
 

 

i 
 

Characterisation of Bacterial Biofilm 
Formation 

 

 

 

 

 

 

A dissertation submitted by 

Greg Tram 

BBiomedSc (Hons) 

 

 

 

 

 

 

 

to the Institute for Glycomics, Griffith University 

in fulfilment of the requirements of  

Doctor of Philosophy 

November 2019 



 

 

ii 
 

ABSTRACT 

Campylobacter jejuni is the largest contributor to bacterial gastroenteritis in the developed 

world. In addition to intestinal infections, this organism is implicated in the autoimmune 

neurodegenerative condition known as Guillain–Barré syndrome. C. jejuni is a common commensal 

organism of warm-blooded animals and avians that is passed to humans through contaminated food 

products or water. Biofilms are a specialised method of growth seen in many microbes and provide a 

means for bacteria to remain viable in harsh environmental conditions. The biofilms of C. jejuni have 

been hypothesised to play an important role in the transmission of infection. Herein, we aimed to 

investigate factors involved in C. jejuni biofilm formation as well as detailing the development of 

novel applications to established techniques 

The first chapter of this thesis aimed to evaluate the current understanding of biofilm 

formation in C. jejuni. We explored factors which play important roles in biofilm formation such as 

chemotaxis, glycosylation, microbial metabolism, quorum sensing and stress response regulators. 

These elements revealed that processes which are involved in the biofilm formation of C. jejuni are 

frequently at odds with those required for virulence and pathogenicity. This is contrary to biofilms of 

other organisms such a Pseudomonas aeruginosa which require biofilms for infection. We propose 

that biofilms of C. jejuni play a more important role in the transmission of infection rather than 

pathogenesis. 

We then present a novel improvement to an existing method for quantification of biofilm 

formation. Currently, methods for quantification of biofilm formation rely on the dissolution of 

stained biofilm formed in microtiter plates. Solubilisation of the stain provides spectroscopic data 

which allows for comparisons between the relative levels of biofilm formed. The solvents used in 

current assays are ineffective at solubilising formed biofilm and give inconsistent results. This second 

chapter details the development of an alternate solvent which was able to provide complete 

dissolution of stained biofilm and, thus, improved the accuracy and robustness of plate-based biofilm 
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assays. This new solvent was effective against a range of bacterial species and provides a marked 

improvement to microtiter plate-based methods for assessing biofilm formation. 

The third chapter details a combinatorial approach to expression studies in C. jejuni biofilms 

focusing on the role of chemotaxis signal transduction. RNA sequencing was used to examine relative 

differences in transcript levels between planktonic C. jejuni and those contained in a biofilm. This was 

combined with proteomic data obtained using iTRAQ to provide a complete profile of differential 

gene expression. Differential expression was observed in approximately 600 genes, with 300 

displaying upregulation during biofilm formation (e.g. iron metabolism, glycan production and cell 

division) and 300 showing downregulation (such as metabolism and amino acid metabolism). Large 

tracts of the chemotaxis pathway displayed downregulation, which we investigated further using 

mutant C. jejuni strains deficient in the key chemotactic proteins CheV and CheW. Both of these 

mutant strains exhibited a significant increase in the ability to form biofilm through increased 

establishment of microcolonies. The absence of these signal transduction proteins also had a marked 

effect on motility and autoagglutination. We hypothesized that the diminished motility of the mutant 

strains allows for an increase in autoagglutination and, thus, more efficient microcolony formation 

which presents a potential pathway for modulating biofilm formation in C. jejuni. 

The next chapter presents a role for N-linked protein glycosylation in C. jejuni biofilm 

formation. Phenotypic analysis of mutant strains deficient in key enzymes, PglB and PglF, shows that 

in the absence of protein glycosylation, there is a substantial increase in the ability for C. jejuni to 

form biofilms. This appeared to be a result of increased autoagglutination leading to an increase in 

microcolony formation, a mechanism similar to that observed in CheV and CheW. The architecture of 

the formed biofilms also appears to have been altered; SEM analysis of biofilms shows a filamentous 

appearance in mutant strains. This may present a further means for regulating biofilm formation in C. 

jejuni. 

The work contained in this thesis identified a number of important factors which play a role in 

the biofilm formation of C. jejuni. It also demonstrates that coupling transcriptomic and proteomic 
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analysis can provide a comprehensive profile of differential gene expression during biofilm formation. 

Many of the approaches and techniques detailed are also novel applications which have seldom been 

applied to the field of biofilms. These insights aim to improve not only the understanding of bacterial 

biofilm formation as a whole, but also the methods in which we can study them. 
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Abstract: Campylobacter jejuni is the leading cause of bacterial gastroenteritis in the 

developed world. Cases of Campylobacteriosis are common as the organism is an avian 

commensal and is passed onto humans through poultry meat and contaminated food 

preparation areas. Although typically a fastidious organism, C. jejuni is able to survive being 

outside the avian reservoir until it is able to reach a human host. It has long been suggested 

that biofilms play a key role in this transmission of this infection. The aim of this review is to 

examine the factors which trigger biofilm formation in C. jejuni and to further investigate the 

role that biofilms may play in this organism. 

Keywords: biofilm, Campylobacter jejuni, survival, transmission 

 

 

 

1. Introduction 

Biofilms are a state of growth which enable bacterial cells to meet challenging 

environmental conditions. During the early stages of a biofilm, an exuded extracellular matrix 

encases the cells leading to a marked increase in persistence of viable cells [1]. This 

extracellular matrix, the hallmark feature of biofilms, is able to concentrate nutrients and to 

shield the cells from environmental factors such as desiccation and phagocytosis [2]. The 

biofilm forming phenotype is the default mode of growth for many organisms, providing a 



 

 

4 
 

method for evading host defenses and establishing infection. In many other species however, 

biofilms may enable a transmission of infection between a reservoir of infection and ultimately, 

the host. 

Campylobacter jejuni is an opportunistic pathogen which is widely considered to be the 

causative agent in the majority of bacterial gastroenteritis cases. C. jejuni is a common 

commensal of poultry and chickens in particular. Through contaminated poultry products and 

food preparation areas, C. jejuni is able to reach the human host, colonise and infect the 

gastrointestinal tract [3]. C. jejuni has been shown to be capable of producing biofilms (Figure 

1) under a range of varying conditions [4]. Ordinarily, microaerophilic C. jejuni is not a hardy 

organism outside of a host, and as such, biofilms have been suggested to play a role in its 

environmental survival, and thereby, in the transmission of infection as well as in the 

emergence of antibiotic resistance [5,6].  

 

Figure 1. SEM Imaging of C. jejuni Biofilm. C. jejuni has been shown to form biofilms 

under a variety of conditions and play a large role in survival under harsh conditions. 

Investigation into the composition of C. jejuni biofilms is still sparse, although evidence 

suggests that the components of the biofilm matrix are similar to those seen in other organisms. 

Proteins appear to make up much the biofilm matrix in C. jejuni [7].  Carbohydrates also 
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comprise a significant portion of the C. jejuni biofilm matrix. Lectin probing demonstrated that 

at least 24 glycoconjugates can be found in C. jejuni biofilm matrix, with significant variation 

seen between strains [8]. Calcofluor white reactivity also indicates the production of a 

polysaccharide containing a β1-3 or β1-4 linkage during biofilm formation [9]. Extracellular 

DNA is an important component in C. jejuni biofilms, with biofilms being shown to be 

sensitive to DNase treatment [10]. Aside playing a structural role, eDNA may also play be 

integral to the formation of biofilms in C. jejuni. The addition of DNA to C. jejuni cultures 

increases the amount of formed biomass and is necessary for the biofilm to mature [11]. C. 

jejuni strains have also been shown to down regulate the activity of extracellular DNases in 

biofilm forming strains [12,13]. 

 

Whilst still sparse, there is building evidence to suggest that biofilms play an important 

role in the viability and infectivity of C. jejuni. Herein, we aim to examine the factors involved 

in biofilm formation in C. jejuni and further investigate the role of biofilms in this organism. 

2. Chemotaxis  

Chemotaxis is one of the more characterised elements involved in biofilm formation in C. 

jejuni. The chemotactic pathway of C. jejuni shares many features with that of the E. coli 

system. Transducer-like Proteins (TLP’s) act as membrane bound chemoreceptors, which are 

coupled to a cytoplasmic signalling domain comprised of a series of Che proteins which can 

interact with the flagella apparatus [14-16]. Upon ligand binding, the TLPs will cluster and 

regulate phosphorylation to the Che proteins [17]. A change in phosphorylated and 

dephosphorylated states of the Che proteins dictates the direction of the flagella rotation, 

causing the organism either to “run” in a particular direction, or “tumble” to reorient and change 

direction [18].  
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Aflagellated mutants of C. jejuni have been shown to be incapable of forming biofilms 

which was initially presumed to be due to general motility being required for bacterial cells to 

access the surface [19,20]. However, mutant strains with deletions to motility associated 

proteins, such as the basal body or the CheA chemotactic protein showed an increased 

propensity to form biofilms [21]. Similarly, membrane bound [15] and cytoplasmic TLP 

proteins [22], as well as Che proteins [23], also demonstrate this inverse relationship between 

motility and biofilm formation. C. jejuni strains that demonstrate lower motility also show 

higher auto agglutination propensity, a precursor for biofilm formation [24]. This trend 

suggests that it is not general motility which is required for biofilm formation, but rather 

flagella mediated adherence. This can further be seen in changes to O-linked glycosylation of 

the flagellin proteins. Whilst motility was unaffected, mutant strains defective in flagellin 

glycosylation demonstrated a decrease in autoagglutination and consequently, a reduced 

biofilm formation potential [25]. Interestingly, many of these motility associated genes have 

also been shown to be critical to the infectivity of C. jejuni which raises the possibility that 

perhaps the pathogenic and biofilm forms of this organism are distinctly regulated. 

3. Glycobiology 

C. jejuni has four main forms of glycosylation; lipooligosaccharides (LOS), the N-linked 

and O-linked glycosylation pathways, as well as a capsular polysaccharide. Each of these forms 

of glycan expression have been shown to influence the formation of biofilm in C. jejuni.  

The LOS are short chain sugar residues anchored to the lipid A present in the outer 

membrane. They are extremely prone to [26,27], and play a large role in mediating cellular 

interactions with a host or environment [28] as well as contributing to the stability of the outer 

membrane [29]. One particularly interesting finding was that C. jejuni strains which did not 

possess outer core moieties of the LOS demonstrated a marked increase in biofilm formation 
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ability [30]. The loss of the outer core sugars leads to a decrease in membrane integrity and 

biofilm formation may act as a compensatory mechanism helping to stabilise the cell. 

C. jejuni has also been shown to possess a phase variable capsular polysaccharide [31]. 

Initially thought to be an LPS, the capsule is encoded for by the cps gene cluster and results in 

a capsule which varies greatly in structure [32]. This capsule has been shown to play a large 

role in the pathogenicity of C. jejuni as mutant strains have a markedly lower ability to adhere 

to and invade intestinal cells [33]. In addition, the structure of the capsular polysaccharides 

plays a large role in the serotype specificity of different strains [34]. Whilst the capsules have 

been suggested to play a role in environmental survival [32], to date there is no evidence that 

a link exists between capsule production and biofilm formation in C. jejuni. 

