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[bookmark: _Toc4505837]Abstract
     Biofilms in aquatic ecosystems develop on wet benthic surfaces and are primarily comprised of various allochthonous microorganisms, including bacteria embedded within a self-produced matrix of extracellular polymeric substances (EPS). When watercourses are contaminated with pathogenic bacteria, these can become incorporated into biofilms. This study aimed to isolate and identify the bacterial species within biofilms retrieved from river-stones found in the Porter Brook, Sheffield using 16S ribosomal RNA (rRNA) gene sequencing analysis. It also sought to evaluate the effect of environmental factors, such as nutrient availability, incubation time, temperature, pH, anaerobic conditions, osmotic stress and hydrodynamic conditions, such as shear stress on the formation of bacterial biofilm using a microtiter plate-based assay and to investigate the role of bacterial second messenger cyclic-di-GMP (c-di-GMP) in regulating the formation of bacterial biofilm. Twenty-two bacterial species were identified. Among these were 10 gram-negative pathogenic bacteria, establishing that potential human pathogens were present within the biofilms. Klebsiella pneumoniae isolate (designated as MBB9) showed the greatest ability to form a biofilm using a microtiter plate-based crystal violet assay. Biofilm by K. pneumoniae MBB9 formed rapidly (within 6 h) under static conditions at 37°C and then increased up to 24 h of incubation before decreasing with further incubation (48 h), whereas the applied shear forces (horizontal orbital shaker; diameter of 25 mm at 150 rpm) had no effect on K. pneumoniae MBB9 biofilm formation. Different concentrations of glucose (0.25, 0.5 and 1 g L-1), peptone (0.25, 0.5 and 1 g L-1) and yeast extract (0.25, 0.5 and 1 g L-1) as carbon and nitrogen sources had an impact on biofilm formation by K. pneumoniae MBB9. The greatest biomass level was at 0.25 g L-1 for glucose whereas the density of biofilm increased significantly with increasing concentration of peptone and yeast to 1 g L-1 of peptone and yeast extract, suggesting that higher levels of peptone and yeast extract can be beneficial for biofilm formation by K. pneumoniae MBB9 in microtiter plates. The amount of biofilm was high at pH 4.5 and 0.6% NaCl; however, the significant reduction achieved at pH 10.5 and 10.6% NaCl could be as a result of slow growth under higher NaCl concentration and highly alkaline condition. High-density biofilm was produced at 40°C; however, a temperature of 50°C reduced the amount of biofilm by K. pneumoniae MBB9, suggesting that more extreme temperatures might affect the formation of biofilm by inhibiting growth. Besides, biofilm production under anaerobic conditions was significantly lower (83% less) than under aerobic environments. Klebsiella pneumoniae MBB9 harboured 11 genes with GGDEF domains, 11 genes with EAL domains, and 6 genes with both GGDEF and EAL domains, most of these were linked to sensory domains, suggesting that various signals can be integrated into the cellular c-di-GMP pool. The majority of GGDEF domains have an intact conserved A site, suggesting that they are catalytically active whereas all EAL domains have a c-di-GMP-specific phosphodiesterases (PDE) activity except BluF_2 and YahA proteins. Genes coding for GGDEF proteins, vdcA_2, yeaP_1 and yfiN and genes coding for the hybrid GGDEF and EAL proteins, KPI_01662 and KPI_02530 were up-regulated in K. pneumoniae MBB9 biofilm determined by quantitative real-time polymerase chain reaction (qRT-PCR), however, a gene coding for an EAL protein, bluF_2, likely lacking PDE activity, was the only EAL-coding gene that up-regulated in the biofilm. This suggests that the up-regulation of vdcA_2, yeaP_1 and yfiN genes combined with up-regulation and activity switching of hybrid GGDEF/EAL proteins (KPI_01662 and KPI_02530) during biofilm growth contributed to the increased level of intracellular c-di-GMP associated with biofilms. 
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[bookmark: _Toc4505843]1.1 Bacterial biofilms
     Bacterial biofilms are aggregations of cells attached to surfaces and surrounded by a matrix of extracellular polymeric substances (EPS) (Marvin et al., 2001; Karaca et al., 2013). On Earth, over 99% of bacteria are thought to live in structured biofilm communities (Garrett et al., 2008). The mostly self-produced extracellular polymeric matrix that encases the microorganisms promotes survival in hostile environments, including tolerance to antibiotics and provides structure to the biofilm (Núñez et al., 2013; Limoli et al., 2015). Biofilms can exist in both natural and anthropogenic environments (Beściak and Surmacz-Górska, 2011). All kinds of surfaces, from inert materials to living matter, such as tissues or cells can be prone to colonization by microbes (Dunne, 2002). Although biofilms can develop on particulate matter, solid surfaces in aqueous environments are often susceptible (Ardré et al., 2015). The adhesion of bacteria onto submersed solid surfaces and subsequent microbial growth, followed by the production of EPS lead to the formation of biofilms (Pereira et al., 2002).

     The composition of biofilms depends on environmental factors, such as temperature, pH and nutrient availability (Marić and Vraneš, 2007; Zhao et al., 2017). Although the composition may not be identical, the major components are typically water, bacterial cells and their secreted EPS (Bogino et al., 2013). Biofilms are complex highly hydrated structures since they incorporate large amounts of water by hydrogen bonding (Neu and Lawrence, 1997; Donlan, 2002; Dunne, 2002). Hence, within the biofilm matrix, water is the primary component – up to 97% of the mass and a biofilm is considered as an absorbent and porous structure that has water channels and pores (Vatansever and Turetgen, 2018). The water channels allow the distribution of nutrients, oxygen and even microorganisms through fluid circulation (Vasudevan, 2014). Extracellular polymeric substances constitute about 1-2% while microbial cells account for about 2-5% of the biofilm matrix mass (Sutherland, 2001). 

     Although the EPS component may differ in its physical and chemical properties, it is mainly composed of polysaccharides, proteins, nucleic acids, lipids, phospholipids and humic substances (Simões et al., 2010; Flemming and Wingender, 2010; Vasudevan, 2014). Sand or the remains of plants can also be found within the EPS (Beściak and Surmacz-Górska, 2011). Extracellular polymeric substances are known to be responsible for adhesion (cell to cell interaction), cohesion (cell-surface interaction) and scaffolding to maintain the three-dimensional architecture of the biofilm (Czaczyk and Myszka, 2007; Toyofuku et al., 2016). The structural components of this matrix can help in keeping the structure hydrated and robust, whereas its high tensile strength keeps bacteria in close contact encouraging cell-to-cell interactions and the exchange of DNA (Kostakioti et al., 2013). Besides, EPS plays an important role in biofilm maintenance since it regulates the diffusion of compounds from the surroundings into the biofilm and delays or prevents antimicrobials from reaching microorganisms within the biofilm (Kokare et al., 2009; Simões et al., 2010). It also helps protect cells against environmental stress factors which can have a harmful influence (Bogino et al., 2013). However, the quantity of EPS may vary depending on the age of biofilms, the type of microbes presents and the environmental conditions (Mayer et al., 1999). As the biofilm ages, the amount of EPS tends to increase (Kokare et al., 2009). 

     A single bacterial strain can form a biofilm, but most natural biofilms are formed by multiple bacteria (Dunne, 2002; Yang et al., 2011). Although biofilm can be formed by bacterial species, many species of fungi, algae, and protozoa can also form biofilms (Singh et al., 2006). In a heterogeneous biofilm, the metabolic by-products of one microbe can support the growth of another, while the adhesion of one species can produce ligands supporting the attachment of others; however, nutrient competition and accumulated toxic waste by primary colonizers can limit the species diversity within a biofilm (Dunne, 2002). Gram-positive and gram-negative bacteria, such as species of Bacillus, Staphylococcus, Pseudomonas, Enterobacter, Flavobacterium and Alcaligenes are the most frequent biofilm producers as well as anaerobes that can produce corrosive biofilms (Mattila-Sandholm and Wirtanen, 1992). The formation of biofilm has been best studied in Pseudomonas aeruginosa (Tielen et al., 2010; Mann and Wozniak, 2012).

[bookmark: _Toc4505844]   1.2 Biofilm formation process 
     Biofilm formation is a natural process that occurs as the result of a balance between a variety of physical, chemical and biological processes (Qureshi et al., 2005; Garrett et al., 2008). Biofilm formation and development can be viewed as a multi-step process (Stoodley et al., 2002). These steps include an initial reversible attachment of planktonic microorganisms to a pre-conditioned surface, a transition from reversible to irreversible attachment during the formation of biofilm through the production of EPS. The development of microcolonies into a mature biofilm then occurs followed by cell dispersion from the biofilm into the surrounding environment (Figure 1.1). In the initial step of biofilm formation, the attachment is mostly affected by the surface's properties, such as roughness and hydrophobicity (Zhao et al., 2017). Bacterial adhesion has been found to depend on the hydrophobic–hydrophilic properties of interacting surfaces (Garrett et al., 2008). In general, the initial adhesion of bacteria on abiotic surfaces is mediated by nonspecific (e.g., hydrophobic) interactions, whereas adherence to living or devitalized tissue is achieved through specific molecular (lectin, ligand, or adhesin) docking mechanisms (Dunne, 2002). It is known that many bacteria produce multiple adhesins, and that some are regulated at the transcriptional level, allowing organisms to switch from sessile to planktonic forms under various environmental influences (Dunne, 2002).


[image: ]Figure 1.1: The five stages of biofilm development. Stage 1: Free-floating (planktonic) bacteria adhere to the surface. Stage 2: Bacterial cells aggregate form microcolonies, secrete extracellular polymeric substances (EPS) and the attachment becomes irreversible. Stage 3: a biofilm is formed and matures, and cells form multi-layered clusters. Stage 4: The growth of three-dimensional and further maturation of the biofilm, providing protection against the external environment. Stage 5: the biofilm reaches a critical mass, and planktonic bacteria disperse to colonize other surfaces. Image from Karaguler et al. (2017).

