi3655wt wasere generated by homologous recombination. The up- and down-stream 

flanking regions of the target gene were amplified with overhangs complementary to the 5’ 

and 3’ regions of the ORF of the respective resistance gene and merged together in a joining 

PCR (Wach, 1996) (Table 1). Phusion
®

 polymerase (Finnzymes) was used as proof reading 

polymerase for all PCR reactions. Approximately 1 µg purified linear knock-out construct 

was introduced to the bacteria by using natural transformation according to Poje and Redfield 

(2003). Transformants were selected on chocolate agar containing 1 µg/ml chloramphenicol, 

4 µg/ml zeocin or 20 µg/ml kanamycin, respectively. Resulting clones were checked by PCR 

(Fig. 1A and B). 

 Complementation of qseC. Complementation of qseC was achieved by stable insertion 

into a previously reported intergenic region on the chromosome with following modifications 

(Jones et al., 2002). The corresponding intergenic region in NTHi3655 (CGSHi3655_06559) 

was amplified with the primers KS36 and KS37 (Table 1) and cloned into pBluescript II SK 

(Stratagene) using the terminal restriction sites BamHI and XhoI yielding the plasmid pKR1 

(Table 1). Proteomic studies in our laboratory showed that the protein encoded by the gene 

with the locus number CGSHi3655_02309 is highly expressed (unpublished data). Hence, the 

promoter region of this gene (named hpf from now on) was amplified using the primers 
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PFprom_For and PFprom_Rev and cloned into the intergenic region in pKR1 with EcoRV 

and SalI yielding pKR2. In the following step, the zeocin
®

 resistance gene (bleo) was 

amplified with the primers Zeo
R
_F and Zeo

R
_R and cloned into pKR2 using the restriction 

sites SphI and SalI resulting in pKR9.1. In a final step the qseC gene was amplified with the 

help of QseC_F2 and QseC_R2 and cloned into pKR9.1, which was linearized with NheI and 

BglII. This produced the plasmid pKR9.1qseC carrying the complementation construct 

consisting of the qseC ORF driven by the promoter of hpf coupled to zeocin
®

 resistance gene 

(bleo) which was cloned downstream and in reverse direction of Phpf-qseC (Fig. 1C). The 

constructs for complementation with or without Phpf-qseC were amplified from pKR9.1qseC 

and pKR9.1, respectively, with KS36 and KS37 using Phusion
®

 Polymerase (Finnzymes). 

Purified PCR products were used to transform Hi3655wt and Hi3655KR2 by the MIV method 

as described above. Resulting clones were selected on chocolate agar plates containing 4 

µg/ml zeocin
® 

(Thermo Lifesciences), and the gene complementation was verified by PCR 

(Fig. 1D).   

 Biofilm formation assay. Hi3655wt and its isogenic mutants (Table 2) were grown 

overnight on chocolate agar plates, and resuspended in BHI containing 10 µg/ml NAD
+
 and 

10 µg/ml hemin (sBHI) to a final OD600 0.1. The suspensions (200 µl) were inoculated in 

triplicates for each tested strain in 96-well microtiter plates with flat or round bottom (NUNC, 

MicroWell™). While bacteria in round bottom plates were shaken at 37 °C and 200 rpm, 

plates with flat bottom were statically kept at 37 °C. In each plate wells with only sBHI were 

included as a control. After 24 h bacteria in suspension were removed and washed once with 

PBS. The remaining material was dried at 70 °C for 10 min and stained with 200 µl/well of 

0.2 % (w/v) crystal violet staining solution in PBS. After 30 min, the dye solution was 

removed and the wells were excessively washed with H2Odd. Bound dye was solubilized in 33 

% (v/v) acetic acid inH2Odd. The suspension (100 µl) was transferred into a fresh plate and the 

absorption at an OD 600 nm was measured. 

 Biofilm formation in flow cells. NTHi biofilms under flow conditions were grown in channel 

slides (µ-Slide VI, ibidi
®
). The surface was coated with poly-L-lysine (Sigma-Aldrich, P4707) to 
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achieve proper attachment. Coating was done by applying 50 µl of the solution into each flow cell and 

incubating either 30 min at RT or overnight at 4 °C. Hi3655wt and Hi3655KR2 were grown overnight 

on chocolate agar and resuspended in BHI diluted with PBS (1:3) supplemented with 2 µg/ml hemin 

and 10 µg/ml NAD
+ 

to a final OD600 of 0.05. Fifty microliters of each suspension were inoculated into 

the flow cells. Before the slide was connected to the pump, bacteria were allowed to settle for 30 min 

at 37 °C. The flow cells were flooded with fresh BHI:PBS at a pumping rate of  72 ml/h, and thereafter 

the run was continued at 3.6 ml/h for 24 or 48 h. Before disassembling, loose bacteria were removed 

by increasing the flow to 18 ml/h for 5 min. After disassembling, medium was removed by three 

washes with PBS and bacteria were visualized by using the LiveDead® BacLight™ staining 

(Invitrogen) according to the manufacturer's instructions. Biofilm formation was analysed with a 

confocal microscope (LSM 710, Zeiss) using a 40x oil immersion objective and a pin hole allowing an 

optical slice of ~1 µm. For z-stacks, 1 µm steps were used between each optical slice. Images were 

analysed with the software bioImage_L (Chávez de Paz, 2009). 