N-linked protein glycosylation is the primary method by which proteins are glycosylated 

in C. jejuni. The N-linked glycosylation system, comprised of 16 pgl genes, is responsible for 

the addition of a conserved heptasaccharide to over 40 cytosolic and membrane bound proteins 

[35]. Whilst this has been previously shown to be linked to survivability of C. jejuni cells [36], 

it was not until recently that evidence emerged that N-linked protein glycosylation plays a role 

in C. jejuni biofilm formation, as lack of protein glycosylation led to an increase in formed 

biomass [37]. This upregulation of biofilm in mutant strains may serve a similar compensatory 

mechanism as strains lacking LOS. 

In addition to N-linked glycosylation, C. jejuni also has an O-linked glycosylation system. 

To date, the only characterised target for O-linked glycosylation in C. jejuni has been flagellin 

proteins [38] and a major outer membrane protein (MOMP), where it has been shown to be 

required for invasion into cells and autoagglutination [39] as well as being required for biofilm 

formation, where the loss of autoagglutination ability diminishes biofilm formation in mutant 

strains [40]. O-linked glycosylation of flagellin proteins has also been shown to be required for 
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flagella mediated adherence, and mutant strains show a marked reduction in the ability to form 

biofilms [25]. 

4. Metabolism & Environmental Factors 

The environment in which C. jejuni finds itself plays an important role in whether the 

biofilm formation will be triggered. Oxygen saturation, metabolites and nutrients as well as 

energy production capacities serve as signals to shift C. jejuni from free swimming planktonic 

forms to the biofilm state. 

The ability to regulate intracellular phosphate levels has been shown to also play a role in 

biofilm formation. Inorganic polyphosphate accumulates in C. jejuni cells, providing 

phosphate pool for downstream synthesis of other molecules. Strains defective for the PPK1 

and PPK2 genes are unable to synthesise inorganic polyphosphate and exhibit a diminished 

ability to infect and tolerate stress. As an unexpected consequence, mutant strains of both PPK1 

and PPK2 exhibit a hyperbiofilm forming phenotype [41,42]. Mutants defective in the PhoX 

alkaline phosphatase also demonstrate a decrease in infectivity and survivability whilst also 

exhibiting an increase in biofilm formation [43]. The upregulation of biofilm may serve to 

protect cells when phosphate metabolism is impaired and energy production is affected. 

Oxygen saturation may also be a key factor to biofilm formation. It has been found that 

under aerobic conditions, C. jejuni demonstrates a marked increase in the amount of biofilm 

formed, suggesting biofilm formation to be a mechanism for the generally microaerobic C. 

jejuni to withstand oxidative stress [20,44]. In addition, the ability of C. jejuni cells to adhere 

to surfaces was found to be markedly increased under oxygenated conditions [45]. Biofilms 

formed under oxygenated environments appeared to have higher biomass than those which are 

formed microaerobically, but strains which overexpress alternate methods for dealing with 

oxidative stress do not demonstrate this tendency [46,47]. Interestingly, C. jejuni mutant strains 
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deficient in oxidative stress regulators (specifically AhpC and CosR) have increased ability to 

form biofilms [48]. The accumulation of radical oxygen species may serve as a trigger to 

increase the levels of formed biofilm in response to increased oxidative stress, which could 

suggest that biofilms may be the preferred state of growth in the aerobic conditions outside of 

the host. 

The nutrients and metabolites present in the environment have been shown to acutely affect 

biofilm formation in C. jejuni. Nutrient deficient media was found to be more conducive to 

biofilm formation whilst high osmolarity was found to be inhibitory [49]. The presence of 

certain antibiotics has been shown to increase biofilm in sensitive strains, although this effect 

is inverse in strains which are resistant [50]. Interestingly, fucose is a metabolite which has 

recently been shown to limit the biofilm formation in C. jejuni [51]. C. jejuni is able to bind 

fucosylated structures [52] and has been shown to play a large role in the pathogenesis of this 

organism. Fucose is present as a part of mucin found in humans and as such may play a role in 

C. jejuni finding a niche within the host [53]. Downregulation of biofilm formation in the 

presence of fucose suggests that biofilms do not play a large role in the pathogenicity of C. 

jejuni within humans. The effect of metabolites and the environments which are conducive to 

biofilm formation suggest that the biofilms of C. jejuni are an environmental survival 

mechanism and may not be important in pathogenicity in a human host. 

5. Quorum Sensing 

 Originally elucidated in bioluminescence pathways in Vibrio fischeri [54], autoinducer 

(AI) molecules play a central role in intercellular signalling. Accumulation of these AI 

molecules is able to influence the expression of operons of the target proteins [55]. AI 

molecules have been implicated in the expression of a wide range of virulence factors [56,57], 

and many of these autoinducer molecules have also been shown to regulate operons involved 
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in the formation of biofilms in a range of bacterial species including Pseudomonas aeruginosa, 

Vibrio cholerae, and Staphylococcus aureus [58-60]. 

The most intensely studied quorum sensing system in C. jejuni is the autoinducer 2 (AI-2) 

signalling molecule encoded by the luxS gene [61]. LuxS mutants demonstrate vastly reduced 

biofilm formation, and this can be reversed through the addition of cell free supernatants 

containing AI molecules (49) highlighting the requirement for AI-2 mediated signalling to C. 

jejuni biofilms. This is suggested to be a result of the modulation of autoagglutination [62] and 

studies using inhibitors show that biofilm formation can be reduced through disruption of 

quorum sensing activity in C. jejuni [3]. LuxS (and interestingly, O-linked glycosylation of the 

flagellin) expression is also increased when C. jejuni is grown in the presence of chicken 

exudate, which may explain the increased biomass formed under these nutrient conditions [64]. 

This evidence suggests that there is a degree of coordination and regulation by individual C. 

jejuni cells during the establishment of a biofilm. 

6. Stress Response Regulators 

 Whilst there are a large number of seemingly disjointed factors which influence biofilm 

formation in C. jejuni, there is a evidence which could suggest that biofilm formation is a 

regulated process. 

The post transcriptional regulator CsrA is an mRNA binding regulator which has been 

shown to regulate the expression of a large number of targets involved in virulence and 

metabolism [65] and has been shown to directly impact the formation of biofilm in C. jejuni 

(Figure 2) [66].  
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Figure 2. Processes regulated by CsrA. The global post translational regulator CsrA has 

been shown to impact a wide range of survival factors in C. jejuni and may be an important 

regulator of biofilm formation. 

This is despite the repression of proteins such as FlaA which are usually required for flagella-

mediated adherence during the initial stages of biofilm formation [49], although the CsrA 

controlled FliW is still required [67]. Interestingly, CsrA expression represses the ability for C. 

jejuni to invade human intestinal epithelial cells and is upregulated during stationary phase 

[65,66]. This again strongly suggests that the pathogenic state and biofilm formation are 

distinct states of growth in C. jejuni, potentially regulated at least in part by CsrA. 

By contrast, the CprS two component regulatory system is shown to actively repress biofilm 

formation in C. jejuni. Mutant strains exhibit a decreased growth rate and demonstrate that 

whilst CprS is important for invasion and pathogenicity, strains lacking this regulator exhibit a 

hyperbiofilm phenotype [68]. During infection, biofilm formation is actively repressed by CprS 

and highlights that biofilms do not play a role in the infectivity or pathogenicity of C. jejuni, 
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allowing to postulate that C. jejuni uses biofilms as a mechanism to reach the host and is 

actively regulated once a niche is found. 

7. The Role of C. jejuni Biofilms 

The conditions required for biofilm formation in C. jejuni have been reported to be quite 

specific and it has been suggested that they are merely an artefact of laboratory manipulation. 

This has called into question the relevance of biofilms to C. jejuni in the natural world, 

suggesting that the role of biofilms may be limited. Comparisons are frequently drawn to P. 

aeruginosa, which is considered the model organism for studies of biofilm phenotypes and 

formation. Interestingly, there is emerging evidence that the presence of P. aeruginosa biofilms 

may enhance those of C. jejuni [69]. Whilst there are similarities between both species, there 

is a very basic difference in the role biofilms play in these two organisms, for example, many 

genes involved biofilm formation in P. aeruginosa are co-regulated with those required for 

virulence and infectivity within hosts [70]. This is in stark contrast to an organism such as C. 

jejuni in which biofilms appear to be only utilised as a method of survival outside of human 

hosts. A large number of the factors which are required for colonisation and infection of human 

hosts have a detrimental effect on biofilm formation. Far from being coincidental, processes 

which are required for infectivity and pathogenicity are often inversely regulated with those 

required to form biofilms. Biofilms are also often triggered when pathogenicity determinants 

are impaired.  

Within an avian host however, there is evidence to suggest that biofilms may be upregulated 

(Figure 2). In the presence of chicken exudate, C. jejuni produces a substantial increase in the 

amount of formed biofilm [71], as well as showing enhanced survivability in the presence of 

liver juices [72].  In addition, biofilms are increased under conditions present in the 

environment outside a host such as increased oxygen saturation and lower temperatures [73].  
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Biofilm formation may play an important role in the intermediate steps between avian 

reservoirs and infection in humans. Evidence show that many of the factors present in the 

environment will upregulate biofilm formation in C. jejuni. Biofilms have also been shown to 

be upregulated in chickens. C. jejuni may readily be able to form biofilms directly from avian 

reservoirs and biofilm formation will continue to allow for survival on food preparation 

surfaces, in food products and similar environments. The biofilms of C. jejuni may serve as a 

method for surviving the environment until infection of a human host (Figure 3), whereby 

biofilms are down regulated and the bacterial cells are able to proliferate and invade the 

epithelium of the intestine. 

 

Figure 3. SEM Imaging of C. jejuni Biofilms in Chicken Caecum. The biofilms formed 

by C. jejuni play a role in the survival in the avian intestinal tract but evidence suggests that 

biofilms do not play a role within human hosts. 

Studies into C. jejuni biofilms should therefore focus on the tenacity they confer, rather than 

the contribution to the pathogenicity seen in other organisms. The conditions under which C. 

jejuni biofilms form are vastly different from the conditions under which their planktonic 

counterparts thrive. Although biofilms do not play a role in the pathogenicity of C. jejuni, by 
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protecting the usually fragile planktonic cells, biofilms may play a vital role in the transmission 

of infection of Campylobacteriosis. 
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Abstract 

Biofilms are recognised as an important contributor to bacterial resistance towards traditional 

antimicrobial treatments. Assessment of biofilm formation currently relies on a 96-well 

microtitre plate assay, which usually involves the colourimetric detection of stain (typically 

crystal violet) removed from previously stained biofilm. The amount of crystal violet released 

is then used as a quantitative indicator of the amount of biofilm formed. Currently, this is 

achieved by solubilisation of the stain by ethanol which results in partial decolourisation of 

the crystal violet stained biofilm which impacts the accuracy and reproducibility of this 

method. Herein, we describe a modified biofilm dissolving solution (MBDS) which produces 

a more uniform and reproducible colour release from stained biofilm through solubilisation of 

the biofilm architecture itself. Here we use crystal violet stained biofilms of P. aeruginosa 

strain PAO-1, to demonstrate an approximate two fold increase in crystal violet release by 

MBDS, as compared to ethanol treatment.  In addition, when ethanol decolourised biofilms 

were treated again with MBDS, an almost equal amount of remnant crystal violet was 

recovered by dissolving the biofilm and the stain trapped within it. These results were 



 

 

27 
 

reflected in microscopic analysis of ethanol treated and MBDS treated biofilm. Similar 

results were obtained when MBDS was used to decolourise and dissolve the biofilms of a 

number of other bacterial species highlighting the advantages of MDBS as a universal solvent 

for the colour detection of biofilm.  