[bookmark: _Toc4505845]1.2.1 Initial reversible attachment
     Biofilm development can occur on almost any surface in any environment in which viable microbes are present (Kumar and Anand, 1998). Biofilm formation begins with the adhesion of single cells to material surfaces that are exposed to an aqueous medium and formation of a conditioning layer (Donlan, 2002). Adhesion is known to be a critical step in biofilm formation; once the bacteria attach to the surface, the chances of further transport of other free-floating microbes increases resulting in coaggregation and the creation of multiple layers (Perni et al., 2014). The conditioning layer is an organic monolayer which forms on surfaces and acts as a docking place for the first reversibly attached cells; however, the strength of the biofilm is dependent upon the cohesiveness of the conditioning film (Garrett et al., 2008; Perni et al., 2014). This layer can be formed within minutes of exposure to an aqueous medium (e.g. water) and then proceed to grow for several hours (Donlan, 2002). The conditioning film plays a significant role in cellular or microbial adhesion and can be dependent on the concentration of organic molecules in the medium that is in contact with the surface (Garrett et al., 2008). Surface physical properties, such as charge and roughness play a role in the adhesion of organic molecules (Boulange-Petermann and Jullien, 2004; Carnazza et al., 2005; Garrett et al., 2008). Increased surface roughness has been found to efficiently promote initial biofilm development and microbial colonization due to the larger surface area (Donlan, 2002). After the establishment of the conditioning layer, planktonic microorganisms in the aqueous medium attach themselves to this layer (Kumar and Anand, 1998). The attachment depends on the motility of microbes or the moving of the planktonic (free-floating) cells through gravity, diffusion or the forces of the fluid dynamic from the surrounding liquid phase (Kumar and Anand, 1998; Chavant et al., 2002; Gorski et al., 2003). Thus, the existence of external appendages on the bacteria, such as flagella, pili and fimbriae can overcome the repulsive physical forces and reach the bulk lattice of the conditioning layer stimulating chemical reactions and consolidating the bacteria–surface bond (Garrett et al., 2008). Adhesion can also be affected by the availability of nutrients in the surrounding medium (Kumar and Anand, 1998). After the initial interaction has developed between the bacterial cells and the substratum, many interaction forces can influence this reversible adhesion, such as van der Waals attraction forces, electrostatic forces and hydrophobic interactions, and fluid shear forces can often easily remove the bacterial cells at this stage (Kumar and Anand, 1998). Electrostatic forces tend to favor repulsion since many bacteria and inert surfaces are negatively charged (Dunne, 2002). 
[bookmark: _Toc4505846]1.2.2 Irreversible attachment
     In this stage, microorganisms are irreversibly attached to the surface and synthesize EPS (Kumar and Anand, 1998; Jefferson, 2004). Secretion of EPS by bacteria reaches a certain level, forming a strong interaction between the microbe and the surface (Zhao et al., 2017). During this stage, planktonic microorganisms can stick to each other or different species of surface-bound organisms, forming aggregates on the substratum and the adhesion becomes irreversible in the absence of physical or chemical intervention, thus the bacterial cells become attached firmly to the surface (Dunne, 2002).

[bookmark: _Toc4505847]1.2.3 Biofilm architecture development
     After an initial lag phase, a rapid increase (the exponential growth phase) in population can be observed which depends on the nature of the environment, both physically and chemically (Banerjee et al., 2015). The irreversibly attached cells start growing and dividing using the nutrients in the conditioning film and in the surrounding fluid to form microcolonies and produce the further polymer (EPS) which helps anchor the cells to the surface and stabilize the colony from environmental fluctuations (Kumar and Anand, 1998). In this stage, both physical and chemical processes contribute to the initial adhesion ends, biological processes start to dominate, production of polysaccharide intercellular adhesion (PIA) polymers and the presence of divalent cations interact to form stabler bonding (Banerjee et al., 2015). Besides, surface appendages production is inhibited in sessile cells since motility is restricted and no longer necessary; however, the expression of genes that are responsible for cell surface proteins production and secreted products increases concurrently (Garrett et al., 2008). 

[bookmark: _Toc4505848]1.2.4 Maturation
     During this stage, the attached small colonies grow into a mature biofilm, with the characteristic three-dimensional biofilm structure, through reproduction and by accumulating debris and new planktonic bacteria from the surrounding environment (Sehar and Naz, 2016; Zhao et al., 2017). In this stage, cell to cell and cell to substratum attachment depends on the EPS (Zhao et al., 2017). At high cell density, cell signalling mechanisms that use a range of different signal types known as quorum sensing are used by the biofilm; however, QS is important for biofilm maturation processes since bacteria monitor cell density and regulate collective behaviour (Garrett et al., 2008; Rabin et al., 2015; Zhao et al., 2017). Although quorum sensing is typically thought to mediate intraspecies communication, there is evidence that interspecies interaction also occurs (Srivastava and Waters, 2012). Gram-positive and gram-negative bacteria use different types of QS systems that involve the production, detection, and response to extracellular signalling molecules called autoinducers, including specific peptides for gram-positive bacteria and acylated homoserine lactones for gram-negative bacteria (Rutherford and Bassler, 2012) (Figure 1.2). The population of bacteria regulate their gene expression by producing and responding to these autoinducers (Rabin et al., 2015). Once mature the biofilm has three layers: a joining film binding the biofilm to the surface; a base film composed of a dense layer of bacteria; and a surface film from which free-floating bacteria can arise and spread (Silverstein and Donatucci, 2003).
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Figure 1.2: Quorum sensing systems in bacteria. Gram-negative bacteria produce acylated homoserine lactones (AHLs) that upon reaching threshold concentrations enter the cells and activate the cognate AHL receptor and induce the expression of QS-regulated genes. Gram-positive bacteria secrete mature autoinducing peptides (AIPs) that interact with a transmembrane histidine kinase receptor (blue) activating target gene expression through autophosphorylation of the cognate transcriptional regulator (grey). Image from Ivanova et al. (2013).


[bookmark: _Toc4505849]1.2.5 Dispersal
     Dispersal is the final stage of the biofilm process where attached cells detach and disperse to colonize a new niche (Gupta, 2015). Biofilm cells can be dispersed either by shedding of daughter cells from actively growing cells or detachment can arise due to various factors, such as nutrient limitation, fluid dynamics and shear effects of the bulk fluid, secretory proteins and catabolite repression (Gupta, 2015; Zhao et al., 2017). The detachment stage consists of sloughing, erosion and abrasion (Donlan, 2002). Erosion refers to the continuous removal of single cells or small biofilm fragments (Kaplan, 2010). Sloughing is the loss of large particles of biofilm biomass (Figure 1.3) (Kaplan, 2010). This loss is due to nutrient and dissolved oxygen depletion at the base of the biofilm or to a sudden increase in nutrient concentration in the bulk liquid (Donlan, 2002). Abrasion is a loss of biofilm by suspended particles (Kaplan, 2010). Any released cells may be transported to new locations and then restart the process of biofilm formation (Gupta, 2015). Detachment from biofilms is thought to be a key reason for the spread of pathogens (Zhao et al., 2017).
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Figure 1.3:  Biofilm accumulation through time. After an initial lag phase, the growth of bacterial population increased rapidly, otherwise described as the exponential growth phase. The biofilm tends to reach a maximum thickness that may vary from a few microns to some millimeters. In the stationary phase, the rate of bacterial cell growth is equal to the rate of bacterial cell death. Shear stress is actively releasing surface bacteria for colonization of new substrates. Figure based on (Melo and Flemming, 2010).


[bookmark: _Toc4505850]1.3 Factors involved in biofilm formation
     The formation of biofilm is a dynamic and complex process which includes initial attachment of bacterial cells to the substratum, physiological changes within the microbe, multiplication of adhered cells to form microcolonies and finally biofilm maturation (Puttamreddy et al., 2010). Biofilm-associated bacteria demonstrate distinct features from their free-living planktonic counterparts; (i) intercellular signalling systems, such as QS, in which cells produce signalling molecules that regulate the development of the biofilm, (ii) cyclic nucleotide second messengers, such as the bacterial second messenger c-di-GMP, which regulates biofilm formation and dispersal by controlling flagellar motility, attachment and extracellular polysaccharide production, (iii) biofilm-associated proteins, which form a scaffold and builds the biofilm matrix (Zhao et al., 2017). The biofilm process is regulated by intrinsic biological properties and also by many environmental factors since the structure of biofilm can dynamically change depending on environmental conditions that affect the ability of bacteria to grow and survive (Bjergbæk et al., 2006; Gomes et al., 2014; Toyofuku et al., 2016). It is known that the change of phenotype from planktonic to the sessile form occurs in response to changes in environmental conditions (Chiara et al., 2016). These environmental factors, such as nutrient level, temperature, pH, ionic strength can influence biofilm formation (Agarwal et al., 2011). Various factors can influence bacterial adhesion; cell surface properties, such as hydrophobicity, flagellation, and motility, surface properties, such as hydrophobicity and roughness and environmental factors, such as temperature, pH, availability of nutrients and hydrodynamic conditions (Table 1.1) (Oder et al., 2017). Cell surface properties, specifically the presence of extracellular appendages, such as fimbriae, flagella, the interactions involved in cell to cell communication and EPS production, such as surface-associated polysaccharides or proteins possibly provide a competitive advantage for one organism in a mixed microbial community (Donlan, 2002, Simões et al., 2010). Bacteria with hydrophobic properties are more likely to attach to surfaces than hydrophilic bacteria; however, the attachment of biofilm will occur readily on surfaces which are rough, hydrophobic, and coated by surface conditioning films (Donlan, 2002; Pagán and García-Gonzalo, 2015). The physicochemical properties of the substratum, such as texture (rough or smooth), hydrophobicity and charge can also be modified by environmental conditions, such as pH, temperature, and nutrient levels (Pagán and García-Gonzalo, 2015). In aquatic environments, the rate of microbial attachment can be increased with increasing the velocity of the flow, water temperature or nutrient concentration, providing these factors do not exceed critical levels (Prakash et al., 2003).