  

 Autoinducer-2 (AI-2) bioassay. In order to assess the AI-2 production of NTHi 3655 

and its isogenic mutants, bacteria were grown in sBHI and at different time points aliquots 

were saved for further analysis. Bacteria were removed by centrifugation (12,000 g, 3 min, 

room temperature) and sterile filtration (0.2 µm syringe top filters, Sartorius) of the 

supernatant. Samples were stored at -20 °C if not used immediately. V. harveyi MM32 was 

cultured overnight in AB medium and diluted 1:5,000 in fresh AB medium containing 

antibiotics. 90 µl of this suspension were transferred into black 96-well plates (NUNC, 

#237108) and mixed with 10 µl of NTHi supernatant diluted 1:3 with fresh BHI. Bacteria 

with supernatant were kept for 5 h at 30 °C and the luminescence was thereafter measured 

with a β-counter (MicroBeta® Trilux, PerkinElmer®) set to measure luminescence signals 

with 1 sec integration per well. V. harveyi incubated with BHI only was included as a 

background control.  

 Statistics. Student’s t-test for paired data was used for statistical calculations. p≤ 0.05 

was considered as statistically significant.  
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Results 

 NTHi QseC is homologous to E. coli and Aggregatibacter actinomycetemcomitans 

known sensor kinases. Recently QseC has been evaluated for regulation of metabolic genes 

and virulence capacity in enterohemorrhagic E. coli (Hughes et al, 2009). In addition, QseC 

of A. actinomycetemcomitans that also belongs to the family of Pastareullaceae has been 

shown to control biofilm formation and is part of the AI-2 regulon (Novak et al., 2010). To 

determine the similarity between these known QseC, we aligned the protein sequences of 

QseC from H. influenzae (Q4QJN5) with E. coli (F1YCP8) and A. actinomycetemcomitans 

(C9R3Y8) and also predicted different functional domains. H. influenzae exhibited an overall 

61.4% identity and 75.8% similarity with A. actinomycetemcomitans, and 43.9% identity and 

65.1% similarity with E. coli QseC. QseB/C is a simple two-component system consisting of 

a sensor kinase that contains a signal sensing domain, a histidine kinase domain with a 

conserved histidine residue for phosphorylation and an ATPase domain (Fig 2A and B). The 

cytoplasmic cognate response regulator QseB has a receiver domain with a conserved 

aspartate residue that receives PO4
3-

 from QseC (Fig. 2B). The histidine kinase domains and 

regulatory domains of QseC are conserved, while the sensing domains, which account for 

perceiving various signals, are diverse (Fig. 2C).   

 QseC deletion affects biofilm formation under static and semi-static conditions. In 

order to evaluate the impact of the two-component signalling system on biofilm formation, an 

isogenic ΔqseC mutant (Hi3655KR2) was constructed and compared to the corresponding 

Hi3655wt. NTHi strains adjusted to a starting OD600 of 0.1 in sBHI were grown either in 

standing F-bottom (static condition) or in shaking U-bottom (semi-static) microtiter plates for 

24 h at 37 °C. After incubation, bacteria in suspension were removed and the remaining 

material attached to the plastic surface was stained with a 0.2 % (w/v) crystal violet solution. 

The ΔqseC mutantHi3655KR2 showed a significant decrease in biofilm formation under static 

(Fig. 3A) as well as under semi-static conditions (Fig. 3B) as measured by the quantity of 

bound crystal violet (p≤0.01). In order to confirm the influence of qseC on the observed 

difference in biofilm formation an isogenic complementation mutant was generated by 
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inserting qseC under the control of the promoter of the hpf gene into the intergenic locus 

CGSHi3655_06559 (Hi3655KR4). In parallel, a control WT strain and a control knock-out 

strain were generated by inserting an empty construct into the same locus (Hi3655KR1 and 

Hi3655KR3, respectively). The same biofilm difference was observed between Hi3655KR1 

and Hi3655KR3 indicating that the insertion did not have a detrimental effect on the 

phenotype. Further on, complementation of qseC caused an increase in biofilm forming 

capacity of Hi3655KR4 compared to Hi3655KR3. Although the complementation did not 

allow a fully restored phenotype, the increase was statistically significant (p≤0.01) (Fig. 3A 

and B). 