1. Introduction 

Biofilms are a mode of surface associated microbial growth which bacteria frequently employ 

in order to better deal with environmental stresses [1]. Biofilms also play an important role in 

the infection processes of a number of organisms by contributing strongly to factors such as 

antimicrobial resistance. Pseudomonas aeruginosa is a bacterium well documented to form 

biofilms on moist surfaces, medical instruments and in chronic respiratory infections, 

particularly in cystic fibrosis patients [2-4]. Biofilms of Streptococci and Staphylococci 

species have also been implicated in many nosocomial infections, such as encrustation of 

catheters and cases of endocarditis [5,6] .  

One of the main characteristics of bacterial biofilms is a complex extracellular matrix 

secreted around the adherent cells [7]. This extracellular matrix consists of a number of long 

chained polymeric molecules [8]. The general composition of these molecules can vary 

between species [1] but are primarily comprised of exopolysaccarides and 

lipopolysaccharides [7] . Within this matrix, bacteria are able to survive for a significantly 

longer time than their planktonic counterparts [9] due to the protection from adverse 

environments [10] including the protection from phagocytes and components of the host 

immune system [11].  

Due to the importance of biofilms to the infective pathways of a number of organisms, there 

is a need to be able to accurately and effectively quantitate biofilm formation and to study the 
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effects of agents which may be able to inhibit the processes of biofilm formation. Currently, 

many assays rely on the spectrophotometric quantitation of ethanol decolourisation of crystal 

violet stained biofilm [12, 13] . This method results in a widely varying data due to 

ineffective decolourisation and solubilisation of the stained biofilm. Here, we describe an 

alternative method which relies on solubilisation of stained biofilm matrix, providing 

increased reliability and sensitivity. 

2. Materials and Methods 

2.1 Biofilm Formation 

The P. aeruginosa strain PAO-1 was grown aerobically in liquid Luria Bertani media for 12 

hours. A number of other bacterial species were used; Klebsiella pneumoniae strain GH-KP1, 

Enterobacter cloaca strain GH-EC1, Serratia marscescens strain GH-SM1, Clostridium 

perfingens strain GH-CP1 and Staphylococcus aureus strain GH-SA1. These bacterial strains 

form part of the Griffith University Culture Collection and were isolated from clinical sources 

from the Gold Coast Hospital. These bacterial strains were grown aerobically overnight on 

Columbia blood agar (Oxoid) supplemented with 5% defibrinated horse blood. Bacterial 

cultures were then diluted with fresh Luria Bertani broth (Oxoid) an optical density of 0.5 as 

assessed at 600nm. 100µL of this bacterial suspension was then individually inoculated into a 

minimum of 3 rows of 8 wells in polystyrene 96-well microtiter plates (Nunc). Bacterial 

suspension was also used to inoculate 24- well plates containing glass cover slips. The plates 

were incubated aerophilically at 37°c for 24 hours as outlined [13] . 

2.2 Crystal Violet Staining and Solubilisation 

The 96- well plates containing formed biofilm were then washed with distilled water three 

times to remove planktonic cells and media. A 1% crystal violet solution (Sigma) was then 
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used to stain the remaining biofilm and allowed to penetrate for 15 minutes. The wells were 

then washed a further 3 times with distilled water until runoff was clear. 

Four solutions were then assessed for the ability to extract crystal violet from the stained 

biofilm; 95% ethanol (Chem Supply) (a standard solution for crystal violet decolourisation of 

96-well plate biofilm assays [12], a 5% sodium dodecyl sulphate (SDS, Amresco) solution, a 

modified biofilm dissolving solution (SDS dissolved to a final concentration of 10% with 80% 

ethanol in H2O) and distilled H2O. It was hypothesised that when combined with ethanol, SDS 

would be more able to break down the lipid rich architecture of the biofilm, liberating more 

crystal violet and providing a more complete assessment of biofilm formed. 

Following staining of the biofilm in the 96-well plates, crystal violet was solubilised with 

100µL of solvent and mixed by pipetting and removed into a clean plate. The plate containing 

solubilised crystal violet was then read with a Victor X multilabel plate reader at a wavelength 

of 600nm. A student’s t- test P value of ≤0.05 was used as a cut-off when testing for significant 

difference between absorbance readings.  

2.3 Microscopic Analysis 

The cover slips containing formed biofilm were removed from the 24-well plates and washed 

three times to remove planktonic cells. A 1% crystal violet solution was used to stain biofilm 

containing cover slips. These were then treated with either ethanol or MBDS. The cover slips 

were then re-stained for a further 15 minutes with crystal violet, dried and mounted onto glass 

microscope slides. The slides were then examined using a Nikon Eclipse E600 light 

microscope and images were taken using a Nikon DXM-1200C digital camera and Act- 1 

visualisation software. 

3. Results and Discussion 
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3.1 Assessment of SDS Based Decolourises of Stained P. aeruginosa Biofilm.  

Following biofilm formation, each series of wells was stained with a 1% crystal violet solution. 

One of either ethanol (95%), MBDS, SDS solution (5%) or distilled H2O was then applied to 

determine the effectiveness in solubilising crystal violet from stained biofilm. 

 

Figure 1 Spectrophotometry values quantifying the initial recovery of crystal violet from 

stained biofilm by different solvents. 

Upon treatment with each respective agent, MBDS and 5% SDS showed an almost 2-fold 

increase (p value >0.05) in biofilm recovery compared to traditional ethanol treatment (Figure 

1). In addition, a number of other differences were observed in the method of solubilisation. 

The 5% SDS solution showed a uniform colour, however, substantial foaming was produced, 

impacting on the accuracy of the spectrophotometric assessment of dissolved crystal violet. 

The MBDS demonstrated similar level of decolourisation to 5% SDS, however, the foaming 

of the solution was substantially reduced. Ethanol solubilisation was not effective in completely 

solubilising crystal violet, with many insoluble clumps of crystal violet stained material being 

present during treatment. The H20 control shows a negligible OD600 spectrophotometer reading 

of ≤0.05 suggesting that it is ineffective at liberating crystal violet from stained biofilm and 

was used as a control. 
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Figure 2 Spectrophotometry readings showing crystal violet recovery by secondary 

MBDS treatment of previously solvent treated biofilm.  

Following the initial treatment with solvents, the remaining biofilm was again washed with 

water and a MBDS treatment was then applied to all wells to determine whether any remnant 

crystal violet could be extracted from the remnant of stained biofilm. Both MBDS and SDS 

showed similar recovery of stain following subsequent MBDS treatment (Figure 2). Stained 

biofilm previously treated with ethanol yielded further crystal violet recovery following the 

MBDS treatment equal to that detected by the initial spectrophotometer reading, suggesting 

that ethanol was only able to dissolve approximately 50% of the crystal violet penetrating the 

biofilm. The control H2O treated wells showed that almost none of the crystal violet was 

dissolved in the initial H2O treatment as resolubilisation by the MBDS showed a 

spectrophotometer reading similar to those shown in Figure 1 for initial solubilisation by the 

MBDS. 
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Figure 3 Comparisons of formed biofilm with ethanol or MBDS treatment. (A) Pre-

ethanol treated biofilm; (B) Post-ethanol treated biofilm; (C) Pre-MBDS treated 

biofilm; (D) Post-MBDS treated biofilm. All images taken at 400× magnification.  

Following spectrophotometric assays, microscopic analysis was conducted in order to 

determine the effect of ethanol and MBDS treatment on formed P. aeruginosa biofilm. Prior 

to treatment, stained biofilm shows that much of the slide contains large aggregates of bacterial 

biofilm covering the microscope slide. Ethanol treatment of biofilm shows that large aggregates 

have detached, however, many of the smaller clusters of biofilm remain. Treatment of biofilm 

with the MBDS results in solubilisation of the majority of formed biofilm and little remains 

adhered (Figure 3). This was reflected with secondary MBDS treatment which demonstrates a 

marked decrease in stained biofilm of previously ethanol treated biofilms. This was not seen 

with secondary ethanol treatment of formed biofilm (Figure 3). This further demonstrates the 

solubilisation action of the MBDS. Although large aggregates can easily detach following 

ethanol treatment, much of the crystal violet remains trapped in smaller clusters which are 

solubilised following treatment with the MBDS. 

3.2 Effectiveness of MBDS on Biofilms of Other Bacterial Species. 
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Similar assays were conducted to evaluate the MBDS solvent for its ability to quantitate 

biofilms of a number of other Gram negative and Gram positive bacterial species.  

 

Figure 4 Comparisons of the ability of MBDS and ethanol to recover crystal violet from 

stained biofilms of a number of bacterial species. 

Formed biofilm was stained with crystal violet and either ethanol, MBDS, SDS or H2O were 

used to decolourise stained biofilm of four Gram negative organisms (S. marscescens, K. 

pneumoniae, E. cloacae and C. perfingens) and a Gram positive organism (S. aureus) (Figure 

4). Gram negative organisms tested showed similar results to P. aeruginosa biofilm with an 

approximate two fold increase in the amount of stained biofilm recovered by MBDS when 

compared to ethanol (all p values >0.05). The Gram positive organism S. aureus showed only 

a slightly increased OD600 when treated with MBDS (p value 0.03).  

3.3 MBDS Dissolves Biofilm Rather than Decolourises. 

Ethanol is widely accepted to decolourise stained biofilm, leaving biofilm at least partially 

intact whilst extracting crystal violet. However, crystal violet stained portions of the biofilm, 

which may not be accessible by ethanol, remain. The MBDS appears to work through 

solubilisation of the biofilm itself. In order to confirm this, stained biofilm was treated and re-
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stained to determine whether there was any residual biofilm remaining in the wells of the 

microtiter tray. 

 

Figure 5 Spectrophotometer values showing recovered crystal violet from initial 

treatment and re-stained biofilm. 

When subjected to a secondary treatment, the MBDS shows that there is significantly less 

recoverable crystal violet upon re-staining and decolourising when compared to the initial stain 

and treatment (p value ≤0.05) then following the traditional ethanol treatment, suggesting that 

the biofilm itself may have been solubilised (Figure 5). Ethanol treatment following re-staining 

shows that the amount of crystal violet recovered is similar to that released by the initial 

treatment (p value >0.05), suggesting that much of the original biofilm remains.  

A large portion of the biofilm architecture of most organisms consists of lipid and glycan based 

polymeric molecules such as lipopolysaccharides [7]. Although widely used [12,13], 

traditional biofilm quantitation that involved staining the biofilm with crystal violet and then 

distaining it with 95% ethanol, is often unreliable due to partial decolourisation of the stain and 

presence of insoluble fragments of stained biofilm in solution. In contrast, the SDS component 

of the alternative solvent, MBDS, described in this study, appears to be able to solubilise the 

most of the biofilm matrix, as compared to traditional ethanol treatment, allowing more 

complete liberation of crystal violet from stained biofilm. In addition to providing greater 
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recovery of crystal violet from biofilm, MBDS produces a more uniform colour, dissolving 

ethanol insoluble clumps of biofilm. This uniform colour provides a more accurate assessment 

via spectrophotometry. The dissolution of formed biofilm also provides a more efficient and 

accurate assessment of the amount of biofilm formed. Whilst the SDS component is responsible 

for the action of MBDS, when used alone as a solution, substantial foaming by the detergent is 

produced and affect the ability of traditional 96-well plate readers to accurately assess the 

optical density.  