Table 1.1: Important variables in bacterial cell attachment and biofilm formation.
	Properties of the substratum
	Properties of the bulk fluid
	Properties of the cell

	
	
	

	Hydrophobicity
	Temperature
	Cell surface hydrophobicity

	Conditioning film
	pH
	Extracellular appendages, such as fimbriae and flagella

	Texture or roughness
	Flow velocity
	Extracellular polymeric substances

	
	Nutrient availability
	


Information based on (Donlan, 2002).


     Since the process of biofilm formation can be influenced by different factors, such as cyclic-di-GMP signalling, hydrodynamic conditions, incubation period, nutrients and oxygen availability, temperature, pH and osmotic stress, these factors will be considered in detail.


[bookmark: _Toc4505851]1.3.1 Cyclic-di-GMP
     The bacterial second messenger c-di-GMP plays a central role in the formation of biofilm (Nair et al., 2017). The molecule was originally identified as an allosteric activator of cellulose synthesis in Gluconacetobacter xylinus (Cotter and Stibitz, 2007). Since then, it has emerged as an important molecule that controls the switch from a motile, planktonic lifestyle to a sessile, biofilm-associated existence (Valentini and Filloux, 2016). Its role in regulating the transition from a motile to a settled state has been observed in several bacteria, including but not limited to P. aeruginosa, Salmonella enterica and Vibrio cholerae (Srivastava and Waters, 2012). Many bacteria can produce c-di-GMP, which has been shown to regulate a wide range of functions, including bacterial adhesion and biofilm formation, EPS production, bacterial motility and control of virulence (Sisti et al., 2013; Toyofuku et al., 2016). Cyclic-di-GMP was also found to affect a wide array of other fundamental bacterial behaviors, such as cell cycle proliferation, development, fimbrial synthesis, type III secretion, RNA modulation and stress response (Srivastava and Waters, 2012).  

     The intracellular levels of c-di-GMP are regulated by the antagonistic activity of diguanylate cyclases (DGCs) and phosphodiesterases (PDEs) enzymes that catalyze the synthesis and hydrolysis of this molecule (Cruz et al., 2012). Cyclic di-GMP is synthesized from two molecules of GTP by DGCs and degraded into 5′-phosphoguanylyl-(3′-5′)-guanosine (pGpG) or to two molecules of GMP by PDEs (Ha and O'Toole, 2015). Diguanylate cyclases share a conserved domain containing the amino acid motif GGDEF, whereas PDEs include one of two conserved domain families: one defined by the EAL motif and the other by an HD-GYP motif (Mills et al., 2011). High levels of c-di-GMP are found to be associated with the adhesion to surfaces, production of EPS, and formation of bacterial biofilm or a sessile lifestyle, whereas low levels can increase bacterial motility, promote biofilm disassembly and lead to the activation of virulence pathways (Cruz et al., 2012; Gao et al., 2013; Ha and O'Toole, 2015).

     GGDEF and EAL domains may be found individually or together as hybrid proteins that harbor both domains; however, hybrid proteins usually have either PDE or DGC activity only, although in some cases both functions can be present (Cruz et al., 2012). Proteins containing GGDEF and EAL domains or HD-GYPs are generally modular in nature, with the enzymatic domain associated with various amino-terminal sensory domains; these sensory domains respond to environmental or host-derived signals to regulate the downstream enzymatic activity (Srivastava and Waters, 2012).  

     In the biofilm formation process, the intracellular levels of c-di-GMP play a role in the regulation of multiple stages (Nair et al., 2017). For example, in P. aeruginosa, reversible attachment, the first step of biofilm development, is regulated by flagellar movement which is regulated by FleQ, a transcriptional regulator of flagellar gene expression; however, binding of c-di-GMP to FleQ results in a conformational change which reduces the bacterial swimming motility (Ha and O'Toole, 2015). The production of extracellular polysaccharides, such as Pel and Psl in P. aeruginosa and other biofilm matrix biopolymers during biofilm maturation were also found to be regulated by c-di-GMP (Nair et al., 2017). Cyclic di-GMP can also be involved in controlling biofilm dispersion (Ha and O'Toole, 2015). For example, exposure to nitric oxide (NO)-releasing compounds in P. aeruginosa biofilms can lead to dispersal since the exposure increases PDE activity, resulting in decreased c-di-GMP levels in the exposed biofilms (Nair et al., 2017).

     Cyclic di-GMP signalling consists of enzymes needed for the synthesis and degradation of this molecule, effector proteins associated with binding c-di-GMP, and target elements that are eventually the output of the control module (Figure 1.4). Thus, DGCs and PDEs sense internal or external signals and translate them into c-di-GMP levels, which then regulate the function of c-di-GMP binding molecules, resulting in a change of the physiology and behaviour of the cell (Mills et al., 2011). 
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Figure 1.4: The c-di-GMP signalling module. Intracellular c-di-GMP is generated from two GTP molecules by diguanylate cyclases, containing GGDEF motifs, and is degraded to linear 5′-phosphoguanylyl-(3′–5′)-guanosine (pGpG) or to two molecules of GMP by phosphodiesterases containing either EAL or HD-GYP domains. Cyclic di-GMP is afterwards bound by a variety of effectors, including PilZ domain-containing proteins, and act on targets affecting motility, virulence, and biofilm formation. Figure based on Schirmer and Jenal (2009).