 QseC is involved in biofilm under continuous flow. We further went on by comparing 

the biofilm formation of Hi3655wt and the Hi3655KR2 under continuous flow conditions in 

chamber slides coated with poly-L-lysine. In this experimental set-up, biofilm development of 

both strains showed large differences up to 48 h. Already at 24 h, the surface coverage was 

significantly reduced (p≤0.001) in the case of the ΔqseC mutantHi3655KR2 (20.4 ± 6.8 %) 

compared to the WT (58.0 ± 16.4 %) (Fig. 3C), although the total biomass in the chambers 

was comparable for both strains (49.8·10
3
 ± 17.3x10

3
  µm³ and 52.5x10

3
 ± 14.5x10

3
 µm³ for 

the WT and ΔqseCHi3655wt and Hi3655KR2, respectively) (Fig. 3D). In biofilms grown for 

48 h, however, the ΔqseC mutantHi3655KR2 had a total biomass of 60.7x10
3
 ± 24.4x10

3
 

µm³, whereas the total biomass of the WT strain was significantly higher, i.e., 142.8x10
3
 ± 

36.1x10
3
 µm³,  significantly higher (p≤0.05) (Fig. 2D). The viability of both bacterial strains 

at 48 h was 79.2 ± 5.3 % live cells for NTHi 3655 WTwt as compared to 84.3 ± 4.8 % for the 

ΔqseC mutantHi3655KR2, and thus not significantly differed as determined by live/dead 

staining (Fig. 3E and F). Growth and viability were additionalyadditionally checked by 

measuring OD600 in liquid shaking culture over 8 h and counting CFU after 24 h of culturing, 

respectively. In both cases no significant difference was observed between Hi3655wt and 

Hi3655KR2 (data not shownsee supplementary Fig. 1).  

 QseC is linked to a system not related to AI-2 production. NTHi possesses an intact 

luxS homologous gene and produces the quorum sensing molecule autoinducer-2 (AI-2). A 
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luxS deletion mutant was shown to be impaired in its biofilm forming ability (Armbruster et 

al., 2009). Because of the possible interconnection between AI-2 and NTHi-biofilms we 

analysed whether ∆qseCHi3655KR2 produced less AI-2 compared to the non-mutated WT. 

AI-2 production was monitored by adding bacteria free NTHi culture supernatants collected at 

different time points (0, 3 and 8 h) to a diluted culture of the bioluminescent reporter strain 

Vibrio harveyi MM32. After incubation for 5 h at 30 °C, the light production was measured. 

The luxS-deletion mutant Hi3655KR5 was used as a negative control. In this assay no 

difference could be observed in the AI-2 production capacity of Hi3655wt and Hi3655KR2, 

whereas the supernatant of Hi3655KR5 did not induce any bioluminescence (Fig. 4). Thus, 

we could exclude that the observed biofilm defects were due to an impaired AI-2 production.
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Discussion 

 NTHi occasionally causes persistent infections, and its ability to form biofilms is a 

major virulence determinant in this respect as shown with biofilm deficient mutants in animal 

models (Jurcisek et al. 2005; Hong et al. 2007). Most of the mutations leading to defects in 

biofilm formation are found in sialic acid and polysaccharide biosynthesis gene clusters 

(Swords et al. 2004; L. L. Greiner et al. 2004; Jurcisek et al. 2005). In contrast, the regulatory 

mechanisms controlling the development of biofilm and host colonisation of NTHi 

populations largely remain unexplored.  

 It is clear from our results that QseC controls biofilm formation under static and flow 

conditions. In addition, further work is needed to completely evaluate the role of QseC during 

biofilm formation. One possibility might be that QseC regulates the expression of adhesin or 

LOS-biosynthesis genes influencing the adherence capabilities due to changes in the surface 

characteristics. An indication in this direction is the difference in surface coverage between 

Hi3655WTwt and its isogenic qseC deletion mutant Hi3655KR2 (Fig. 3C, see also suppl. Fig. 

2). Nevertheless, both strains developed the same amount of biomass during the first 24 h of 

growth. Apparently, the deletion affected the attachment to the poly-L-lysine coated surface 

but had no detrimental effect on growth and interbacterial attachment. In accordance with this, 

no difference in aggregation could be observed between Hi3655wt and Hi3655KR2. Similarly 

the qseC complementation mutant, Hi3655KR4, showed no significant difference in an 

aggregationthe same assay compared to the isogenic deletion mutant Hi3655KR3 and the 

corresponding wild type control strain Hi3655KR1 (data not shownsee supplementary Fig. 3). 

However, a significant decrease in biomass could be observed in case of the ΔqseC 

mutantHi3655KR2 when grown for 48 h (Fig. 3D). Since deletion of qseC did not affect 

bacterial growth and viability as measured in liquid growth culture, the observed biofilm 

differences indicate a possible quorum sensing defect, which prevents the bacteria from 

adjusting their physiology to increasing population densities in order to maintain an intact 

biofilm structure.  

 Until now AI-2 is the only described quorum sensing signal in NTHi with an RbsB 
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homolog as a recently identified receptor (Armbruster et al., 2011). We could show that 

deletion of qseC had no effect on AI-2 production as assessed by an autoinducer bioassay 

with V. harveyi MM32 as a reporter strain (Fig. 4). Thus, the observed biofilm defect is not 

due to AI-2-deficiency. However, QseC can be a possible additional receptor for AI-2 or may 

be acting downstream of the primary AI-2 receptor RbsB as it was speculated for A. 