When MBDS was used to quantitate the biofilms of other Gram negative organisms, it yielded 

the same degree of biofilm solubilisation as for P. aeruginosa biofilm, whereas the recovery 

of stain from the biofilm of Gram positive S. aureus resulted in less significant difference to 

that of the traditional ethanol solubilisation. This may be due to dissimilarity in the components 

of Gram negative and Gram positive biofilm architecture. Gram positive organisms do not 

possess an extensive lipid profile when compared to Gram negative bacterium. In addition, 

Gram positive organisms have a decreased capacity to synthesise lipid molecules. This reduced 

lipid content compared to Gram negative organisms will enable ethanol to more effectively 

penetrate the biofilm leading to only a slight increase in MBDS recovered biofilm stain.  

Biofilms are an important component involved in infections of many bacterial organisms and 

the need to find agents inhibiting biofilm formation will enable the prevention of many 

nosocomial infections such as those of P. aeruginosa. Novel antimicrobial agents are 

continuously being investigated for potential anti-biofilm activity and usually rely on the 

colourimetric microtiter plate method for assessment of biofilm formation. The use of an 

MBDS solution for assessment of biofilms, particularly when levels of the biofilm may be 

reduced, will provide a more accurate and reliable measurements to be achieved 
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Campylobacter jejuni is a foodborne pathogen and an important contributor to gastroenteritis 

in humans. C. jejuni readily forms biofilms which may play a role in the transmission of the 

pathogen from animals to humans. Herein, we present RNA sequencing data investigating 

differential gene expression in biofilm and planktonic C. jejuni. This data provides insight 

into pathways which may be important to biofilm formation in this organism.  
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Campylobacter jejuni is responsible for a large proportion of bacterial gastroenteritis in 

developed nations and is a precursor to the onset of the neuroparalytic conditions such as 

Guillain-Barré and Fisher syndromes [1-3]. Biofilms have been suggested to play a role in the 

transmission of this pathogen from animals and birds, where it is part of normal intestinal 

flora, to humans, enabling the organism to remain infectious in harsh environmental 

conditions [4-6]. Using RNA isolated from both biofilm encased and planktonic cells, we 

demonstrate that there is high level of changes in the C. jejuni transcriptome during biofilm 

formation. 

The wild- type C. jejuni strain 11168-O used in this study was provided by Diane Newell, 

UK, as previously published [7]. Strains were initially grown microaerobically overnight at 

42°C on Columbia Blood Agar with Skirrow supplement. Planktonic cell samples were 

prepared by inoculating heart infusion broth with overnight growth (Oxoid, United Kingdom) 

for a period of 12 hours under microaerobic conditions at 42°C with shaking. Biofilms were 

prepared by inoculating Mueller Hinton broth with an overnight growth (Oxoid, United 

Kingdom) and allowing biofilm to form statically on the surface in glass petri dishes under 

aerobic conditions at 42°C. Cells were then harvested and RNA prepared using a modified 

CsCl density gradient ultracentrifugation as described previously [8].  

RNA library construction was carried out using Epicentre Scriptseq Library Preparation kit 

(v2) with 13 cycles of library amplification. Sequencing was performed by Micromon RNA 

sequencing facility at Monash University using an Illumina NextSeq500 with run 

configuration of mid output 75PE (pair end). Quality control of raw RNA-seq reads was 

performed on Illumina BaseSpace using the FastQ Toolkit (v2.0). Raw reads were trimmed 

of Illumina TruSeq sequencing adapters, filtered for an average Phred Q score minimum of 

>30 and minimum read length of 32nt after trimming. Reads were further processed by 

trimming 3’ ends of bases with <30 Q scores. Processed output files were aligned to C. jejuni 
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NCTC 11168 genome (Genbank no. GCA_000009085.1) using Bowtie2 (v2.2.5). Output 

.sam files were converted to .bam format using Samtools (v0.1.19), and name-sorted prior to 

input into HTSeq (v0.6.1). HTSeq counting was performed in union mode. Default 

parameters were used for all QC, alignment and feature counting operations listed above. 

Differential gene expression analysis was performed using the edgeR R package. Low 

expression reads were filtered from the analysis, and a minimum false discovery rate (FDR) 

of < 0.01 was accepted as differentially expressed after Benjamini-Hochberg post-hoc 

correction.  

RNA-seq analysis identified 1571 genes equating to ~96.8% coverage of the C. jejuni NCTC 

11168 genome. 789 genes were considered as differentially expressed using a fold change 

cut-off of Log2 <-1 and >+1 (equivalent to a +/-2-fold change), with 427 up-regulated and 

362 down-regulated transcripts in biofilm conditions. 

Data is accessible through the NCBI Gene Expression Omnibus (GEO) Series accession 

number GSE133783 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE133783). 
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Abstract 

Biofilms serve as a protective mechanism for bacteria to cope with environmental stress. 

Whilst ordinarily a fastidious organism, it has been long suggested that C. jejuni is able to 

utilise this mode of growth as a way to transmit infection from the avian host to humans. 

Herein, we undertook a combinatorial approach to examine differential expression of C. 

jejuni genes and protein abundance during biofilm formation. RNA sequencing and 

proteomics via quantitative liquid chromatography – tandem mass spectrometry (LC-

MS/MS) revealed biofilm growth induced a substantial rearrangement of the C. jejuni 

transcriptome and proteome, with ~600 genes differentially expressed in biofilms compared 

to planktonic cells. Biofilm-induced genes / proteins were those involved in iron metabolism 

and acquisition, cell division, glycan production and attachment, while those repressed were 

associated with metabolism, amino acid uptake and utilisation, and large tracts of the 

chemotaxis pathway.  

We further examined the role of chemotaxis in C. jejuni biofilm formation by assessing the 

behaviour of isogenic strains with deletions of the cheV and cheW genes. Both ∆cheV and 

∆cheW exhibited a significant decrease in directed motility when compared to wild-type C. 

jejuni. Both mutants also demonstrated an increase in autoagglutination ability and increased 

biofilm formation. A subtle difference was also observed between the phenotypes of ∆cheV 

and ∆cheW mutants, both in motility and biofilm formation. This suggests roles for the CheV 

and CheW signal transduction proteins and may present signal transduction as a potential 

method for modulating C. jejuni biofilm formation. 
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Author Summary 

Campylobacter jejuni is a gastroenteric bacterium that is responsible for most cases of 

bacterial food poisoning in the developed world. The organism commonly resides in avian 

reservoirs and is passed to humans through contaminated poultry and animal products. 

Ordinarily, C. jejuni requires a strict set of conditions in order to survive and cause infections 

in humans. Biofilms are a method of bacterial growth that may provide shielding from harsh 

environments and provide an important link between reservoirs and human hosts. In this 

study, we have utilised a multi-platform approach to compare gene expression and protein 

abundance in planktonic C. jejuni cells and those growing as a biofilm. We subsequently 

focused on the chemosensory system of C. jejuni and demonstrated that signal transduction 

proteins play a role in biofilm formation. Our work has provided a broad profile of which 

genes are important to C. jejuni biofilms and that the chemosensory pathway has an influence 

on biofilm formation. 
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Introduction 

C. jejuni is a common commensal organism of avians and is transmitted to humans through 

contaminated food products or water. Once ingested, C. jejuni migrates through the 

gastrointestinal tract, colonising, and infecting cells of the intestine [1]. C. jejuni infections 

have also been implicated in the development of post infection complications such as the 

autoimmune neuro-degenerative conditions, Guillain-Barré and Miller-Fisher syndromes [2]. 

C. jejuni biofilms have been suggested to play a role in the transmission of infection between 

chickens and human hosts [3]. Exacting and microaerophilic, C. jejuni may utilize biofilms as 

a method of surviving nutrient deficient and oxygenated environments, such as food 

preparation and storage [4], in order to remain viable. To date, a number of factors have been 

shown to play a role in C. jejuni biofilm formation. A large number of protein families have 

been implicated, including glycosylation pathways [5], DPS (DNA-binding protein from 

starved cells) proteins [6], and post-transcriptional regulators [7]. An interesting aspect of C. 

jejuni biofilm formation is the impact of motility and chemotaxis gene exression [8,9]. 

Chemotaxis in C. jejuni is a two-component signal transduction system where a change in 

conformation of the chemoreceptors, known as transducer-like proteins (Tlps), directs 

autophosphorylation of a histidine kinase, CheA. CheA phosphorylates CheY, which acts as a 

cytoplasmic Response Regulator (RR) that migrates to the flagella motor where it can 

influence changes in flagellar rotation. The phosphorylation of CheAY also serves to activate 

CheB, a methyltransferase that demethylates the signalling domain of Tlps upon the binding 

of chemorepellents. C. jejuni possesses an additional scaffolding protein, CheV. CheV is 

comprised of a CheW-like domain and an additional CheY-like RR domain at the C-

terminus. The CheW-like domain of CheV has been shown to play a similar role to CheW 
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and the two share conserved sequence [10,11]. Currently, the function of the RR domain of 

CheV is unknown, although there is evidence it may be involved in sensory adaptation 

probably because CheB of C. jejuni lacks an RR domain present in CheB proteins of other 

bacteria [12]. A number of C. jejuni chemoreceptors have been shown to have a higher 

affinity for either CheV or CheW in C. jejuni. The Tlp2, Tlp3 (CcmL), Tlp4 paralogues and 

Tlp11 (CcrG) chemoreceptor signalling domains have been shown to interact non-

preferentially with either CheV or CheW proteins [13-15], whereas the Tlp1 chemoreceptor 

has demonstrated strong interactions with only the CheV homologue [16].  

Elements of this chemotaxis pathway have been shown to play a significant role in the 

formation of biofilm in C. jejuni. General motility is required, as deletion of components of 

the flagella complex results in a loss of biofilm forming ability [17]. Interestingly, 

chemoreceptors appear to influence both increases and decreases in biofilm formation. 

Deletions in Tlp8, for example, result in decreased biofilm production, whereas deletions in 

Tlp3 increase biofilm levels. This may be due to the effect of chemoreceptors on motility, as 

the Tlp8 mutant demonstrates increased motility whilst the directed motility of a Tlp3 mutant 

is diminished due to its “tumble” phenotype bias [8,14].  

In this study, we utilize a comparative omics approach to reveal genes and proteins that are 

associated with C. jejuni biofilm growth. Analysis of the transcriptome and proteome 

demonstrated distinct variations between planktonic and biofilm states and revealed key roles 

for a number of families of proteins including those involved in chemotaxis. We further 

investigated the relationship between the chemotaxis pathway and C. jejuni biofilms, by 

specifically examining the role of the chemotaxis proteins CheV and CheW in C. jejuni 

biofilm formation. 

Results 
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RNA transcription during planktonic and biofilm growth states. 

RNA-seq analysis identified 1571 genes equating to ~96.8% coverage of the C. jejuni NCTC 

11168 genome (Table S1). 789 genes were considered as differentially expressed (DE) using 

a fold change cut-off of Log2 <-1 and >+1 (equivalent to a +/-2-fold change), with 427 up-

regulated and 362 down-regulated transcripts in biofilm conditions (Table S2). Increasing the 

stringency by including only those DE genes that met the false discovery rate (FDR) 

threshold of <0.01 removed 169 genes from further analysis. Therefore, a final total of 620 

genes were considered DE at the +/-2-fold level of regulation, with 318 up- and 302 down-

regulated genes (Fig. 1, Table S2). 