[bookmark: _Toc4505852]1.3.2 Hydrodynamic conditions
     Biofilms in different environments are exposed to a variety of hydrodynamic conditions that can have an effect on biofilm matrix (Lembre et al., 2012). These conditions affect biofilm formation by changing nutrient and oxygen supply and by applying shear forces, which can affect the cells’ attachment to surfaces (Gomes et al., 2014). The transport rate of the bacterial cells, nutrients and oxygen from the bulk fluid to the biofilm were also found to be determined by fluid hydrodynamics (Gomes et al., 2018). Besides, these conditions can influence the physical properties of biofilm, such as the density and strength, which in turn might affect the diffusion of nutrients and signals within the biofilm (Purevdorj et al., 2002).  
     There is considerable evidence that shear stress has effects on the growth rate, biofilm structure, EPS production, mass transfer and metabolic/genetic behaviour of biofilm (Liu and Tay, 2002; Lemos et al., 2015; Oder et al., 2017). For example, analysis of microbial populations that developed under a given wall shear force has shown that shear stress slows down P. putida biofilm maturation (Rochex et al., 2008). Quorum-sensing in P. aeruginosa biofilm was also found to be influenced by hydrodynamic conditions (Simões et al., 2007). In P. aeruginosa biofilm, high shear stress caused by high flow velocity was found to induce cell detachment (Zhang et al., 2011).
     Detachment usually occurs when external shear forces are higher than the inner strength of the matrix that joins the biofilm together (Fu et al., 2017). Two mechanisms can lead to cell detachment from the biofilm, either increase of the external shear forces or decrease of the internal strength (e.g., through hydrolysis of the polymeric biofilm matrix) (Horn et al., 2003). High flow rate is known to cause two phenomena of opposite nature: it supports the transport of nutrients to the surface, contributing to the growth of the cell in the microbial layer and exopolymers production; on the other hand, with increasing flow velocity the shear rates also rise which cause additional erosion and detachment of biofilm parts, and then decrease in the amount of biomass attached to the solid support (Gomes et al., 2014). 
     However, the detachment of the biofilm under hydrodynamic forces leads to viable biomass reduction, which also decreases EPS secretion; thus, higher shear stresses can result in denser and thinner biofilm (Liu and Tay, 2001; Qi et al., 2008). Stronger adhesion and lower detachment rates have been observed for cells that are grown under high shear conditions (Karimi et al., 2014). 
[bookmark: _Toc4505853]1.3.3 Environmental conditions
     In aquatic habitats, such as a river, the structure and function of biofilms can be affected by various environmental factors that control these ecosystems; physical (light penetration, temperature and water current), chemical (pH, nutrient availability and toxicant effects), as well as biological factors, including community composition (bacteria, algae and fungi), relative contribution of autotrophs and heterotrophs biomass thickness and grazing (Sabater et al., 2002; Besemer, 2015). Environmental conditions can influence both bacterial properties (mediated by changes in gene regulation and/or cell surface physicochemical properties) and surface properties (mainly through physicochemical changes) (Pagán and García-Gonzalo, 2015). They can also control the concentration of the second messenger c-di-GMP which regulates biofilm-related factors, such as cell appendages, surface proteins, EPS, and cell motility (Toyofuku et al., 2016). 
     The environmental pH can have a major effect on the formation of biofilms (Agarwal et al., 2011). Microbial adhesion to surfaces, which is the first step in biofilm formation, has been shown to be influenced by this factor (Pompilio et al., 2008; Oder et al., 2017). In bacteria, such as Staphylococcus epidermidis, pH is considered an important determinant in the primary adhesion to surfaces (Nostro et al., 2012). Besides, the production of bacterial biofilm slime has been shown to be dependent on the pH of the medium, which can affect the activity of enzymes, since each enzyme has an optimal pH (Chaieb et al., 2007). For example, S. aureus biofilm formation was lower at highly acidic (pH 3) and alkaline (pH 12) pH compared to pH 7 (Zmantar et al., 2010). It is known that the optimum pH for polysaccharide secretion depends on the individual species; however, it is around pH 7 for most bacteria (Tilahun et al., 2016). Exopolysaccharide production plays a role in biofilm protection against environmental stress factors, such as pH (Bogino et al., 2013). Thus, bacterial cells within the biofilm can withstand pH changes compared to the free-floating cells (D'Urzo et al., 2014). For example, under highly acidic conditions, the bacterial biofilm’s gel-like structure can help in reducing the rapid diffusion of ions and allows for the development of a pH gradient within the extracellular matrix (Nicolau et al., 2013). However, under alkaline conditions, poorly structured and very thin biofilm, as a result of impairment of biofilm maturation, have also been observed, along with adhesion inhibition for some bacteria, such as S. aureus and S. epidermidis (Nostro et al., 2012).
     The formation of bacterial biofilm can also be affected by temperature (Hoštacká et al., 2010; Agarwal et al., 2011). The optimal temperature for bacterial growth is associated with an increase in nutrient intake (Adetunji and Odetokun, 2012). It is known that nutrient metabolism depends on the presence and reaction rates of enzymes that regulate the development of various physiological and biochemical systems in bacteria and as a result, the optimum temperature enhances bacterial growth, resulting in a rapid formation of biofilm (Adetunji and Odetokun, 2012; Tilahun et al., 2016). In contrast, when the temperature is removed from the optimum, bacterial growth can be decreased, due to a decline in reaction rates, and as a consequence, the biofilm development might be affected (Garrett et al., 2008). In addition to enzymes, environmental temperature can affect the physical properties of the compounds within and surrounding the cells (Garrett et al., 2008).
     For bacteria, such as S. aureus, increasing the growth temperature from 20 to 37°C was found to increase their hydrophobicity and adhesion to surfaces was enhanced (Jama et al., 2017). Also, the presence of bacterial cell surface appendages, such as flagella, pili and fimbriae that help the bacteria to adhere to surfaces has been shown to be dependent on temperature (Garrett et al., 2008). For example, a decrease in temperature reduces the adhesive properties of an aquatic Pseudomonad due to a reduction in bacterial surface polymers (Garrett et al., 2008).
     Bacterial EPS properties, such as the viscosity of the polysaccharides can also be influenced by temperature (Pagán and García-Gonzalo, 2015). It was found that the increase in EPS temperature creates a gel-like substance which gradually increases in strength until a critical point after which the gel forms a solution (Pagán and García-Gonzalo, 2015). Thus, lower temperatures can lead to more uniform properties of the polysaccharides that often increase the possibility of bacterial biofilm adhesion (Garrett et al., 2008). On the other hand, in some microbes, high temperatures were found to increase the adherent nature of the biofilm to the surface (Marion-Ferey et al., 2003).
     Bacterial attachment to submerged surfaces and subsequent biofilm development can be dependent on oxygen accessibility (Chang et al., 2015). Oxygen availability can also determine bacterial energy production with a possible influence on biofilm formation; for example, bacterial biofilm metabolic activity can be decreased as a result of poor supply of oxygen reduction (Pagán and García-Gonzalo, 2015). Thus, oxygen supply is considered a key environmental factor which can have an impact on biofilm composition and development (Ahn and Burne, 2007; Keleştemur et al., 2018). Lower oxygen availability usually triggers active dispersal, which is critical for the biofilm life cycle (Toyofuku et al., 2016). For example, at the base of a biofilm, bacterial cells were found to receive limited oxygen compared to those at the surface enhancing detachment from the deeper layers of a biofilm (Kumar and Anand, 1998). Also, sloughing was observed within biofilm grown under oxygen limitation (Ahimou et al., 2007). In some microbes, such as E. coli, the presence of oxygen is required for the formation of biofilm, since lack of oxygen can be a detachment signal (Bjergbæk et al., 2006). For other bacteria, such as P. aeruginosa, biofilm has been shown to form when grown anaerobically (Worlitzsch et al., 2002).
     The transition between planktonic and sessile bacterial lifestyles can be affected by nutrients since the bacterial response to form a biofilm or to remain in suspension depends on the nutritional status (Tilahun et al., 2016). Availability of nutrient in the surrounding medium has been found to influence the bacterial attachment to the surfaces; thus, an increase in nutrient concentration increases the microbial attachment rate (Kumar and Anand, 1998; Prakash et al., 2003). Besides, biofilm development and dispersal of cells from the biofilm can be affected by nutrient levels (Gupta, 2015; Zhao et al., 2017). Also, changes in the essential nutrient availability have been shown to have an impact on bacterial physiology in growing biofilms (Bühler et al., 1998).

     Several studies have addressed the effect of nutrient levels on the formation of bacterial biofilm. For example, in drinking water distribution systems, high nutrient concentration increased cell numbers within biofilms (Volk and Lechevallier, 1999; Frias et al., 2001). In a paper mill water stream, the rate and quantity of P. putida biofilm increased with increasing nutrient levels (Rochex and Lebeault, 2007). In some microbes, the addition of glucose as carbon source to the medium has been found to enhance the formation of biofilm, such as E. coli (Bühler et al., 1998), and P. putida (Rochex and Lebeault, 2007). However, the addition of glucose to different media was found to hinder biofilm formation in several species of Enterobacteriaceae family, such as K. pneumoniae, Citrobacter freundii, and Salmonella enterica (Jackson et al., 2002). There is some information about the effect of glucose levels on biofilm formation, but little is known about the impact of changing nitrogen concentrations in the same process. Rochex and Lebeault, (2007) have shown that rate and extent of P. putida biofilm accumulation increased with nitrogen concentration from carbon/nitrogen=90 to carbon/nitrogen=20. In contrast, depletion of nitrogen led to the active detachment of Pseudomonas fluorescens biofilm, similar to that observed under glucose limitation (Delaquis et al., 1989). However, variation in peptone and yeast extract concentration, which are good nitrogen sources had no significant impact on E. coli biofilm formation (Gomes et al., 2014).
 
     In most natural environments, bacteria–surface association leads to biofilm formation, which is the prevailing microbial lifestyle (Bazire et al., 2007). Bacteria in these environments are exposed to a variety of abiotic stresses, such as osmolarity; however, planktonic and biofilm bacteria, by inducing stress response genes, might become more tolerant to these environmental stresses (Vatansever and Turetgen, 2018). In bacteria, such as Lactobacillus rhamnosus, Listeria monocytogenes and Shigella boydii formation of biofilm has been found to be associated with high osmolarity (Zhao et al., 2017). For other microbes, an increase in NaCl concentrations inhibited biofilm formation, such as Salmonella species (Karaca et al., 2013), Sinorhizobium meliloti (Rinaudi et al., 2006), S. aureus (Johnson et al., 2005), and Enterococcus faecalis and P. aeruginosa (Falghoush et al., 2017).