actinomycetemcomitans (Novak et al. 2010). Therefore, reporter assays should be developed 

in order to identify possible AI-2 dependent gene regulatory mechanisms and used for the 

comparison of the WT strain and its isogenic qseC deletion mutant. Further on, the 

identification of an alternative signalling molecule is of great interest. In EHEC, the sensor 

kinase QseC was shown to sense human epinephrine (Epi) or norepinephrine (NE), probably 

receiving signals when entering its host (Clarke et al. 2006). However, there is also a 

postulated bacterial QS-molecule, named AI-3, which is able to replace Epi or NE (Hughes et 

al. 2009).  Preliminary tests with the known agonist, epinephrine, and an antagonist, 

propanolol, like it was shown for QseC of EHEC (Clarke et al. 2006), did not result in any 

increase or decrease in biofilm formation in crystal violet assays, respectively (unpublished 

data). The alignment of protein sequences of QseC from NTHi, E. coli and A. 

actinomycetemcomitans showed higher sequence diversity in the sensing domains compared 

to the rest of the protein (Fig. 2C). Thus the experimental evidences that did not show any 

involvement of AI-2 and Epi/NE signals would be supporting for a unique and novel signal 

that might be sensed by QseC of H. influenzae. 

 Our results show that QseC influences NTHi biofilm formation, whereas the exact 

regulatory network downstream of the QseB/C phosphorelay system as well as a possible 

cross-talk with other NTHi phosphorelays like ArcA/B (Manukhov et al., 2000) has to be 

evaluated. Until now there are two reports which link qseB/C directly to biofilm in other 

bacterial species. Interestingly deletion of qseC in Aggregatibacter actinomycetemcomitans 

resulted in decreased biofilm formation similar to our observations (Novak et al., 2011), while 

in Aeromonas hydrophila in the absence of qseB a stronger biofilm phenotype was observed 

(Khajanchi et al., 2011). In the light of these and our observations it can be speculated that the 

sensor kinase QseC of this two-component system is responsible for the switch from a non-
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biofilm to a biofilm phenotype once the yet to be identified signal is perceived.  

 Biofilms are one of the most important common features of many nosocomial and 

chronic infections, allowing bacterial pathogens to colonize diverse niches and to resist anti-

infective therapy due to increased antibiotic resistance or mechanical resilience. Biofilm 

formation depends on many different factors including the signals bacteria perceive from their 

environment. Quorum sensing and two-component signalling mechanisms play a pivotal role 

during these processes (Senadheera and Cvitkovitch, 2008; Dickschat, 2010). Both are 

considered as promising alternative drug targets, since gene deletions in both systems are 

generally not lethal under laboratory conditions but affect the fitness of bacteria in certain 

niches at restricted time points as it is the case during host colonization (Gotoh et al., 2010; 

Sintim et al., 2010). Therefore, the analysis of mechanisms underlying biofilm dynamics of 

NTHi is of uttermost interest, and will facilitate new treatment strategies against this with 

disease commonly associated pathogen. 

  

Acknowledgements 

 This work was supported by grants from the Alfred Österlund, the Anna and Edwin 

Berger, the Marianne and Marcus Wallenberg, the Greta and Johan Kock, and the Åke 

Wiberg Foundations, the Swedish Medical Research Council, the Cancer Foundation at the 

University Hospital in Malmö, and Skane county council´s research and development 

foundation. We thank Agnethe Henriksson for technical assistance and Dr. Jessica Neilands 

and all the members of the Riesbeck laboratory for fruitful discussions. 



 14 

References 

Armbruster, Chelsie E, Wenzhou Hong, Bing Pang, Kristin E Dew, Richard A Juneau, 

Matthew S Byrd, Cheraton F Love, Nancy D Kock, and W Edward Swords. 2009. 

“LuxS promotes biofilm maturation and persistence of nontypeable Haemophilus 

influenzae in vivo via modulation of lipooligosaccharides on the bacterial surface.” 

Infection and Immunity 77(9): 4081-4091. doi:10.1128/IAI.00320-09. 

Armbruster, Chelsie E, Wenzhou Hong, Bing Pang, Kristin E D Weimer, Richard A Juneau, 

James Turner, and W Edward Swords. 2010. “Indirect pathogenicity of Haemophilus 

influenzae and Moraxella catarrhalis in polymicrobial otitis media occurs via 

interspecies quorum signaling.” mBio 1(3). doi:10.1128/mBio.00102-10.  

Armbruster CE, Pang B, Murrah K, Juneau RA, Perez AC, Weimer KE, Swords WE. 2011. 

“RbsB (NTHI_0632) mediates quorum signal uptake in nontypeable Haemophilus 

influenzae strain 86-028NP.” Molecular Microbiology 82(4):836-850 

  doi:10.1111/j.1365-2958.2011.07831.x. 

Bakaletz, Lauren O. 2007. “Bacterial biofilms in otitis media: evidence and relevance.” The 

Pediatric Infectious Disease Journal 26: 17-19. doi:10.1097/INF.0b013e318154b273. 

Casino P, Rubio V, Marina A. 2010. “The mechanism of signal transduction by two-

component systems.” Current Opinion in Structural Biology 20(6): 763-771.  

 doi: 10.1016/j.sbi.2010.09.010 

Chávez de Paz, Luis E. 2009. “Image analysis software based on color segmentation for 

characterization of viability and physiological activity of biofilms.” Applied and 

Environmental Microbiology 75(6): 1734-1739. doi:10.1128/AEM.02000-08. 

Clarke, Marcie B, David T Hughes, Chengru Zhu, Edgar C Boedeker, and Vanessa Sperandio. 