 

Fig. 1. Volcano plot of C. jejuni NCTC 11168 gene expression during biofilm growth.  

Log2 (Fold Change) significance cut-off was +/- 1, with threshold for significance set at -

log10 (FDR) <2. A total of 1571 genes were identified (96.7% coverage) and 620 were 

significantly differentially expressed (blue shaded data points). 

 

These DE genes were next subjected to functional cluster analysis using STRINGdb. DE 

genes that were up-regulated in C. jejuni NCTC 11168 biofilm growth (Fig S1A) were 

strongly associated with several functionally related clusters; including iron limitation and 
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iron acquisition (enterochelin uptake, ceuBCD; and haemin uptake, chuABCD; cfbpBC, cfrA 

and several unique genes e.g. cj1384c and cj0730), ribosomal proteins and translation, amino 

acid biosynthesis and metabolism also related to signal molecule production and biofilm 

formation (metABEF; trpABD, hisABF1), cell division and peptidoglycan (pbpAC, murG, 

mreB) and production and attachment of N-glycans (e.g. pglABCDIG). Several smaller 

clusters were broadly related to transport of nutrients and small molecules (e.g. molybdenum, 

modABC; phosphate, pstABC), branched chain amino acid transport (livFGHKM) and co-

location in operons with no currently assigned function (e.g. cj0727-cj0732; cj1658-cj1663; 

cj1581c-cj1583c). We also examined a subset of these genes that exhibited the greatest 

magnitude of change (>+5-fold; Fig S1B). This emphasised the changes associated with iron 

acquisition and iron-regulated genes; as well as molybdenum and phosphate acquisition, and 

clusters of genes with no known function (e.g. cj1660-cj1662; cj1581c-cj1583c).  

Down-regulated DE genes (Fig S1C) clustered into fewer functional groups, however major 

clusters were associated with chemotaxis and transducer-like proteins (cheBRWY and 

cj0019c, cj0144, cj1506c, cj1564; as well as cj0448c [homologous to biofilm dispersion 

protein bdlA]), amino acid uptake, utilization (sdaC, dcuA, aspAB) and metabolism 

(sdhABC), nitrate reductase (napABDGHL) and motility (flgABCHM, fliEL, flaG). Smaller 

clusters were again related to specific operons (e.g. cj1430c-cj1436c, cj0770c-cj0772c; 

cj0920c-cj0922c [encoding peb1A and peb1C] and cj0552-cj0554). Similar to the analysis 

performed for up-regulated genes, we next specifically looked at genes with large magnitude 

down-regulated fold changes (<-5-fold; Fig S1d), which further highlighted changes 

associated with motility, nutrient uptake and metabolism, and related genes of no known 

function. 

LC-MS/MS proteomics of C. jejuni NCTC 11168 biofilm growth. 
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Label-based proteomics analysis by trypsin digest and LC-MS/MS was performed on 

biological triplicates and 1278 proteins (~78.7% of the 1623 C. jejuni NCTC 11168 genes in 

the Uniprot database) were identified in at least one biological replicate (Table S3) by a 

minimum of two or more unique peptides. 11 proteins were identified where the 

corresponding transcripts were not detected by RNA-seq (Cj0185c, Cj0202c, Cj0455c, 

Cj0483, Cj0679, Cj0874c, Cj0876c, Cj0951c-Cj0952c, Cj1392-Cj1393).  Log2 fold changes 

were converted to n-fold change for further analysis. Similar to the data observed by 

transcriptomics, biofilm growth resulted in a major remodelling of the C. jejuni proteome and 

431 proteins were considered differentially abundant (DA) at a fold-change cutoff of +/-1.5-

fold (Table S4) with 220 present at increased abundance and 211 present at reduced 

abundance in C. jejuni biofilm growth. As for the DE gene expression analysis, we next 

subjected the DA proteins to functional cluster analysis using STRINGdb. The DA proteins 

present at increased biofilm abundance displayed major clusters associated with ribosomal 

proteins (translation), protein N-glycosylation and intracellular metabolic processes, 

including methionine metabolism (MetABEF; Fig. S2A). Another cluster was associated with 

antimicrobial resistance (predominantly CmeABC). DA proteins present at reduced levels in 

biofilm growth clustered into several major groups (Fig. S2B), including ribosomal proteins, 

motility and chemotaxis proteins (FlgD, FliN, CheRY), proteins involved in respiration that 

allow the use of alternative electron acceptors under low oxygen conditions (e.g. nitrate 

reductase NapABDGL, formate and fumarate dehydrogenases [FdhABC; SdhABC] and 

Cj0264c-Cj0265c), nutrient acquisition and utilization (AspAB, AnsA, DcuA), a group of 

proteins involved in glycan biosynthesis (Cj1427c-Cj1438c), and a small cluster of 

functionally unknown proteins (Cj0411-Cj0413). 

We next integrated the omics data to identify genes and their products that were closely 

associated with this model of biofilm growth in C. jejuni. The RNA-seq and proteomics data 
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were aligned by fold-change and statistical analysis (Fig 2A). The data showed that transcript 

and proteomics data correlated well (Spearman coefficient 0.767 with p<0.001), although 

fold changes were generally considerably higher for the transcriptomics data (-52.33- to 

+25.45-fold) compared with the proteomics data (-9.38- to +14.42-fold). We also observed 

that larger RNA-seq-derived fold changes, particularly those that were up-regulated DE 

genes, mainly correlated with proteins that could not be detected by LC-MS/MS (of 48 genes 

up-regulated >8-fold only 11 could be identified at the protein level), most likely indicating 

that these transcripts (and proteins) are of lower starting abundances. Examination of the 

entire aligned dataset (transcripts and proteins both identified) using heat mapping software 

also showed that the two datasets typically correlated (as measured by direction of any 

expression / abundance change), although some specific outliers could be observed (Fig. 2B).  

We considered such ‘outliers’ to be defined as a gene/protein with an opposite and significant 

DE/DA ratio (e.g. a significantly down-regulated gene showing a significantly up-regulated 

protein abundance). Only 11 genes/proteins were outliers; 7 with elevated gene transcript and 

significantly reduced protein abundance (rpmG, fdhU, cj0299, cj0908, cj1169c, ybeY and 

cj0648), and 4 with reduced transcript level and increased protein abundance (dps, ciaI, ftn 

and cj1053c) (Table S5).  
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Fig 2. Comparisons of transcriptomics and proteomics. 

(A) Correlation plot of gene expression (x-axis) versus proteomics data y-axis). Spearman 

correlation coefficient = 0.767; (B) Heat map of gene expression (left column) and 

proteomics (left to right; mean; biological triplicate data) data, ranked according to fold 

change as determined by RNA-seq gene expression. 

 

Biofilm formation 

Since our integrated omics analysis strongly indicated repression of genes / proteins involved 

in chemosensing and chemotaxis (Fig. 3A and Fig. 3B), we next examined the role of these 

functions in C. jejuni biofilms. Quantitative comparison of biofilm formed by wild-type C. 

jejuni NCTC 11168 O and ΔcheV and ΔcheW chemotaxis-deficient mutants, demonstrated 

that the cheV-deficient isogenic mutant strain had an approximately five-fold increase in 

biofilm formation, whilst the cheW-deficient mutant showed an ~three-fold increase in the 

ability to form biofilms (Fig. 3C).  
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Fig 3. Association of chemotaxis and chemosensory genes / proteins with biofilm 

formation. (A) Heat map showing gene expression and relative protein abundance of 

chemosensory and chemotaxis-associated genes during biofilm growth; (B) STRINGdb 

cluster of enriched chemotaxis-associated genes; (C) Dissolution of stained biofilm showing 

increased levels of biofilm formation, measured by absorbance at 600nm, in CheV and CheW 

deficient mutants, (D,E,F) images of stained biofilm in 24-well plates show this same 

increase qualitatively.  

 

Motility and Autoagglutination of Che mutants 

Motility assays were conducted in order to compare the ability of wild-type, ΔcheV and 

ΔcheW C. jejuni to migrate through a solid support. Wild-type C. jejuni NCTC 11168 O 

showed an average migration of 28 mm from the inoculation site (Fig. 4A and 4B). Both 

ΔcheV (4.5 mm migration) and ΔcheW (6 mm migration) mutants showed significantly 

diminished motility when compared to the wild-type strain (p value of 0.033; Fig. 4A, 4C and 

4D).  
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Fig 4. Analysis of motility and autoagglutination activity 

(A) Migration (mm) of bacteria from the inoculation site for WT, ΔcheV and ΔcheW isogenic 

mutants in triplicate; (B,C,D) Images of the formed halos demonstrating decreased swarming 

motility by WT, ΔcheV and ΔcheW mutants; (E) Spectrophotomer readings of the upper 

phase of cell suspension following liquid culture demonstrate a lower absorbance in ΔcheV 

and ΔcheW strains when compared to WT, indicating an increased tendency for cells to 

autoagglutinate, (F,G,H) which was also evident when culture tubes were inspected. 

 

Autoagglutination assays were carried out to determine the impact of diminished motility on 

intercellular adherence. Cells with a higher tendency to adhere to neighbouring cells cause 

increased settling and a lower absorbance of the upper phase. Both ΔcheV and ΔcheW 

mutants (Fig. 4G and 4H) showed a marked increase in clustering when compared to the 

wild-type control (Fig. 4F). This increase in autoagglutination was confirmed by assessing 

the absorbance of the upper phase of media in the culture tubes.  A marked decrease was 
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noted for both mutants (agglutination assays performed in triplicate), suggesting a large 

increase in autoagglutination (Fig. 4E). 

Time-lapse microscopy 

Time-lapse microscopy was conducted to highlight differences in overall biofilm formation 

in C. jejuni isogenic strains (Fig S3). Both ΔcheV and ΔcheW isogenic mutants exhibited a 

higher tendency to aggregate into cell clusters than wild-type C. jejuni. This is particularly 

evident during the interim stages of biofilm development such as seen at 15-20 hours. Wild-

type C. jejuni showed a progressive spread of biofilm formation into a confluent monolayer, 

whereas ΔcheV and ΔcheW mutants appeared to congregate more readily into large 

microcolonies. In addition to the increased aggregates, a much larger biomass was evident in 

the ΔcheV and ΔcheW mutants when compared to the wild-type. 

Discussion 

Combining the use of RNA sequencing and proteomics enabled a global understanding of C. 

jejuni biofilm growth and demonstrated that significant remodelling of the transcriptome and 

proteome occurs in this lifestyle compared with planktonic culture at 42C. We identified 

many genes encoding protein families that were differentially expressed in biofilms including 

those involved with glycosylation, metabolism and chemotaxis, as well as a large number of 

currently functionally poorly characterised gene clusters. 

Generally, chemotaxis has long been established to play an important role in biofilm 

formation in C. jejuni, although there have been few studies that examine the role of signal 

transduction in biofilm formation. It has been suggested that the impaired motility of 

aflagellated mutants impacts the access of bacterial cells to an abiotic surface [18,19]. 
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Mutations to cheW and cheV proteins also serve to diminish motility in C. jejuni, as 

demonstrated by the decreased migration in Fig. 4. However, despite the decrease in motility, 

both ΔcheW and ΔcheV exhibited stark increases in the amount of biofilm formed, consistent 

with the significant biofilm-associated down-regulation of chemotaxis and chemosensory 

genes / proteins as determined by omics analysis. We propose that this che-associated 

reduced motility may provide more time for planktonic cells to adhere, also resulting in our 

observed increase in autoagglutination. This would allow more efficient formation of 

microcolonies during the initial stages of biofilm formation in C. jejuni (as seen in Fig. S3) 

and, thereby, a higher biomass is mature biofilms. All these data combine to suggest that 

regulation of signal transduction in C. jejuni may be critical during biofilm formation. 