[bookmark: _Toc4505854]1.4 Freshwater river epilithic biofilms
     Water represents a common and necessary chemical compound on Earth; however, only ~2.6% of the global water supply is freshwater and available as drinking water (Awuah et al., 2014). Freshwater is one of the essential elements for human life since it is considered as a source of water for drinking-water supply, recreational purposes and several industrial and agricultural processes (Hahn, 2006; Seidel et al., 2016). In total, the world's freshwater resources are about 43,750 km3 year−1; America has the highest portion of the world’s total freshwater resources, with 45%, followed by Asia with 28%, Europe with 16%, and Africa with 9% (Mancosu et al., 2015). Since the late-19th century, the withdrawal of freshwater from rivers, lakes, and underground reservoirs for human consumption has grown enormously (Rajan, 2015). Rivers are the primary source of fresh water for irrigation, industry and domestic water requirements (Nguyen et al., 2016). However, this source plays an important role in the transmission of many infectious diseases, which pose a significant threat to health (Kun et al., 2012). Water-borne pathogen contamination in water resources and associated diseases are considered a significant water quality concern throughout the world (Pandey et al., 2014). Over the past few decades, human development, population growth, extreme weather events, natural calamities and climate change have exerted many diverse pressures on both the quality and quantity of water resources, which may in turn influence conditions promoting water-associated diseases (Kun et al., 2012). Pathogens likely enter rivers through various routes, including lateral inputs from pastures and riparian zones, influx of pathogen-contaminated groundwater, direct deposit of fecal matter from livestock and wildlife, discharge of contaminated sanitary sewer flows, wastewater treatment plant effluents, surface runoff from urban and agricultural areas and wildlife and mobilization of fecal organisms from the riverbed during sediment-disturbing events such as floods or heavy precipitation (Pandey et al., 2014; Mackowiak et al., 2018). However, it is difficult to identify the source of pathogens and the pathways by which they enter the water resources (Pandey et al., 2014). Pathogens derived from human and animal wastes have played a key role in freshwater contamination (Seidel et al., 2016). Upon introduction to the water source, pathogens can remain infectious for long periods of time and they might be able to reproduce under specific conditions; however, survival of these pathogens in water resources is considered an important factor in disease transmission (Carr and Strauss, 2001). These pathogens can pose risks to human health by exposure during water-related activities (Donovan et al., 2008). Indicator organisms are commonly used to evaluate loads of pathogens in water resources (Pandey et al., 2014). Coliform bacteria, members of the family Enterobacteriaceae as well as intestinal Enterococci can be used as bacterial indicators of faecal pollution, thereby representing the potential presence of pathogens in the aquatic environment (Balzer et al., 2010; Lin and Ganesh, 2013). Escherichia coli, a member of the faecal coliform group, is a more specific indicator of faecal contamination than other faecal coliforms (Odonkor and Ampofo, 2013). Many studies have addressed the presence of faecal indicator bacteria in the rivers. A study carried out by Dhanji et al. (2011) in river Thames, London revealed the identification of coliforms and E. coli in the water sample, indicating the contamination of this river (Dhanji et al., 2011). Amirat et al. (2012) have also found that the numbers of E. coli in the river Thames increased with heavy rainfall, implying a potential increase in pathogen numbers (Amirat et al., 2012). Faecal indicator bacteria have also detected in different worldwide rivers, such as E. coli strains in rivers in Switzerland (Zurfluh et al., 2013), South Nation River basin in eastern Ontario, Canada (Lyautey et al., 2010), Bangpakong River, Thailand (Bordalo et al., 2002), rivers in the North-West Province of South Africa (Kinge et al., 2012), Mfoundi River, Cameroon (Dorice et al., 2010), Nakdong and Geumho rivers in Daegu (Cho et al., 2014), Majidun River, Nigeria (Oladunjoye and Fafioye), Danube River (Kirschner et al., 2017). Hoosic River, USA (Traister and Anisfeld, 2006), Enterococcus sp. and E. coli in the Neuse River Estuary, USA (Fries et al., 2006). Faecal coliform and Enterococcus in southern California urban rivers, USA (Jiang and Chu, 2004). 
     Biofilms are ubiquitous in aquatic environments, such as surface waters (Mackowiak et al., 2018). Biofilms in rivers can be found in various compartments, such as benthic, hyporheic and aquifer sediments (Sabater et al., 2002). River biofilms develop on submerged surfaces and are composed of bacteria, fungi, algae and micrometozoa embedded in an organic polysaccharide matrix (Tien et al., 2011). Although biofilms in these places consist of allochthonous microorganisms, under contamination conditions, faecally derived bacteria can interact with these biofilms (Balzer et al., 2010). These biofilms which are niches for several pathogens may act as a reservoir for faecally derived and other bacterial pathogens in polluted rivers (Wolf-Rainer, 2011; Mackowiak et al., 2018). Faecal indicator bacteria are known to be part of the normal intestinal flora, but they may have different species that are known opportunistic human pathogens (Balzer et al., 2010). Several studies have revealed the existence of pathogens in river biofilms. Mackowiak et al. (2018) have detected pathogenic organisms, including E. coli and human enteric viruses in the bulk water as well as in sediments and epilithic biofilms in River Ruhr, Germany. In the Ruhr biofilms, the levels of pathogenic microorganisms in sediments and epilithic biofilms were found to be high compared to the flowing water, indicating the retention and persistence of these pathogens in the riverbed. Work carried out on the Anrathskanal, Moersbach and Ruhr rivers, also revealed that epilithic biofilms and sediments have high concentrations of faecal indicator bacteria, including coliforms and enterococci compared to the overlying water (Balzer et al., 2010). In many European Rivers, human origins are considered to be the primary source of faecal contamination of urban rivers, whereas farmed animals were the main source of faecal pollution in rural rivers (Amirat et al., 2012). Pathogens, opportunistic pathogens and fecal indicators, belonging to both gram-positive and gram-negative bacteria, have also been identified in epilithic biofilms recovered from Berg and Plankenburg Rivers in South Africa, confirming the introduction of pollutants into these resources (Paulse et al., 2012). Other pathogens, such as Salmonella spp. and Shigella spp. have been detected in riverbed sediments collected from Apies River in South Africa (Ekwanzala et al., 2017). Recently, aquatic biofilms have been identified as niches for the persistence of Vibrio cholerae serotype O1, since biofilms may act as a reservoir for V. cholerae due to its durability as well as for other pathogens, including E. coli O157 and Legionella pneumophila which can be found in parasitizing protozoa, existing in river biofilms (Wolf-Rainer, 2011). During storm and precipitation events, these pathogenic bacteria can be released from sediments or become resuspended during recreational activities, resulting in a rapid increase in pathogen loads in the water phase (Balzer et al., 2010). Upon release from biofilms, some faecal indicator bacteria, such as E. coli and Enterococcus faecalis enter into a viable but non-culturable state (VBNC), thus showing an entirely different set of features than those expressed during normal growth (Brettar and Höfle, 2008). However, some complex biofilm matrices might have both viable and non-viable cells (Trevors, 2011).

     In flowing systems, such as rivers, water flow can facilitate diffusion of nutrients to the biofilm via reducing the mass transfer boundary layer thereby enhance biofilm metabolism (Sabater et al., 2002). Although the diffusion limitation between water and biofilms can reduce the input of fresh nutrients, the cycling nutrients within the biofilms increased (Sabater et al., 2002). Within river biofilms, algae uptake nutrients, such as phosphate, nitrate, and ammonium and oxygen produced by photosynthesis that can be used for bacterial growth, in turn, bacteria liberate carbon dioxide by organic matter mineralization which can be used for algal photosynthesis (Tien et al., 2011). Besides, different strategies can be used by biofilm-associated bacteria to survive in the aquatic environment. Some epilithic bacteria within river biofilms on submerged rocks were found to produce high levels of EPS in which several cells became encapsulated (Konhauser et al., 1994). These EPS are known to help in the protection of cells against harmful external factors (Gupta and Diwan, 2017). The thickness of river biofilms has also been shown to be protective against toxic substance exposure, such as heavy metals, since thick biofilms can be more resistant to the toxic effect of heavy metals than thin biofilms (Sabater et al., 2002). Bacteria within river biofilms can tolerate conditions which are not tolerable for free-floating cells (Wolf-Rainer, 2011). The input of external sources, transport and incorporation into biofilms and the adoption of survival strategies to persist is also one of the mechanisms that can be used by some bacteria within biofilms in faecally polluted rivers (Mackowiak et al., 2018). Moreover, the development of river biofilms might be influenced by seasonal variations in physical and chemical parameters that typically occur in rivers (Brummer et al., 2000; Tien et al., 2011).  


[bookmark: _Toc4505855]1.5 Aims
     Bacteria in natural aquatic environments can attach to various surfaces and form biofilms. The establishment and development of such biofilms are dynamic and complex processes that are regulated by different factors, including environmental conditions. This study aimed to: a) isolate and identify biofilm-forming bacteria from epilithic river biofilms from Porter Brook, Sheffield, using morphological and biochemical tests, and molecular characteristics, such as 16S rDNA sequence analysis; b) assess the capacity for biofilm formation in isolated pathogenic bacteria using a microtiter plate-based crystal violet assay; c) study the effect of different factors, such as incubation time, hydrodynamic conditions, changing glucose, peptone and yeast extract concentrations, pH, temperature, anaerobic conditions, osmotic stress and different growth media on biofilm formation using the crystal violet and resazurin assays as well as cell surface hydrophobicity and antimicrobial susceptibility test; d) study the genetic structure of a selected pathogen to obtain the genomic information of the strain; e) detect genes coding for GGDEF and EAL proteins using the Artemis Comparison Tool (ACT) and characterize GGDEF and EAL proteins; f) set-up an experimental system for molecular analysis of bacterial communities of the selected pathogen in biofilms; g) compare expression of genes coding for GGDEF and EAL proteins in planktonic and sessile cells to determine the role of c-di-GMP in biofilm formation.
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[bookmark: _Toc4505857]2.1 Bacterial strains and plasmids
     The bacterial strains and plasmids used in this study are shown in Table 2.1.


Table 2.1: Bacterial strains and plasmids used in this study.

	Strains
	Characteristics
	Provider or reference

	

JRG5302
	
E. coli BL21 λ (DE3) lysogen carrying a copy of the T7 RNA polymerase polymerase gene under the control of the IPTG-inducible lacUV5 promoter 
	

Novagen

	JRG2499
	E. coli DH5α
	Lab collection

	MBB1
	Alcaligenes faecalis
	This work

	MBB2
	Aquaspirillum serpens
	This work

	MBB3
	Comamonas nitrativorans
	This work

	MBB4
	Acinetobacter spp
	This work

	MBB5
	Aeromonas hydrophila
	This work

	MBB6
	Citrobacter qillenii
	This work

	MBB7
	Escherichia coli
	This work

	MBB8
	Klebsiella oxytoca
	This work

	MBB9
	Klebsiella pneumoniae
	This work

	MBB10
	Pantoea agglomerans
	This work

	MBB11
	Providencia rettgeri
	This work

	MBB12
	Shewanella putrefaciens
	This work

	MBB13
	Shigella sonnei
	This work

	MBB14
	Sphingobacterium composti
	This work

	MBB15
	Bacillus sonorensis
	This work

	MBB16
	Bacillus subtilis
	This work

	MBB17
	Bacillus licheniformis
	This work

	MBB18
	Bacillus pumilus
	This work

	MBB19
	Exiguobacterium sibiricum
	This work

	MBB20
	Paenibacillus campinasensis
	This work

	MBB21
	Paenibacillus lactis
	This work

	MBB22
	Paenibacillus woosongensis
	This work

	pET28a
	pET28a vector contains His (Nterm and Cterm), 5369 bp, KanR

	Addgene

	
pGS2622
	pET28a/His containing yhjH_1 from Klebsiella pneumoniae MBB9 cloned as Ncol/HindIII; KanR
	
This work

	
pGS2623
	
pET28a/His containing yhjH_2 from Klebsiella pneumoniae MBB9 cloned as Ncol/HindIII; KanR
	
This work

	
pGS2624
	
pET28a/His containing yhjH_2 from Klebsiella pneumoniae MBB9 cloned as Ncol/HindIII; KanR

	
This work




[bookmark: _Toc4505858]2.2 Media and chemical suppliers
     Bacterial growth media components were sourced from Oxoid Ltd. Kits for DNA purification and RNase Mini kit were purchased from Qiagen. Restriction enzymes were sourced from Roche, Fermentas and Promega. DNase enzyme was supplied by Qiagen. Kanamycin, chloramphenicol and ampicillin antibiotics were obtained from Sigma and Melford Biolaboratories Ltd. Protein assay reagent was ordered from Bio-Rad. Green qRT-PCR master mix was ordered from Agilent Technology.  
  

[bookmark: _Toc4505859]2.3 Growth media and culture conditions
     Bacterial isolates were cultured in media.
	