2006. “The QseC sensor kinase: a bacterial adrenergic receptor.” Proceedings of the 

National Academy of Sciences of the United States of America 103(27):10420-10425. 

doi:10.1073/pnas.0604343103. 

Daines, Dayle A, Marcella Bothwell, Jason Furrer, William Unrath, Kevin Nelson, Justin 

Jarisch, Natalie Melrose, Laura Greiner, Michael Apicella, and Arnold L Smith. 2005. 

“Haemophilus influenzae luxS mutants form a biofilm and have increased virulence.” 

Microbial Pathogenesis 39(3): 87-96. doi:10.1016/j.micpath.2005.06.003. 

Dickschat, Jeroen S. 2010. “Quorum sensing and bacterial biofilms.” Natural Product Reports 

27(3): 343-369. doi:10.1039/b804469b. 

Eguchi, Yoko, and Ryutaro Utsumi. 2008. “Introduction to bacterial signal transduction 

networks.” Advances in Experimental Medicine and Biology 631: 1-6. 

doi:10.1007/978-0-387-78885-2_1. 

Eldika, Nader, and Sanjay Sethi. 2006. “Role of nontypeable Haemophilus influenzae in 

exacerbations and progression of chronic obstructive pulmonary disease.” Current 

Opinion in Pulmonary Medicine 12(2): 118-124. 

doi:10.1097/01.mcp.0000208451.50231.8f. 

Erwin, Alice L, and Arnold L Smith. 2007. “Nontypeable Haemophilus influenzae: 

understanding virulence and commensal behavior.” Trends in Microbiology 15(8): 

355-362. doi:10.1016/j.tim.2007.06.004. 

Freeman, J A, and B L Bassler. 1999. “A genetic analysis of the function of LuxO, a two-

component response regulator involved in quorum sensing in Vibrio harveyi.” 

Molecular Microbiology 31(2): 665-677. 

Gotoh, Yasuhiro, Yoko Eguchi, Takafumi Watanabe, Sho Okamoto, Akihiro Doi, and 

Ryutaro Utsumi. 2010. “Two-component signal transduction as potential drug targets 

in pathogenic bacteria.” Current Opinion in Microbiology 13(2): 232-239. 

doi:10.1016/j.mib.2010.01.008. 

http://dx.doi.org/10.1016/j.sbi.2010.09.010


 15 

Greenberg, E. P., J. W. Hastings, and S. Ulitzur. 1979. “Induction of luciferase synthesis in 

Beneckea harveyi by other marine bacteria.” Archives of Microbiology 120: 87-91. 

doi:10.1007/BF00409093. 

Greiner, L L, H Watanabe, N J Phillips, J Shao, A Morgan, A Zaleski, B W Gibson, and M A 

Apicella. 2004. “Nontypeable Haemophilus influenzae strain 2019 produces a biofilm 

containing N-acetylneuraminic acid that may mimic sialylated O-linked glycans.” 

Infection and Immunity 72(7): 4249-4260. doi:10.1128/IAI.72.7.4249-4260.2004. 

Hall-Stoodley, Luanne, and Paul Stoodley. 2009. “Evolving concepts in biofilm infections.” 

Cellular Microbiology 11(7): 1034-1043. doi:10.1111/j.1462-5822.2009.01323.x. 

Hoa, Michael, Senja Tomovic, Laura Nistico, Luanne Hall-Stoodley, Paul Stoodley, Livjot 

Sachdeva, Richard Berk, and James M Coticchia. 2009. “Identification of adenoid 

biofilms with middle ear pathogens in otitis-prone children utilizing SEM and FISH.” 

International Journal of Pediatric Otorhinolaryngology 73(9): 1242-1248. 

doi:10.1016/j.ijporl.2009.05.016. 

Hong, Wenzhou, Bing Pang, Shayla West-Barnette, and W Edward Swords. 2007. 

“Phosphorylcholine expression by nontypeable Haemophilus influenzae correlates 

with maturation of biofilm communities in vitro and in vivo.” Journal of Bacteriology 

189(22): 8300-8307. doi:10.1128/JB.00532-07. 

Hughes, David T, Marcie B Clarke, Kaneyoshi Yamamoto, David A Rasko, and Vanessa 

Sperandio. 2009. “The QseC adrenergic signaling cascade in Enterohemorrhagic E. 

coli (EHEC).” PLoS Pathogens 5(8): e1000553. doi:10.1371/journal.ppat.1000553. 

Jones PA, Samuels NM, Phillips NJ, Munson RS Jr, Bozue JA, Arseneau JA, Nichols WA, 

Zaleski A, Gibson BW, Apicella MA. 2002. “Haemophilus influenzae type b strain A2 

has multiple sialyltransferases involved in lipooligosaccharide sialylation.” Journal of 

Biological Chemistry 277(17): 14598-14611. doi: 10.1074/jbc.M110986200. 

Jurcisek, Joseph, Laura Greiner, Hiroshi Watanabe, Anthony Zaleski, Michael A Apicella, 

and Lauren O Bakaletz. 2005. “Role of sialic acid and complex carbohydrate 

biosynthesis in biofilm formation by nontypeable Haemophilus influenzae in the 

chinchilla middle ear.” Infection and Immunity 73(6): 3210-3218. 

doi:10.1128/IAI.73.6.3210-3218.2005. 