C. jejuni biofilms play a functional role in the ability of this organism to withstand 

environmental stresses and, thereby, impact the ability to infect human hosts. Whilst 

chemotaxis has been suggested to play an important role, motility has been the main focus in 

regards to biofilm formation. We have provided evidence that diminished motility is 

conducive to biofilm formation in C. jejuni, and that chemotaxis may play a larger role than 

previously thought. This presents the possibility that biofilm formation in C. jejuni may be 

regulated through modulation of chemotaxis.  

 

Materials and Methods 

Bacterial strains  

The wild-type C. jejuni strain NCTC 11168 O used in this study was provided by Dr. Diane 

Newell [20]. ΔcheV and ΔcheW mutant strains were cloned into 11168 O using plasmid 

constructs provided by Professor Julian Ketley, University of Leicester, United Kingdom as 
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described previously [16]. All strains were grown microaerobically for a period of 12 hrs at 

42°C on Columbia Blood Agar (CBA) with Skirrow supplement, and where appropriate, 

supplemented with 20 µg/mL Chloramphenicol. 

Planktonic cultures of C. jejuni strains for use in proteomic and transcriptomic analysis were 

grown from an overnight plate culture, which was used to inoculate 250 mL of heart infusion 

(HI) broth (Oxoid, United Kingdom). These cultures were incubated under microaerobic 

conditions at 42°C and 120 x rpm for 12 hrs. For biofilm growth, an overnight culture of C. 

jejuni was diluted to an OD600 of 0.75 in Mueller Hinton (MH) broth (Oxoid). 10 mL of the 

cell suspension was then inoculated into glass petri dishes and incubated aerobically at 42°C.  

RNA sequencing 

Cells were harvested in 4 M guanidine thiocyanate (Promega, United States) in a 1% sodium 

lauryl sarcosine (Sigma, United States) solution. Samples were carefully laid over a 3.5 mL 

cushion of 5.7 M cesium chloride (Sigma) in 0.1 M EDTA (ChemSupply, Australia) in an 

OptiSeal polypropylene centrifuge tube (Beckman Coulter, United States) with the remaining 

volume of the tube being filled with Diethyl pyrocarbonate (DEPC) treated water. Samples 

were centrifuged at 27,000 x rpm for 16 hrs at 4°C in an Optima L-100 XP ultracentrifuge 

(Beckman Coulter) using a SW32Ti rotor. 

Following centrifugation, the upper phase was removed and the tubes were cut before being 

allowed to completely drain. The RNA pellet was washed in 100 µL 70% ethanol before 

being resuspended in 120 µL Tris EDTA (TE) / Sodium dodecyl sulfate (SDS) with 80 µL of 

TE being used to dissolve remaining RNA. 650 µL of chilled ethanol was added to 

resuspended samples in addition to 10 µL sodium acetate (Sigma) to precipitate RNA. 

Samples were centrifuged at 14,000 x rpm in a Microfuge 22R centrifuge (Beckman Coulter) 

for 15 mins at 4°C. The supernatant was removed and a further 650 µL of 75% ethanol was 
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used to wash the pellet. Samples were centrifuged for a further 5 mins at 14,000 x rpm and 

the supernatant removed. Pellets were allowed to air dry before resuspension in RNase free 

water. Quality and concentration of RNA was assessed using a Nanodrop 2000 (Thermo 

Scientific, United States). RNA library construction and RNA-seq analysis were performed 

by Micromon RNA sequencing facility at Monash University using an Illumina NextSeq500.  

Quality control of raw RNA-seq reads was performed on Illumina BaseSpace using the FastQ 

Toolkit (v2.0). Raw reads were trimmed of Illumina TruSeq sequencing adapters, filtered for 

an average Phred Q score minimum of >30 and minimum read length of 32nt after trimming. 

Reads were further processed by trimming 3’ ends of bases with <30 Q scores. Processed 

output files were aligned to the C. jejuni NCTC 11168 genome (Genbank no. 

GCA_000009085.1) using Bowtie2 (v2.2.5). Output .sam files were converted to .bam format 

using Samtools (v0.1.19), and name-sorted prior to input into HTSeq (v0.6.1). HTSeq 

counting was performed in union mode. Data is accessible through the NCBI Gene 

Expression Omnibus (GEO) Series accession number GSE133783 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE133783). Differential gene 

expression analysis was performed using edgeR and R package. Low expression reads were 

filtered from analysis, and a minimum false discovery rate (FDR) of < 0.01 was accepted as 

differentially expressed after Benjamini-Hochberg post-hoc correction. 

Preparation of peptide samples for analysis by LC-MS/MS 

C. jejuni samples for use in proteomic analysis were grown in a similar manner as those used 

in RNA sequencing. Following incubation, samples were harvested in RNase free water. 

Frozen, washed bacterial cell pellets were lyophilised overnight and kept at -80°C until 

required. Pellets were resuspended in lysis buffer containing 150 mM Tris-HCl, 125 mM 

NaCl and 0.1 mm acid-washed glass beads (Sigma) and lysed by 4 rounds of bead-beating (4 
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m/s, 1 min) with 1 min rest periods on ice. Cell debris was removed by centrifugation at 

16,000 x g for 15 mins at 4°C. 250 µL of sample was mixed with ice-cold 

water/methanol/chloroform in a ratio of 3:4:1 to precipitate proteins. Proteins were 

resuspended in 6 M urea, 2 M thiourea and reduced with dithiothreitol (DTT; 10 mM) at 

37°C for 1 hr followed by alkylation with iodoacetamide (IAA; 20 mM) for 1 hr at room 

temperature in the dark. Samples were then diluted 10-fold in 100 mM 

triethylammoniumbicarbonate (TEAB) and quantified using the Qubit protocol (Life 

Technologies, Carlsbad CA). Samples were digested with trypsin in a ratio of 1:50 

enzyme/sample for 16 hrs at 37°C. Lipids were precipitated using formic acid (FA) and 

removed by centrifugation at 16,000 x g for 15 mins at 4oC. 

Supernatants were acidified with trifluoroacetic acid (TFA) to a final concentration of 0.1%, 

and peptide purification was performed using 60 cm3 hydrophilic lipophilic balance (HLB) 

cartridges (Waters Corp., Bedford MA). Cartridges were activated with 100% methanol (1 

volume), followed by 100% acetonitrile (MeCN; 1 volume) and 70% MeCN / 0.1% TFA (1 

volume). The cartridges were equilibrated with 0.1% TFA (2 volumes) and loaded with 

peptide sample. Samples were reapplied three times to ensure sufficient binding, washed with 

0.1% TFA, and eluted with 70% acetonitrile / 0.1% TFA (1 volume). Peptides were then 

lyophilised and resuspended in 100 mM TEAB and quantified using Qubit. 125 µg of 

peptides were labelled per channel using isobaric tags for relative and absolute quantitation 

(iTRAQ) according to the manufacturer’s protocol (SCIEX, Framingham, MA). Samples 

were combined and diluted to 1 mL in 0.1% TFA and purified by HLB columns, as described 

above. Labelled samples were lyophilized and stored at -80oC until required. 

Quantitative LC-MS/MS of peptides from C. jejuni 
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8 µg of iTRAQ-labelled peptides were separated into 10 fractions by offline hydrophilic 

interaction liquid chromatography (HILIC) using an Agilent 1100 chromatography system. 

Fractionation was performed using a 20 cm, 320 µm inner diameter (i.d) column packed with 

TSK-Amide 80 HILIC resin, 3 µm particle size (Tosoh Biosciences, Tokyo, Japan). Samples 

were resuspended in buffer B (90% MeCN / 0.1% TFA) and separated using a linear 

gradient: sample loading for 10 mins with 100% buffer B at 12 µL / min, sample elution from 

90 - 60% buffer B at 6 µL/min for 40 mins. Peptide elution was monitored by an absorbance 

detector at 280 ± 4 nm. Fractionated samples were lyophilised and stored at -20°C until mass 

spectrometric analysis.  

HILIC fractionated peptides were resuspended in 0.1% FA and separated on an Ekspert 

NanoLC 400 system coupled to a SCIEX TripleTOF 6600 quadrupole time-of-flight mass 

spectrometer (SCIEX, Framingham MA) operated using AnalystTF (v.1.7.1). Peptides were 

loaded in buffer A (0.1% FA) directly onto an in-house packed 75 µm x 55 cm reversed 

phase column (1.9 µm particle size, C18AQ; Dr Maisch, Germany), then separated by 

adjusting the proportion of buffer B (80% MeCN, 0.1% FA) from 5–40% over 120 mins at 

400 nL/min at 55°C. The TripleTOF 6600 was operated in positive ion mode using 

information (data) dependant acquisition mode, with the top 40 most intense ions with a 

minimum ion count of 400 and charge state between +2 and +5 selected for MS/MS 

fragmentation. MS scans were acquired using a mass range of 350 –1400 m/z and an 

accumulation time of 250 ms, with the instrument operated in high sensitivity mode using a 

mass range of 100-1800 m/z, accumulation time of 50 ms, resolution set to unit, mass 

tolerance set to 20 ppm and the options for rolling collision energy (CE) and adjust CE for 

iTRAQ reagent selected. 

LC-MS/MS data were identified and quantified with ProteinPilot (5.0.0.0) using the Paragon 

algorithm, searched against the UniProt C. jejuni NCTC 11168 genome database 
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(UP000000799; organism ID 192222; release May 24, 2018, 1623 proteins) with search 

parameters as follows: sample type set as iTRAQ 4-plex (Peptide Labeled), cysteine 

alkylation with IAA, digestion using trypsin allowing one missed cleavage, instrument set as 

TripleTOF 6600, search effort as thorough and FDR analysis using a detected protein 

threshold of 0.05. Total reporter ion intensity for each protein was calculated at the protein 

level, normalised against the summed reporter ion intensity for all proteins including 

contaminants present in that channel. An average of reporter ion intensity at the protein level 

was used for downstream analysis. Proteins were included for analysis only if they contained 

≥2 identified and quantified peptides. A difference of ≥ +/-1.5 fold was considered 

differentially abundant between groups.  

Post-processing of transcriptomics and proteomics data 

Heat map data were generated in Morpheus (https://software.broadinstitute.org/morpheus/).  

Functional cluster analysis was performed in STRINGdb [21]. 

Assessment of biofilm formation 

Plate-grown cultures were harvested with 1 mL of MH Broth and the OD600 of samples was 

adjusted to 0.75. 100 µL of bacterial suspension was used to inoculate a 96-well plate, which 

was then incubated for 48 hrs at 42°C.  Wells were gently washed with 200 µL of Phosphate 

Buffered Saline (PBS) and stained with 100 µL 1% Crystal Violet (CV) for 15 mins. Wells 

were gently washed a further 3 times with 200 µL of PBS and biofilm solubilised with 100 

µL of biofilm solvent as previously published [22]. Plates were then analyzed using a Victor 

X multilabel plate reader at 600nm. Statistical significance was determined using a paired, 

two-tailed students t-test. 