	Nutrient medium
	NB (g L-1)
	NA (g L-1)

	Peptone
	15
	15

	Yeast extract
	3
	3

	NaCl
	6
	6

	D (+) Glucose
	1
	1

	Agar bacteriological
	-
	15



	Lysogeny broth (LB)
	LB (g L-1)
	LB Agar (g L-1)

	Tryptone
	10
	10

	NaCl
	5
	5

	Yeast extract
	5
	5

	Agar bacteriological
	-
	15



	Tryptic soy medium
	TSB (g L-1)
	TS Agar (g L-1)

	Casein peptone
	17
	17

	Soya peptone
	3
	3

	NaCl
	5
	5

	Dipotassium hydrogen phosphate
	2.5
	2.5

	Glucose
	2.5
	2.5

	Agar bacteriological
	-
	15




	R-2A agar
	 (g L-1)

	Casein and hydrolysate
	0.5

	Yeast extract
	0.5

	Proteose peptone
	0.5

	Dextrose
	0.5

	Starch, soluble
	0.5

	Dipotassium phosphate
	0.3

	Magnesium sulphate
	0.024

	Sodium pyruvate
	0.3

	Agar
	15


			
					
	MacConkey agar
	 (g L-1)

	Peptone
	20

	Lactose
	10

	Bile salts
	5

	NaCl
	5

	Neutral Red
	0.075

	Agar
	15




	Eosin-methylene blue agar
	 (g L-1)

	Pancreatic digest of gelatin
	10

	Lactose
	5

	Sucrose
	5

	Dipotassium Phosphate
	2

	Methylene Blue
	0.065

	Eosin Y
	0.4

	Agar
	13.5





	Violet red bile agar
	 (g L-1)

	Peptone
	7

	Yeast extract
	3

	Bile salts
	1.5

	Lactose
	10

	NaCl
	5

	Neutral Red
	0.03

	Crystal violet
	0.002

	Agar
	12




	Xylose lysine deoxycholate agar
	 (g L-1)

	Yeast extract
	3

	L-Lysine hydrochloride 
	5

	Xylose
	3.5

	Lactose
	7.5

	Sucrose
	7.5

	NaCl
	5

	Phenol Red
	0.08

	Sodium thiosulphate
	6.8

	Sodium deoxycholate
	2.5

	Ammonium ferric citrate
	0.8

	Agar
	15





     These ingredients were made up to 1 litre with distilled water and autoclaved at 120ºC and 15 psi to sterilise. Once the media were cooled to 50ºC, the appropriate antibiotics were added.  For solid media, the sterile molten agar was poured into Petri dishes (25 ml per dish) and allowed to set fully before storing at 4ºC.


[bookmark: _Toc4505860]2.4 Bacterial growth

[bookmark: _Toc4505861]2.4.1 Growth of bacterial strains isolated from epilithic biofilms
     Bacterial strains were cultured on various selective media and the plates were incubated at 37ºC for 24–72 h under aerobic conditions. For assessment of biofilm production, bacterial strains were cultured in nutrient broth at 37ºC with shaking until the desired optical density (OD600) at 600 nm was reached. Primary cultures were prepared from a single colony from agar plates.

[bookmark: _Toc4505862]2.4.2 Growth of Klebsiella pneumoniae MBB9
     Klebsiella pneumoniae MBB9 was cultured, from a single colony from agar plates in nutrient broth at 37ºC with shaking until reaching the desired optical density OD600.

[bookmark: _Toc4505863]2.4.3 Growth of Escherichia coli
     Escherichia coli strains were cultured in LB medium with appropriate antibiotics at 37ºC with shaking at 250 rpm until reaching the desired optical density OD600.

[bookmark: _Toc4505864]2.4.4 Measurement of bacterial growth
     The growth of bacterial strains was estimated by measuring the OD600. 

[bookmark: _Toc4505865]2.4.5 Supplementation of growth media
     Media were supplemented with appropriate antibiotics at the following concentrations, kanamycin (50 μg ml-1), chloramphenicol (50 μg ml-1) and ampicillin (200 and 500 μg ml-1).

[bookmark: _Toc4505866]2.4.6 Storage of bacterial strains
     Bacterial strains were stored on solid media at 4ºC for short-term storage. For long-term storage, bacterial strains were kept in the form of glycerol stocks, made as follow; 5 ml overnight cultures were centrifuged, and cell pellets were resuspended in 0.5 ml LB and 0.5 ml of sterile 100% (v/v) glycerol was added and were stored at -20ºC.

[bookmark: _Toc4505867]2.4.7 Preparation of electrocompetent cells
     Primary culture of the appropriate strain, from LB agar or glycerol stock, was grown overnight at 37ºC with shaking. Fifty ml of LB were then inoculated with 500 μl of overnight culture and incubated at 37ºC with shaking until reaching 0.5-0.6 (Section 2.4.4). Centrifugation at 2790 xg for 10 min at 4ºC for was used to harvest the bacterial cells using 50 ml pre-cooled universal tubes. The bacterial pellet was washed three times for 10 min with 25 ml of ice-cold 10% (v/v) glycerol solution and bacterial pellet was re-suspended gently in 1/100 starting volume of ice-cold 10% (v/v) glycerol. Aliquots 50 l of the cell suspension were dispensed into micro-centrifuge tubes flash-frozen in liquid nitrogen or dried ice before storing at -80ºC.

[bookmark: _Toc4505868]2.4.8 Transformation of electrocompetent cells
     Plasmid DNA (up to 1 g/l) was mixed with 50 l aliquots of electrically competent cells (Section 2.4.7). Electroporation technique was used for bacterial transformation using a hybrid cell shock unit (1800 V, 1 mm path length). Following the electroporation, 1 ml of LB broth was added to the cells and the tube was incubated at 37ºC with shaking for 1 h. After the incubation, 100 l of the transformation mixture was spread on LB agar containing the appropriate antibiotics and incubated at 37ºC.

[bookmark: _Toc4505869]2.5 Isolation of bacteria from river epilithic biofilms
     Epilithic biofilms were scraped from the stones and suspensions were serially diluted 1:100 in physiological saline (0.85%) using standard aseptic techniques (APHA, 1998). The suspensions were spread on selective media: R2A agar (nutrient-poor medium for culturing slow-growing bacteria such as those found in potable water); MacConkey agar (medium for the isolation of gram-negative bacilli capable of lactose fermentation); Eosin-methylene blue (EMB) agar (medium for selecting gram-negative bacteria), Violet red bile (VRB) agar (medium for isolation of lactose fermenting coliforms); Xylose lysine deoxycholate (XLD) agar (medium for the isolation of Salmonella and Shigella species) and also on nutrient agar (general growth medium supporting growth of a wide range of non-fastidious organisms). The plates were incubated at 37ºC for 24–72 h under aerobic conditions. Colonies with different colouration and morphologies were picked from the plates and streaked on nutrient agar plates to obtain pure cultures of the bacterial isolates.
[bookmark: _Toc4505870]2.6 Bacterial morphological and biochemical characterization
      Morphological parameters used included colony form, elevation, margin, surface, optical features, consistency and colour. Biochemical tests assessed the presence/absence of oxidase and catalase activities to determine the capacity for respiratory metabolism. OxiSticks™ swabs were used according to manufacturer’s instructions, and 3% hydrogen peroxide was used to test for the presence of catalase activity which can breakdown hydrogen peroxide into water and oxygen.

[bookmark: _Toc4505871]2.7 Assessment of biofilm formation by the isolated bacteria using microtiter plate assay
     The microtiter plate method of O’Toole and Kolter (1998) was used with a few modifications. Briefly, bacterial isolates were grown overnight in nutrient broth at 37°C. The OD600 of the bacterial suspensions was adjusted to 0.5 McFarland standards (approximately 108 CFU/ml). Aliquots (200 μl) were then used to inoculate four wells of a flat-bottomed polystyrene 96-well microtiter plate (Costar; Corning Incorporated., USA). Sterile nutrient broth was used as plate sterility controls. The plates were covered and incubated at 37°C for 24 h (Gomes, 2012). Planktonic cells in the fluid were then removed by inverting the assay plate and decanting the liquid, followed by rinsing thoroughly three times with 200 μl of sterile deionised water (dH2O) to remove any remaining planktonic cells (unattached bacteria). The microtiter plates were air-dried at 37°C, and adherent bacteria were stained with 200 μl of 1% (w/v) crystal violet solution (crystal violet; Merck, Germany) for 25 min (Christensen et al., 1985; Christensen et al., 1995). Following the staining step, the supernatant was discarded, and the wells were rinsed by repeated washing with sterile deionised water (dH2O) to remove any excess stain. Any CV incorporated by the biofilm was solubilised (eluted from stained biofilms) by adding 250 μl of 30% glacial acetic acid. The CV liberated from the attached material and control wells was assessed by measuring absorbance at 595 nm using a multiwell plate reader (BioTek FLx800, UK) (Saloni et al., 2012). The mean absorbance for for the blank was then subtracted from the mean absorbance of the test strain (Sonkusale and Tale, 2015).
 
[bookmark: _Toc4505872]2.8 Determination of cell activity of biofilm of Klebsiella pneumoniae MBB9 using resazurin
     Resazurin (7-hydroxy-3H-phenoxazin-3-one-10-oxide) was used to determine the metabolic activity of adherent cells. The microtiter plate method adapted from O’Toole and Kolter (1998) (Section 2.7) was used with a few modifications.  Briefly, Klebsiella pneumoniae MBB9 was grown overnight in nutrient broth at 37°C. The optical density at 600 nm of the bacterial suspensions was adjusted to 0.5, equivalent to 108 CFUml-1 (Saloni et al., 2012). Aliquots (200 μl) were then inoculated into four parallel wells of a flat-bottomed polystyrene 96-well microtiter plate (Costar; Corning Incorporated., USA). Plates were covered and incubated at 37°C for 24 h. After the incubation, planktonic cells in the fluid were removed by inverting the assay plate and decanting the liquid and rinsed thoroughly three times with 200 μl of sterile deionised water (dH2O) to remove unattached bacteria. The wells were then filled with 180 μl of sterile nutrient broth followed by the addition of 20 μl of resazurin solution (Invitrogen™). The microtiter plates were immediately covered with aluminium foil and incubated at 37°C in the dark for 4 hours according to the manufacturer’s instructions. Fluorescence signals (λexcitation: 540 nm and λemission: 580 nm) were measured using the microplate reader (BioTek FLx800, UK). The experiment was performed in triplicate and the fluorescence values were corrected by subtracting the readings from control.