Khajanchi BK, Kozlova EV, Sha J, Popov VL, Chopra AK. 2011. Two-Component QseBC 

signaling system regulates in vitro and in vivo virulence of Aeromonas hydrophila. 

Microbiology. 2011 Oct 13. [Epub ahead of print] 

Leibovitz, Eugene, Arnon Broides, David Greenberg, and Nitza Newman. 2010. “Current 

management of pediatric acute otitis media.” Expert Review of Anti-Infective Therapy 

8(2): 151-161. doi:10.1586/eri.09.112. 

Manukhov, I V, Y V Bertsova, D Y Trofimov, A V Bogachev, and V P Skulachev. 2000. 

“Analysis of HI0220 protein from Haemophilus influenzae, a novel structural and 

functional analog of ArcB protein from Escherichia coli.” Biochemistry. Biokhimii a 

65(11): 1321-1326. 

Moreira, Cristiano G, David Weinshenker, and Vanessa Sperandio. 2010. “QseC mediates 

Salmonella enterica serovar Typhimurium virulence in vitro and in vivo.” Infection 

and Immunity 78(3): 914-926. doi:10.1128/IAI.01038-09. 

Moriyama, Satomi, Muneki Hotomi, Jun Shimada, Dewan S Billal, Keiji Fujihara, and 

Noboru Yamanaka. 2009. “Formation of biofilm by Haemophilus influenzae isolated 

from pediatric intractable otitis media.” Auris, Nasus, Larynx 36(5): 525-531. 

doi:10.1016/j.anl.2008.10.010. 

Murphy, Timothy F. 2006. “The role of bacteria in airway inflammation in exacerbations of 

chronic obstructive pulmonary disease.” Current Opinion in Infectious Diseases 19(3): 

225-230. doi:10.1097/01.qco.0000224815.89363.15. 

Nazir, Shoab A, and Marcia L Erbland. 2009. “Chronic obstructive pulmonary disease: an 



 16 

update on diagnosis and management issues in older adults.” Drugs & Aging 26(10): 

813-831. doi:10.2165/11316760-000000000-00000. 

Novak, Elizabeth A, HanJuan Shao, Carlo Amorin Daep, and Donald R Demuth. 2010. 

“Autoinducer-2 and QseC control biofilm formation and in vivo virulence of 

Aggregatibacter actinomycetemcomitans.” Infection and Immunity 78(7): 2919-2926. 

doi:10.1128/IAI.01376-09. 

Piazza, F, P Tortosa, and D Dubnau. 1999. “Mutational analysis and membrane topology of 

ComP, a quorum-sensing histidine kinase of Bacillus subtilis controlling competence 

development.” Journal of Bacteriology 181(15): 4540-4548. 

Pullinger, Gillian D, Pauline M van Diemen, Francis Dziva, and Mark P Stevens. 2010. “Role 

of two-component sensory systems of Salmonella enterica serovar Dublin in the 

pathogenesis of systemic salmonellosis in cattle.” Microbiology (Reading, England) 

156(10): 3108-3122. doi:10.1099/mic.0.041830-0. 

Resman, F, M Ristovski, J Ahl, A Forsgren, J R Gilsdorf, A Jasir, B Kaijser, G Kronvall, and 

K Riesbeck. 2010. “Invasive disease caused by Haemophilus influenzae in Sweden 

1997-2009; evidence of increasing incidence and clinical burden of non-type b 

strains.” Clinical Microbiology and Infection 4. doi:10.1111/j.1469-

0691.2010.03417.x. http://www.ncbi.nlm.nih.gov/pubmed/21054663. 

Senadheera, Dilani, and Dennis G Cvitkovitch. 2008. “Quorum sensing and biofilm formation 

by Streptococcus mutans.” Advances in Experimental Medicine and Biology 631: 178-

188. doi:10.1007/978-0-387-78885-2_12. 

Sintim, Herman O, Jacqueline A I Smith, Jingxin Wang, Shizuka Nakayama, and Lei Yan. 

2010. “Paradigm shift in discovering next-generation anti-infective agents: targeting 

quorum sensing, c-di-GMP signaling and biofilm formation in bacteria with small 

molecules.” Future Medicinal Chemistry 2(6): 1005-1035. doi:10.4155/fmc.10.185. 

Sperandio, Vanessa, Alfredo G Torres, and James B Kaper. 2002. “Quorum sensing 

Escherichia coli regulators B and C (QseBC): a novel two-component regulatory 

system involved in the regulation of flagella and motility by quorum sensing in E. 

coli.” Molecular Microbiology 43(3): 809-821. 

Swords, W Edward, Miranda L Moore, Luciana Godzicki, Gail Bukofzer, Michael J Mitten, 

and Jessica VonCannon. 2004. “Sialylation of lipooligosaccharides promotes biofilm 

formation by nontypeable Haemophilus influenzae.” Infection and Immunity 72(1): 

106-113. 