Motility assays 
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Motility assays were conducted as previously described [14]. Following incubation, cells 

were harvested in 1 mL MHB and OD600 adjusted to 0.5. 5 µL of this bacterial suspension 

was then stabbed into 0.35% MH plates and incubated for 48 hrs at 42°C. The diameter of the 

measured growth from the stab point was measured in mm. All motility assays were 

performed in triplicate. 

Time lapse microscopy 

Cells were harvested from plates in 1 mL of MHB and adjusted to an OD600 of 0.75. Bacterial 

suspensions were used to inoculate 24-well plates containing sterilised glass cover slips. 

Plates were incubated at 42°C for 45 hrs. At each five-hour timepoint, cover slips were gently 

washed with PBS and fixed with 5% formalin. Cover slips were then gently washed with 1 

mL of PBS and stained with 500 µL of CV for 15 mins. CV was then removed and the cover 

slips were washed three times in PBS before being allowed to air dry and mounted to slides. 

Samples were analysed using a Nikon Eclipse E600 light microscope and images taken using 

a Nikon DXM-1200C digital camera and Act- 1 visualisation software. 

Autoagglutination assays 

Autoagglutination assays were carried out as previously described [14]. Cells were harvested 

from incubated plates in 1mL of PBS and suspensions were diluted to an OD600 of 1.0. 2mL 

of the diluted bacterial suspensions were inoculated into 10mL glass culture tubes and 

incubated for a period of 24 hours at 42°C. The culture tubes were then inspected for 

agglutination of cells and the upper 1mL was assessed spectrophotometrically at 600nm. 
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Supporting information 
 

 

Fig S1A. STRINGdb cluster analysis. DE genes with fold-change >+2, using custom 

assigned confidence of 0.850 and orphan nodes removed. 318 nodes, 456 edges with PPI 

enrichment p-value <1.0e-16.  
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Fig S1B.  STRINGdb cluster analysis. DE genes with fold-change >+5 (118 genes), using 

custom assigned confidence of 0.850 and orphan nodes removed. 118 nodes, 96 edges with 

PPI enrichment p-value <1.0e-16. 
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Fig S1C.  STRINGdb cluster analysis. DE genes with fold-change <-2, using custom 

assigned confidence of 0.850 and orphan nodes removed. 301 nodes, 283 edges with PPI 

enrichment p-value <2.2e-16. 
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Fig S1D. STRINGdb cluster analysis. DE genes with fold-change <-5 (96 genes), using 

custom assigned confidence of 0.850 and orphan nodes removed. 97 nodes, 23 edges with 

PPI enrichment p-value = 0.00043. 
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Fig S2A. STRINGdb cluster analysis. DA proteins with fold-change >+1.5, using custom 

assigned confidence of 0.850 and orphan nodes removed. 220 nodes, 314 edges with PPI 

enrichment p-value <2.6e-11. 
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Fig S2B. STRINGdb cluster analysis. DA proteins with fold-change >-1.5, using custom 

assigned confidence of 0.850 and orphan nodes removed. 210 nodes, 173 edges with PPI 

enrichment p-value <2.21e-10. 
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Fig S3. Time lapse microscopy. Demonstrating the tendency for aggregation of 11168-O, 

ΔcheV and ΔcheW isogenic mutants. Both ΔcheV and ΔcheW strains demonstrated a 

significantly higher tendency to cluster into microcolonies when compared to wild type 

11168-O over a period of 25 hours. 
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Abstract 

Campylobacter jejuni is an enteric pathogen which has been hypothesised to utilize biofilms 

to transmit infection to human hosts. Herein, we examine the effects of N- linked protein 

glycosylation on biofilm formation and morphology in C. jejuni. Mutant strains deficient in 

the two key enzymes of this pathway, PglB and PglF, were examined for phenotypic changes. 

Both ΔpglB and ΔpglF mutants showed a marked increase in biofilm formation when 

compared to wild-type strains, in addition to a more rapid establishment of mature biofilms. 

Time lapse analysis suggests this to be in response to an increased efficiency of microcolony 

formation which accompanies an increase in autoagglutination ability in mutant strains. The 

morphology of biofilm formed by the Pgl mutants also differs from wild-type strains with 

mutant strains exhibiting a filamentous architecture. This suggests an important role for N-

linked glycosylation in C. jejuni survival and presents a potential pathway for regulation of 

biofilm formation. 
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Introduction 

Campylobacter jejuni is a zoonotic organism which is the leading causative agent in bacterial 

gastroenteritis cases [1], as well as being involved in the development of the neuroparalytic 

post-infection sequelae, Guillain Barré Syndrome [2]. This Gram-negative bacterium is 

transmitted to humans via contaminated poultry, milk and other food products. C. jejuni 

biofilms have been suggested to play a role in the transmission of infection between avian 

reservoirs and human hosts [3]. Fastidious and microaerophilic, it has been suggested that C. 

jejuni may utilize biofilms as a method of surviving nutrient deficient and oxygenated 

environments such as food preparation and storage [4]. 

C. jejuni has two principal post-translational protein glycosylation pathways; O-linked and N-

linked. O-glycosylation is responsible glycosylation of flagellin proteins and a major outer 

membrane protein [5] whereas N-protein glycosylation is responsible for the addition of a 

conserved heptasaccharide (GalNAc-α1,4-GalNAc-α1,4-(Glcβ1,3-)GalNAc-α1,4-GalNAc-

α1,4-GalNAc-α1,3-Bac-β1,N-Asn) to approximately 45 periplasmic and surface proteins [6].  

This heptasaccharide is synthesised in a sequential manner and a series of sixteen genes is 

responsible for this process, which are present on a single locus known as the protein 

glycosylation (Pgl) island [7]. PglB, one of the key proteins in the Pgl pathway, is responsible 

for the transfer of the completed heptasaccharide onto asparagine residues of target proteins. 

The second key gene product, PglF (a dehydratase), is involved in the conversion of UDP-

HexNAc into bacillosamine (Bac) [8]. 

N-linked protein glycosylation has been shown to be required for a number of bacterial 

functions. Mutants deficient in elements of the Pgl system show reduced growth and survival 

when compared to wild type strains [9]. It has been recently suggested that N-linked 

glycosylation may play a significant role in survivability and biofilm formation in C. jejuni 



 

82 
 

[10]. Previous work has shown that the PglH transferase (responsible for the addition of the 

final α‐1,4‐linked GalNAc residues of the heptasaccharide) may play a role in biofilm 

formation in C. jejuni [11], potentially highlighting the impact glycosylation may have in this 

process.  

This study aimed to investigate the effects of diminished N-linked glycosylation of C. jejuni 

proteins on biofilm formation through the analysis of phenotypic changes in mutant C. jejuni 

strains deficient in key glycosylation enzymes PglB and PglF.  

Methods 

Bacterial strains  

The wild- type C. jejuni strain 11168-O used in this study was provided by Diane Newell as 

previously published [12]. 

ΔpglB and ΔpglF plasmid constructs were provided by Christine Szymanski as previously 

published [13], which were transformed into C. jejuni strain 11168-O. 

All strains were grown microaerobically (5% O2, 10% CO2 in N2) for a period of 24 hours at 

42°C on Columbia blood agar (CBA) plates (Oxoid) supplemented with Skirrow selective 

media and 5% horse blood (Equicell). ΔpglB and ΔpglF mutant strains were grown in the 

presence of 30 µg/mL Kanamycin (Roche). 

Quantitation of biofilm formation  

Following 24 hour growth on CBA plates, cells were harvested into Mueller Hinton (MH) 

broth (Oxoid) and diluted to an optical density (600nm) of 0.75. A series of eight wells in a 

96-well plate (Greiner Bio-one) were then inoculated with 100 µL of diluted bacterial 
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suspension and biofilm was allowed to form on the surface for a further 48 hours at 42°C 

under aerobic conditions. 

Suspensions were removed and wells were gently washed with 200 µL phosphate buffered 

saline (PBS). 100 µL of 1% crystal violet (Sigma) in dH2O was used to stain attached biofilm 

for 15 minutes. Crystal violet was then removed and wells were washed 3 times with 200 µL 

PBS and biofilm was solubilised as described previously [14]. 

Autoagglutination 

Autoagglutination assays were carried out as previously published [15]. Following 24 hour 

incubation, cells were harvested in 2 mL of PBS and diluted to an OD600 of 1.0 in 10 mL 

glass culture tubes. These were then incubated microaerobically at 42°C for 12 hours. The 

tubes were then qualitatively assessed for signs of autoagglutination.  

Microscopy assays 

Following 24 hour incubation, cells were harvested using MH broth and the OD600 was 

adjusted to 0.75. 500 µL of the diluted suspension was then used to inoculate sterilised 

circular cover slips in 24- well plates and incubated for a further 48 hours at 42°C under 

aerobic conditions. 

Samples for use in light microscopy were gently washed three times in PBS and fixed 

overnight with 1% formalin. Samples were then washed in PBS and 500 µL of 1% crystal 

violet (CV) was used to stain samples. These were then washed three times with PBS and 

mounted onto slides. Samples were analysed using a Nikon Eclipse E600 light microscope 

and images taken using a Nikon DXM-1200C digital camera and Act- 1 visualisation 

software. 
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Samples used for scanning electron microscopy were gently washed three times with 0.1M 

sodium cacodylate buffer (Sigma). Samples were fixed using 2.5% glutaraldehyde (Sigma) 

for 1 hour prior to ethanol dehydration in a series of ethanol solutions from 10%-99% in 10% 

increments with 15 minutes at each step followed by a 15 minute hexamethyldisilazane step. 

Samples were then allowed to air dry before being mounted onto SEM stubs (Proscitech). 

Slides were then gold sputter coated prior to analysis using a Jeol JCM-5000 Neoscope 

scanning electron microscope. 

Results 

Phenotypic analysis  

Dissolution of formed biofilm was used to determine the amount of gross biofilm formed by 

each C. jejuni strain. The ΔpglB mutant strains showed an approximately 2.5-fold increase in 

formed biofilm when compared to the wild-type control. The C. jejuni 11168 ΔpglF mutant 

showing similarly increased levels of biofilm formation (Fig. 1A). 

Autoagglutination activity was also assessed to determine if the increases in biofilm 

formation correlated with increases in intercellular agglutination. Both glycosylation mutants 

exhibited a substantial increase in autoagglutination ability compared to the wild-type 

control. This could be seen by a clumping of mutant pglB and pglF cells in culture tubes 

(Fig. 1B, 1C), whereas the C. jejuni 11168 wild-type strain suspension was homogenous (Fig. 

1A). 

Morphological analysis 

Time lapse microscopy was used to highlight differences in the biofilm formation in C. jejuni 

strains. Both pglB and pglF mutants exhibited a higher propensity to aggregate into 
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microcolonies than the wild-type C. jejuni 11168-O, which showed a more uniform 

development of biofilm (Fig. 2).  

Mutant strains also exhibited a much shorter time required to develop into a mature biofilm. 

The biofilm development wild-type strain reached a plateau at the 25 hours. Both C. jejuni 

pglB and pglF mutants reached a similar peak development after 10 hours. At 30 hours 

both mutant strains showed distribution of these aggregates into a confluent biofilm. 

SEM imaging was also conducted in order to examine architectural features in formed 

biofilm. The 11168-O wild-type strain exhibited the typical architecture of C. jejuni biofilms 

with cells reverting to a coccoid morphology (Fig. 3A).  