[bookmark: _Toc4505873]2.9 Cell surface hydrophobicity assay
     Microbial adhesion to hydrocarbon (MATH) adapted from Rosenberg et al. (1980) was used with a few modifications. Bacteria were grown overnight in nutrient broth at 37°C and were harvested by centrifugation at 6,000 rpm, 25°C for 5 min. Bacterial cells were then washed and re-suspended in sterile deionised water (dH2O). The OD600 of the bacterial suspensions was measured and adjusted spectrophotometrically at OD600 of 0.3 to 0.6 using a Unicam Spectrophotometer (Unicam, England). Two ml of bacterial suspensions were mixed in glass tubes for 2 min at room temperature with the same quantity of xylene using a vortex mixer (SciQuip, UK) (Bellon-Fontaine et al., 1996; Ngwai et al., 2006; Xu et al., 2010; Zoueki et al., 2010). Phases were allowed to separate (the aqueous phase from xylene) for 1 h at room temperature. Following incubation, the absorbance of the lower aqueous phase was measured as before. Hydrophobicity Index (the affinities to xylene) was calculated as:

 [A initial – A aqueous phase/ A initial] x100
[bookmark: _Toc4505874]2.10 Antimicrobial susceptibility of Klebsiella pneumoniae MBB9
     Antibiotic susceptibility of K. pneumoniae MBB9 was tested according to the BSAC Disc Diffusion Method for Antimicrobial Susceptibility Testing (Andrews, 2009). Bacterial suspensions were swabbed over the entire surface of Iso-senstitest agar (ISA; Oxoid) using a sterile cotton-wool swab and the antibiotic discs containing concentrations of each antimicrobial agent were applied to the agar surface, using sterile forceps, distributed at equal distances; a standard petri dish can accommodate six antibiotic discs without unacceptable zone overlap. Plates were then incubated, within 15 min of application of the discs, aerobically at 37°C for 18-20 h. Escherichia coli NCTC 10418 and Pseudomonas aeruginosa NCTC 10662 were used as the control strains to monitor the performance of the tests. Following incubation, the diameters of the inhibition zones were measured to the nearest mm and were interpreted according to the zone diameter of inhibition and equivalent breakpoints of British Society for Antimicrobial Chemotherapy (BSAC) criteria for all isolates (Andrews, 2009).  

[bookmark: _Toc4505875]2.11 Nucleic acid methods

[bookmark: _Toc4505876][bookmark: _Hlk519712663]2.11.1 Extraction of genomic DNA
     Bacterial genomic DNA was typically extracted from 5 ml overnight cultures of bacterial strains using the GenElute ™ Bacterial Genomic DNA Kits according to the manufacturer's instructions.

[bookmark: _Toc4505877]2.11.2 Plasmid purification 
     Qiagen QIAprep® Spin Miniprep kit was used according to the manufacturer's instructions for purification of plasmid DNA.

[bookmark: _Toc4505878]2.11.3 Storage
     Purified plasmid and genomic DNA were stored in either Qiagen EB buffer (10 mM Tris-HCl, pH 8.5) or deionised water at -20ºC.



[bookmark: _Toc4505879]2.11.4 Polymerase chain reaction (PCR)

2.11.4.1 Primer design
     Oligonucleotide primers complementary to the flanking regions of the DNA sequence to be amplified were designed. Typically, primers were designed to be 15-30 nucleotides in length with a GC content of 40-60% and to have a Tm of 55-80ºC (with primer pairs having a similar annealing temperature). If the primers were to be used in gene cloning, restriction endonuclease sites were incorporated into the primer design. Oligonucleotides were synthesised by Eurofins.

2.11.4.2 Universal bacterial 16S rDNA primers
     The amplification of 16S rRNA genes of the bacterial isolates was performed by PCR using universal forward (27F) and reverse (1492R) primers (Table 2.2) to amplify the V1-V9 region (1500 bp) of the16S rRNA gene. 


Table 2.2: Oligonucleotides used to amplify and sequence 16S rRNA gene. Universal primers complementary to the conserved regions were used to generate amplicons of the desired variable regions.
	Primer name
	Nucleotide sequence (5ꞌ - 3ꞌ)
	Target sequences
	Reference

	
	
	
	(Lane, 1991)

	27F
	AGAGTTTGATCCTGGCTCAG
	V1, 16S rRNA gene
	

	
	
	
	

	1492R
	GGTTACCTTGTTACGACTT
	V9, 16S rRNA gene
	





2.11.4.3 DNA amplification
     Conditions used for amplification of DNA was performed by PCR using the appropriate primers. In brief, a master mix of total volume 25 µl was prepared as follows: 12 µl of 2X master mix (BioLabs, England), 2 µl of each oligonucleotide primer (10 µM), 7 µl of Molecular Grade Water and 2 µl of template DNA. All reactions were performed/incubated on a LabCycler (SensQuest, Germany) using the following parameters: initial denaturation at 98°C for 30 s, 35 cycles of 95°C for 1 min, 58°C for 30 s, 72°C for 5 min and a final extension at 72°C for 5 min followed by a hold at 4°C. 

[bookmark: _Toc4505880]2.11.5 Measurement of DNA and RNA concentration
     The DNA concentration was measured spectrophotometrically using a Nanodrop 1000 spectrophotometer (A260/280) (NanoDrop Technologies, Wilmington, DE, USA) (double stranded DNA program) on an Eppendorf Biophotometer with dH2O as a blank.

[bookmark: _Toc4505881]2.11.6 Digestion of DNA with restriction endonucleases 
[bookmark: _Toc4505882]     A 20 l reaction volume was used for digestion of DNA and the enzymes at 1:10 of the reaction volume according to the manufacturer's instructions. Reactions were incubated at 37°C for 1 h before being stopped by heat inactivation (80°C for 20 min). The desired DNA fragments were purified by PCR purification (Section 2.11.2) and analyzed by agarose gel electrophoresis (Section 2.11.8).

[bookmark: _Toc4505883]2.11.7 Ligation of DNA fragments
[bookmark: _Toc4505884]     A 20 l reaction volume was used for ligation (DNA; 50-100 ng) with a 3:1 ratio of insert to vector and a T4 DNA ligase according to New England Biolabs instructions. Reactions were incubated at room temperature for 20 min and then used to transform competent cells of the desired host strains (Section 2.4.8). 

[bookmark: _Toc4505885]2.11.8 Agarose gel electrophoresis
     The products of PCR were analysed using agarose gel electrophoresis (BIO-RAD, USA). Agarose (1% (w/v)) was dissolved in 1X TAE buffer by heating in a microwave oven. Once sufficiently cooled, SYBR Safe® (Invitrogen) was added to the gel after cooling before pouring. Prior to loading, DNA samples were mixed with 6X loading dye (Qiagen). The size was determined using 1 kb and 100 bp DNA ladders (BioLabs Inc, UK) (Figure 2.1). DNA bands were visualised using a UVI tech photodocumentation system was used to view the DNA fragments.



Table 2.3: Composition of 50X TAE (Tris-Acetate-EDTA) Buffer.
	50X TAE (Tris-Acetate-EDTA) Buffer
	

	Tris 
	242 g

	Glacial acetic acid
	57.1 ml

	EDTA (0.5 M, pH 8)
	100 ml

	dH2O to 1 L
	




[image: ]
Figure 2.1: DNA standards (New England Biolabs).
[bookmark: _Toc4505886]2.11.9 Gel Extraction 
     When required, specific DNA fragments were recovered from the agarose gel (Section 2.11.8) and purified using the QIAquick® Gel Extraction Kit from Qiagen according to the manufacturer's instructions.

[bookmark: _Toc4505887]2.12 Biofilm formation on glass wool fibers 
     Biofilm formation on glass wool fibers was used to study the biofilm formation by K. pneumoniae MBB9 (Crouzet et al., 2014). Glass wool in 50 mL of distilled water was sterilized by autoclaving (121°C, 20 min) and water was removed by vacuum aspiration. Glass wool pieces were dried for 48 h at 80°C before use. In adsorption mode, five mL of bacterial suspension were adsorbed on 1 g of glass wool fibres and incubated under shaking condition (150 rpm) at different time intervals of 6, 12, 24, 48 72h at an ambient temperature of 37°C. At each time point, fibres were placed in a 50 mL syringe and washed with 100 mL of sterile Phosphate Buffered Saline (NaCl 8 g/L, KCl 0.2 g/L, Na2 HPO4 1.44g/L, KH2PO4 0.24 g/L) running down through GW by gravity as the planktonic and loosely attached bacteria were harvested in the flow-through. Glass wool fibres were then removed from the syringe, and placed in 100 mL of PBS, and vortexed vigorously for 30 seconds to harvest sessile cells. Fibres were also squeezed against the wall of the flask before discarding them in order to achieve maximum recovery of cells. Sessile and planktonic bacteria were quantified by counting the number of colony forming units (CFU). 