Wach, A. 1996. “PCR-synthesis of marker cassettes with long flanking homology regions for 

gene disruptions in S. cerevisiae.” Yeast 12(3): 259-265.doi:10.1002/(SICI)1097-

0061(19960315)12:3&lt;259::AID-YEA901&gt;3.0.CO;2-C. 



 17 

FIGURE LEGENDS 

 Fig. 1: Knock out and complementation of qseC by homologous recombination in the 

genome. A. The ORF of qseC organized in the qseB/C operon was one to one replaced by the 

ORF of nptI (kanamycin resistance), which was fused to the up- and downstream flanking 

regions of qseC in a joining PCR and yielding the isogenic k.o.-strain Hi3655KR2. B. 

Transformants were verified by colony-PCR using the primer combination 

KmR_F/QseC_DFR. Shown is a representative 1 % agarose gel with WT-control (lane 1) and 

three clones, where the expected PCR product of ca. 1400 bp is generated (lanes 2-4). C. 

Diagram depicting the complementation strategy employed to insert the qseC gene, as well as 

the necessary controls, in Hi3655wt and Hi3655KR2. Genomic insertion occurs in the locus 

CGSHi3655_06559 annotated in the draft genome of NTHi3655 and either yields the strains 

Hi3655KR1 and Hi3655KR3 (insertion of the empty construct) or the strain Hi3655KR4 

(insertion of the complementation construct bearing qseC). D. Transformants were checked 

by colony-PCR using the primer combination Rec3655_F/PFprom_R (lanes 1, 3, 4 and 6) or 

PFpProm_F/QseC_R2 (lanes 2, 5 and 7). Shown are representative 1 % agarose gels. In lanes 

3, 4 and 6 the expected bands for a correct integration of the complementation construct are 

observed while only in lane 7 the expected band indicating the presence of qseC in the 

construct is present. Depicted are also the negative PCR-result of Hi3655wt with the primer 

combination Rec3655_F/PFprom_R (lane 1) and a non-specific PCR product of the primer 

combination PFpProm_F/QseC_R2 (lane 2).   

 Fig. 2: QseC of NTHi, E. coli and A. actinomycetemcomitans are homologous. A. 

Schematic representation of the genetic organization of the qseB/C locus and the protein 

products with their respective protein domains. The open reading frames of qseB and qseC are 

organized in an operon. B. The gene NTHi2015 encodes for sensor kinase anchored to 

bacterial inner membrane by transmembrane 1 (TM1) and TM2 domains. The sensing domain 

is situated between TM1 and TM2 exposed in periplasmic space, followed by HAMP 

(Histidine kinases, Adenylyl cyclases, Methyl-binding proteins, Phosphatases) linker domain. 

The cytoplasmic part of QseC consists of Histidine kinase domain that has a conserved 
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histidine for phosphorylation and a regulatory ATPase domain. QseB has a receiver domain 

that receives high energy phosphoryl group from QseC, followed by a DNA binding helix-

turn-helix (HTH) motif. Under non-phosphporylated conditions, it does not bind to DNA, but 

phosphorylation induces conformational changes that lead to binding to DNA and altering 

gene expression. C. ClustalW alignment of QseC of NTHi, E. coli and A. 

actinomycetemcomitans along with functional domains predicted by SMART server 

(http://smart.embl.de/) and Pfam (http://pfam.sanger.ac.uk/) server.  

 Fig. 3: Comparison of biofilm development by crystal violet staining and in flow cells. 

A and B. The qseC deletion mutant Hi3655KR2 was tested for its biofilm forming capacity in 

96-well culture plates and compared to the isogenic wild type Hi3655wt. Bacteria were grown 

for 24 h either in shaking (A) or standing culture (B) at 37 °C and after removing bacteria in 

suspension, bound bacteria and material were stained with a 0.2 % (w/v) crystal violet 

solution. A significant decrease of biofilm formation was observed under both culture 

conditions in case of Hi3655KR2. The effect of qseC was confirmed by comparing the 

isogenic qseC complementation mutant Hi3655KR4 with the deletion mutant Hi3655KR3 

carrying only the empty complementation construct. Hi3655KR4 formed under both 

conditions significantly more biofilm mass. C.-F. The biofilms of Hi3655wt and its 

Hi3655KR2 were compared microscopically after 24 and 48 h of growth under constant flow 

conditions. Bacteria were stained with Live/Dead staining kit for visualization. At 24 h the 

surface coverage was significantly lower in case of the ΔqseC-mutant (C), while the total 

biomass was comparable for both strains at this time point (D). The biofilm differed 

significantly as measured by biomass after 48 h of growth (D). Representative pictures of 48 h 

biofilms are depicted for Hi3655wt (E) and Hi3655KR2 (F). The graphs depict mean and SD 

of three independent experiments. Significance was calculated by two-sided paired Student's 

t-test; *p≤0.05, ***p≤0.001. 
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 Fig. 4: Deletion of qseC does not affect AI-2 production. Production of AI-2 in 

Hi3655wt and Hi3655KR2 was measured over 8 h of growth by using the reporter strain V. 