Both the ΔpglB and ΔpglF mutant strains however, exhibited an altered biofilm architecture 

(Fig 3B and 3C). Cells contained in these biofilms appeared to be connected by filamentous 

material, and exhibited a tendency to cluster together into aggregates. 

Discussion 

Due to the large number of target proteins, N-linked protein glycosylation in C. jejuni is 

involved in a wide variety of cellular processes. The Pgl system of genes has been shown to 

play a role in the protection of cellular proteins from degradation and bacterial fitness [6], as 

well as being required for natural competence in C. jejuni [16]. 

PglB is responsible for the transfer of the completed glycan to target proteins, whereas PglF 

serves to synthesise the initial bacillosamine subunit required for heptasaccharide synthesis. 

Mutant strains deficient in these key enzymes demonstrate a marked increase in the ability to 

form biofilms which we propose is a result of the increase in autoagglutination activity. The 

increase in autoagglutination provides a more efficient means for microcolony formation 

which allows for a greater mass of biofilm to be formed. N- glycosylation serves protective 
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roles in C. jejuni; this increase in biofilm formation may be a defensive mechanism; 

compensation for diminished glycosylation. 

In addition to the quantity of biomass, the gross biofilm morphology of both Pgl mutants 

appeared to be different to the biofilm formed by the wild-type. SEM analysis revealed that 

the architecture of both Pgl mutant strains exhibited a more filamentous morphology. This 

type of biofilm morphology has been previously described [17] and it was suggested that the 

fibrous connections between cells were flagella bridges. This could be an example of 

filamentation, a stress response often seen in bacteria, and has been previously shown to 

occur in C. jejuni broth cultures [18], thought to be a mode of growth allowing for survival 

outside of the gastrointestinal tract. N-linked protein glycosylation has been shown to play a 

role in protection of cellular proteins and the absence of this protection may trigger 

filamentation as a stress response. 

It should be noted that whilst this work presents a potential phenotype for N-linked 

glycosylation, many of the observed effects observed may be caused indirectly. Due to the 

large number of  target proteins, the effects may be pleiotropic and futher expression studies 

are required to definitively demonstrate the relationship between N-linked glycosylation and 

biofilm formation. 

Campylobacteriosis is the leading contributor to bacterial gastroenteritis in many developed 

countries. C. jejuni biofilms potentially play a large role in the transmission of infection and 

are being found to be increasingly important. We have shown that in the absence of protein 

glycosylation, biofilms more readily and with a greater biomass. This presents a potential role 

for the Pgl glycosylation system in modulating biofilm formation in C. jejuni.  
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Figure 1. Phenotypic variation in wildtype C. jejuni 11168-O, ∆pglB and ∆pglF deficient 

mutants. Dissolution of stained biofilm in microtiter plate biofilm assays demonstrates that 

both ∆pglB and ∆pglF deficient mutants show a statistically significant increase in the levels 

of formed biofilm when assessed in microtiter based biofilm assays when compared to wild 

type (A). Mutant strains also exhibit an increased propensity to cluster together when 

assessed in autoagglutination assays (B,C,D). 
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Figure 2. Time lapse microscopy showing biofilm formation over a period of 20 hours. 

Mutant ΔpglB and ΔpglF strains exhibited a higher tendency for aggregation into 

microcolonies when compared to wild type C. jejuni strains. 
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Figure 3. SEM imaging demonstrating biofilm (500x magnification). The wild-type 

11168-O strain (A) and the filamentous biofilm formed by ΔpglB (B) and ΔpglF (C) mutant 

strains. 
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Discussion and Future Directions 

Whilst biofilms have been known to exist for a relatively long period of time, only recently 

have the phenotypic changes that occur for biofilm formation begun to be characterised. 

Bacterial aggregates were observed by Antony van Leeuwenhoek in the 1700s, but for the 

next three centuries, the characteristics of those cells contained in biofilms were presumed to 

be the same as planktonic cells (Hoiby, 2014). It was the observation of P. aeruginosa 

samples isolated from cystic fibrosis patients which showed that biofilms were required for 

virulence and infectivity (May et al., 1991). The phenotypic changes which occur in biofilms 

have now been shown to play a unique role in a wide range of other organisms.  

The quantification of biofilm formation remains key for not only assessing biofilms but also 

methods for inhibition. This work contains details on the development of a biofilm solvent 

which is a marked improvement on currently used methods. This enables a more efficient and 

accurate profile of biofilm formation across a range of bacterial species. In addition, due to 

the efficacy of this solvent, there is the potential for this to be used as a cost effective 

antibiofilm agent for abiotic surfaces. 

C. jejuni infections remains one of the most common causes of bacterial gastroenteritis in 

developed nations (Galanis, 2007). These infections cause conditions ranging from self-

resolving cases of gastroenteritis to the development of neuroparalytic conditions causing 

death (Moore, et al, 2005). A large focus of work has been in elucidating virulence factors 

and has shown that whilst C. jejuni is not a hardy organism, only a small number of 

organisms are necessary for disease (Robinson, 1981). This is due to potent immunoevasion 

and pathogenicity factors and highlights the importance of understanding the processes 

involved in transmission of infection. C. jejuni biofilms are an area which remains 
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understudied, though interest in this important area has been expanding as it may play a 

significant role in the spread of Campylobacteriosis. 

Current understanding of C. jejuni biofilms suggests that they play a large role in the 

environmental survival of C. jejuni and thereby may be a key factor in the spread of infective 

cells from avian hosts as well as other reservoirs for infections to humans (Murphy, Carroll, 

& Jordan, 2006). There remains a large number of sparsely understood aspects to the biofilms 

of this organism which could have implications to a number of fields from medical treatments 

to food safety. This body of work has contributed a number of factors involved in the 

development of C. jejuni biofilms and has shown that the biofilms are state that is distinct 

from the infective planktonic state. This presents the possibility for shifting the focus to 

prevention of C. jejuni infections, rather than treatment of disease. 

A persistent issue found with studying biofilm formation in C. jejuni is differentiating 

phenotypes that are the result of active regulation from artefacts formed during laboratory 

manipulation. Our work with RNA sequencing and iTRAQ analysis demonstrates a robust 

approach to understanding the phenotypic features of biofilms. We also detail a novel method 

for extracting RNA from biofilms, which will enable new approaches to studying gene 

expression in biofilms.  

Mutants with deletions to the CheV and CheW genes in the chemotaxis pathway exhibited a 

substantial increase in the ability to form biofilm compared to wildtype strains. It was found 

through proteomic and transcriptomic analysis that both of these genes were downregulated 

in cells contained in a biofilm when compared to planktonic cells. This suggests that 

regulation of chemotactic signal transduction could be a method used by C. jejuni to 

modulate biofilm formation. A similar effect was seen when glycosylation is absent from C. 

jejuni, ∆pglF and ∆pglB deficient mutants also demonstrate this significant increase to 
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biofilm formation. Transcriptomic and proteomic analysis also show downregulation in key 

glycosylation enzymes during biofilm formation, which could indicate an additional method 

for modulation of biofilm formation. This work presents both chemotaxis and N-linked 

glycosylation as pathways which could be targeted to prevent biofilm formation in C. jejuni. 

Future works which aim to investigate phenotypic changes in cells during biofilm formation 

should also include a component to study expression changes in biofilms.  

An area of future work could be to further investigate the roles biofilms play in C. jejuni 

cells. Currently, the nature of the protection which biofilms provide the C. jejuni bacterium 

within is largely uncharacterised. It is unknown which specific environmental factors 

biofilms may be able to protect against for this organism. Additionally, though it has been 

theorised that biofilms in C. jejuni enable survival outside of hosts, the role biofilms play in 

this has remained largely unstudied. Defining the mechanisms involved in the increased 

survivability of bacteria within a biofilm may enable identification of the more effective 

methods for inhibiting transmission of C. jejuni infection.  

Investigating the role biofilms play in connecting the avian and human reservoirs for C. jejuni 

may also provide insights into the applicability of laboratory studies. Biofilms formed in the 

laboratory may be prone to adaptation; phenotypes which were caused as a side-effect of 

long-term use in a laboratory setting. It has been widely acknowledged that a large degree of 

adaptation can occur in strains that are long term laboratory isolates. Laboratory strains 

exhibit vastly different invasion phenotypes and exhibit transcriptional changes when 

compared to newly isolated clinical or avian strains (Gaynor et al., 2004). It is currently 

unknown which differences biofilms exhibit when formed by newly isolated environmental 

strains from either human, avian sources, or poultry products. Investigating the phenotypes of 

these environmental strains would provide information into which processes are applicable to 

C. jejuni biofilms in an in vivo setting. 
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These altered phenotypes may also play an important role in environmental biofilms. Just as 

planktonic cells rarely exist as single species communities outside of laboratory settings, it is 

rare for biofilms to be comprised of a single species. Bacteria contained within these biofilms 

have an increased tendency to acquire traits from other bacterial species contained in the 

biofilm and in addition exhibit enhanced mutability (Bae & Jeon, 2013). C. jejuni possesses 

many traits which may be advantageous to other organisms such as antibiotic resistance (B. 

L. Ge, Wang, Sjolund-Karlsson, & McDermott, 2013), toxin production (Wassenaar, 1997) 

and pathogenicity and virulence determinants (Dasti, Tareen, Lugert, Zautner, & Gross, 

2010). An interesting area for future work may be to investigate the roles that C. jejuni may 

play in a multispecies biofilm. The phenotype and abilities that C. jejuni possesses may be 

transferred onto other organisms which occupy the same niche. This may change our 

understanding of the infectivity and viability of these organisms, as many studies currently 

focus on a single species setting. Biofilms are a natural setting for multiple species of 

organisms to congregate and it may be that a species can influence or alter characteristics of 

other bacteria contained therein. Understanding this interplay between bacteria within 

biofilms will provide insight into the adaptability and pliability of not only gastroenteritic 

pathogens, but also of infectious diseases as a whole. 

The impact of eDNA in biofilms could be an area of investigation which could be expanded. 

Currently, it is known that eDNA makes up a significant portion of the biofilm matrix across 

a large number of organisms (Okshevsky & Meyer, 2015). Whilst much of this eDNA is a 

result of cell lysis (Turnbull et al, 2016), evidence shows that this is a directed process 

(Raymond et al, 2018; Feng et al, 2018; Sigurlásdóttir et al, 2019). In addition to forming the 

framework of the biofilm, eDNA may contribute in a large part to the genetic pliability of 

bacterial cells within the biofilm. Biofilms may play a significant role in the ability for 

bacterial species to share virulence factors through mechanisms of horizontal gene transfer. 
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Investigating these mechanisms could slow the spread of antibiotic resistance or development 

of increasingly virulent bacterial strains. 

An important issue to consider with C. jejuni biofilms is the variation from the P. aeruginosa 

paradigm. The contributors to biofilms in C. jejuni are dissimilar to those usually seen in 

model organisms.  It stands to reason that other organisms may have biofilm pathways which 

also do not adhere to this paradigm and understanding the biofilms of C. jejuni will shed light 

on the factors involved in the biofilms of other pathogenic organisms. 

The importance of biofilms to disease is an aspect which has only recently begun to be 

understood. Understanding biofilms and their consequences will have a wide-ranging impact 

on our perception of infective diseases in general and ultimately the approaches used to treat 

them. 
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