harveyi MM32. Sterile culture supernatants were prepared at the indicated time points and 

were added to a fresh culture of V. harveyi MM32. After 5 h of incubation at 30 °C the 

bioluminescence was measured. The results are given in relative light units (RLU). The 

isogenic luxS deletion mutant of Hi3655wt was used as a negative control. The graph 

represents the mean and standard deviation of three independent experiments with triplicates 

for each strain. 
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Table 1: List of primers and plasmids used in this study. 1 

Primer Name Sequence (5’3’) 

QseC_UFF CGCTATTTTTGTTTATAAAGT 

QseC_UFR* CCGTTGAATATGGCTCATTTTTCAACTTGTCCCAAAG 

QseC_DFF* GCTCGATGAGTTTTTCTAAAAATGGCTTTAAAATAAATGATA 

QseC_DFR AGAAAGATAATGGGTTAATG   

KmRFΔ ATGAGCCATATTCAACGG 

KmRR TTAGAAAAACTCATCGAGC 

LuxS_UFF GAGCAAGAAAAAACCCCAC 

LuxS_UFR* TCCAGTGATTTTTTTCTCCATAAATTTTCCTTATAAATCAGTTGG 

LuxS_DFF* CAGGGCGGGGCGTAAGAAGACGCTTGATTAACCT 

LuxS_DFR GATACTGCCAACCTTGGT 

Cm
R
F

Δ 
ATGGAGAAAAAAATCACTGGA 

CmRR TTACGCCCCGCCCTG 

KS36†‡
 GGCGGATCCTGACCGCACTTAGGGGGATAAAACAAAGG (BamHI) 

KS37 †‡ GGCCTCGAGAAGTGCGGTCAGGCAAGTCCCTGTTCAAA (XhoI) 

PFpProm_F
‡
 GCGGGGATATCTTCATAAACATAAAAACGCGAG (EcoRV) 

PFprom_ R
‡
 TAACGTCGACAGATCTGGCGCGCCTAGGCTAGCGATAGATTGAATGCCT

GAATAATCG (SalI, BglII, NheI) 

QseC_F2
‡
 ATTATCGCTAGCTTTTTAAATAAGGACATCTTATGAAAAATAGAA 

GCCTTACG (NheI) 

QseC_R2‡ TATACGTCTACAGATCTCTACAAGGATATTATTGCTT (BglII) 

Zeo
R
_F

‡
 ATTAAGCATGCGAGAGAATTTGATTTACCAAC (SphI) 

ZeoR_R‡ AATTAGTCGACAAGTGCGGTTCAGTCCTGCTCCTCGGCCACG (SalI) 

Rec3655_F TAACGTAAGAAATAACGATAAGA 

 

Plasmid name Backbone   Characteristics 

pKR1 pBluescript II SK 

(Stratagene) 

  Contains intergenic region (IR) from NTHi 3655 genomic 

  DNA (CGSHi3655_06559) cloned with XhoI and BamHI; 

  Amp
RΔ 

pKR2 pKR1   Contains promoter of hpf (Phpf) cloned into the IR with 

  EcoRV and SalI; Amp
R 

pKR9.1 pKR2   Contains zeocin
®
 cassette cloned downstream of Phpf in reverse 

  direction with SphI and SalI; AmpR, ZeoRΔ 

pKR9.1qseC pKR9.1   Contains ORF of qseC cloned under the control of Phpf with 

  BglII and NheI; Amp
R
, Zeo

R 

*Underlined are the overhangs, which are complementary to the 5’ and 3’ regions of the corresponding 2 
resistance gene. 3 
†KS36 and KS37 contain additional uptake signal sequences (USS) highlighted in order to increase the 4 
efficiency of natural transformation using the MIV method. 5 
‡
Underlined are the relevant restriction sites. The corresponding restriction enzymes are listed in brackets in 5’ to 6 

3’ direction.  7 
Δ
Km

R
: kanamycin resistance (nptI), Cm

R
: chloramphenicol resistance (cat), Amp

R
: ampicillin resistance (bla), 8 

Zeo
R
: zeocin

®
 resistance (bleo) 9 

10 
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 11 

Table 2: List of NTHi strains used in the present study. 12 

Name Description Reference 

Hi3655wt NTHi 3655 wild type strain, clinical isolate kindly provided by 

Robert Munson (Ohio State University) 

Ronander et al., 2008 

Hi3655KR1 Isogenic mutant of Hi3655wt in which the empty 

complementation construct amplified from pKR9.1 was 

inserted into the CGSHi3655_06559 locus, Zeo
R
 

This study 

Hi3655KR2 Isogenic qseC deletion mutant of Hi3655wt in which the qseC 

gene was replaced by nptI, KmR 

This study 

Hi3655KR3 Isogenic mutant of Hi3655KR2 in which the empty 

complementation construct amplified from pKR9.1 was 

inserted into the CGSHi3655_06559 locus; Km
R
, Zeo

R
 

This study 

Hi3655KR4 Isogenic mutant of Hi3655KR2 in which the qseC-bearing 

complementation construct amplified from pKR9.1qseC was 

inserted into the CGSHi3655_06559 locus; KmR, ZeoR 

This study 

Hi3655KR5 Isogenic luxS deletion mutant of Hi3655wt in which the luxS 

gene was replaced by cat, Km
R
 

This study 
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