[bookmark: _Toc4505888]2.12.1 Efficacy of washing process against planktonic bacteria
     The growth conditions and biofilm formation were prepared as described above and incubated under shaking condition (150 rpm) at different time intervals of 6, 12, 24, 48 72h at an ambient temperature of 37°C. At each time point, fibres were placed in a 50 mL syringe and washed with ten mL of sterile Phosphate Buffered Saline running down through GW by gravity as the planktonic and loosely attached bacteria were harvested directly into a 50 ml Falcon tubes containing 20 ml of PBS. Fibres were washed a further three times with 50 ml of PBS in order to minimize the number of planktonic cells. They were then removed from the syringe, placed in a 50 ml Falcon tubes containing 30 mL of PBS, and vortexed for 30 seconds to harvest sessile cells. Fibres were also squeezed against the wall of the flask before discarding them in order to achieve maximum recovery of cells. Sessile and planktonic bacteria were quantified as described above. 

[bookmark: _Toc4505889]2.13 Biofilm formation on glass coupons
     Biofilm formation on glass coupons was used to study the biofilm formation by K. pneumoniae MBB9 (Adetunji and Isola, 2011). An overnight culture of K. pneumoniae MBB9 was grown in nutrient broth (peptone 15 g L-1; yeast extract 3 g L-1; NaCl 6 g L-1; D (+) glucose 1 g L-1; pH 7.5) at 37°C with shaking. Following incubation, the OD600 of the bacterial suspension was quantified and adjusted to 0.5 McFarland that is equivalent 108 CFU/ml in fresh nutrient broth medium. The glass slide coupons (2.5 cm x 2 cm) were washed with ethanol, rinsed with sterile deionised water (dH2O) and air-dried before being autoclaved at 121°C for 15 min. Afterwards, sterilised glass coupons placed in 50 ml Falcon tubes containing 20 ml of adjusted bacterial suspensions. Control tubes containing sterile nutrient broth were included as tube sterility controls, and then tubes were incubated under both static and shaking conditions at 150 rpm for 6, 12, 24, 48, and 72 h. At the end of each incubation period, a set of glass coupons were aseptically removed and rinsed three times with sterile normal saline solution 0.85% (w/v) to remove unattached bacteria. Coupons were then placed in a 50 ml Falcon tubes containing 30 ml of sterile normal saline solution 0.85% (w/v) and vortexed for 30 s to disperse the biofilm from the surfaces of the chips and homogenize the suspension. Biofilm cells quantification was determined by direct plate count; suspensions were serially diluted in 0.85% (w/v) of normal saline, and aliquots (100 µl) of each dilution were plated on nutrient agar plates, incubated at 37°C for 24 h and cell numbers were then expressed as CFU per cm2 (Minei et al., 2008; Beściak and Surmacz-Górska, 2011; Winkelströter and De Martinis, 2015).

[bookmark: _Toc4505890]2.14 RNA stabilization, extraction and manipulation

[bookmark: _Toc4505891]2.14.1 Stabilization of RNA
     Bacterial samples were prepared in RNA protect reagent (Qiagen, Germany) to prevent RNA degradation. Samples were vortexed for 15 s, incubated at room temperature for 5 min and the cells pelleted by centrifugation at 5648 xg for 10 min. The supernatant was decanted, and the pellets were air-dried before immediate RNA purification or storage at –80°C.

[bookmark: _Toc4505892]2.14.2 Extraction of RNA
     Total RNA was extracted from triplicate cultures of planktonic and sessile cells of Klebsiella pneumoniae MBB9 using glass coupons methods using a RNeasy Mini Kit according to the manufacturer’s instructions with on-column DNase digestion using RNase-free DNase that was included in the RNA extraction procedure to remove any contaminating genomic DNA.

[bookmark: _Toc4505893]2.14.3 Removal of genomic DNA from RNA samples 
     Samples of RNA were further treated with TURBO DNA-free Kit (Thermo Fisher Scientific) to remove contaminating genomic DNA.
[bookmark: _Toc4505894]2.15 Quantitative real-time PCR (qRT-PCR)

[bookmark: _Toc4505895]2.15.1 Primer design
     Primers were designed using Primer-blast (National Center for Biotechnology Information) to have a Tm value of 59-65°C, 50-60% GC content, 70-200 nucleotides in length.


Table 2.4: RT-PCR primers sequences of genes coding for GGDEF and EAL proteins and reference genes.
	Number
	Gene
	Forward
(5’ → 3’)
	Reserve
(5’ → 3’)
	Product
length
	Source

	1
	KPI_01740 yedQ
	TGCTGAAGGACGATCCGCTC
Tm: 61.4
GC%: 60.00
	ATCACCTGCGACTCATCCCG
Tm: 61.4
GC%: 60.00
	169
	This study

	2
	KPI_04512 dosC
	CAAAGACGCACTGACCAGCC
Tm: 61.4
GC%: 60.00
	CGGCTACGTGCTTAATGGCG
Tm: 61.4
GC%: 60.00
	185
	This study

	3

	KPI_02434 ydaM
	CGTCGGTGGATCGCGAAGAT
Tm: 61.4
GC%: 60.00
	CGGATCCCTTCCGCCAGTAT
Tm: 61.4
GC%: 60.00
	109
	This study

	4
	KPI_02248 ycdT_1
	TTCGGCTTTGCCTGTTCAGC
Tm 59.4
GC%: 55.00
	ATGATGCGCTGGCGGAAGTA
Tm: 59.4
GC%: 55.00
	188
	This study

	5
	KPI_02576 ycdT_2
	GCGAACAGTTCTCGACAGCG
Tm 61.4
GC%: 60.00
	CGGCAACGGGAAGGTAATGC
Tm 61.4
GC%: 60.00
	173
	This study

	6
	KPI_03124 vdcA_1
	GCGATGGCCTGACCGAGATA
Tm 61.4
GC%: 60.00
	CTGTCGCTTTGGGTGTGCTG
Tm 61.4
GC%: 60.00
	79
	This study

	7
	KPI_04431 vdcA_2
	TTGTGCTGCCTATTGCCGGT
Tm 59.4
GC%: 55.00
	TCGTTGAGCGTGTTGCGTTC
Tm 59.4
GC%: 55.00
	112
	This study

	8
	KPI_03117 yeaP_2
	ACGATCGGTTCGGTCATCCG
Tm 61.4
GC%: 60.00
	GAGGAAGTAGACGCCGCACA
Tm 61.4
GC%: 60.00
	200
	This study

	9
	KPI_01668 yeaP_1
	CTACGCTCTTCCGGGCTGTT
Tm 61.4
GC%: 60.00
	GGCCGGCACAGGACTTGATA
Tm 61.4
GC%: 60.00
	145
	This study

	10
	KPI_01113 yfiN
	CATCTGGCACCAGGGCAAAC
Tm 61.4
GC%: 60.00
	GAACGAGGCGAGCAGAATGC
Tm 61.4
GC%: 60.00
	120
	This study

	11
	KPI_04913 vdcA_3
	GCGATATCGTCCTGCGCAAC
Tm 61.4
GC%: 60.00
	CTCTTCACCGCCGTAGCGAT
Tm 61.4
GC%: 60.00
	89
	This study

	12
	KPI_01662 putative signaling protein
	AGTCTCGTCTGGCGGGAATG
Tm 61.4
GC%: 60.00
	TTACCCAGATCGCCCTGCTG
Tm 61.4
GC%: 60.00
	118
	This study

	13
	KPI_02530 putative signaling protein
	GCTGAGCAACTCTCCGGTGT
Tm 61.4
GC%: 60.00
	GAATCGGGAGCCGTCTTTGC
Tm 61.4
GC%: 60.00
	105
	This study

	14

	KPI_02680 putative signaling protein
	GGACGGCCTGGTATGACGAT
Tm 61.4
GC%: 60.00
	AGGGTATCGGCATCGACCAC
Tm 61.4
GC%: 60.00
	133
	This study

	15

	KPI_01338 yfgF_2
	AGTCGCTATTCCGCTGGCTC
Tm 61.4
GC%: 60.00
	CGATCGCATAGCGGCCAAAG
Tm 61.4
GC%: 60.00
	128
	This study

	16
	KPI_00464 csrD
	CTGATTGGCGCTTCGCTGAG
Tm 61.4
GC%: 60.00
	TCGGCGTCATCAGCTCATCC
Tm 61.4
GC%: 60.00
	148
	This study

	17
	KPI_04823 yjcC
	TACCCGGGCTTTGCCATGAA
Tm 59.4
GC%: 55.00
	TAGGCTAAATCGCGGTCGCT
Tm 59.4
GC%: 55.00
	104
	This study

	18
	KPI_01488 adrB_1
	TTTCACGTGGTGCTGGAGGT
Tm 59.4
GC%: 55.00
	AGCCAGGCGAAGTTAGCGAT
Tm 59.4
GC%: 55.00
	74
	This study

	19

	KPI_01840 adrB_2
	CCTCGCCGACCGTCTGAATA
Tm 61.4
GC%: 60.00
	CGGAAACGCCTCTATCGGCA
Tm 61.4
GC%: 60.00
	139
	This study

	20
	KPI_03307 yahA
	TGATAGAGATGGCGCGGACG
Tm 61.4
GC%: 60.00
	ATAATCCCGTTGGGCCTCGG
Tm 61.4
GC%: 60.00
	74
	This study

	21
	KPI_03970 ylaB 
	TCCAACCGTATCGTCGTCCG
Tm 61.4
GC%: 60.00
	GAATCACGCAGCCAGAGCAC
Tm 61.4
GC%: 60.00
	170
	This study

	22
	KPI_02624 bluF_1 
	TCGGTAGGCATTCGCCTGTT
Tm 59.4
GC%: 55.00
	AGATCTCCGCGATGCCGTTA
Tm 59.4
GC%: 55.00
	70
	This study

	23
	KPI_03531 bluF_2 
	GCGCAATACCAACCCGACAG
Tm 61.4
GC%: 60.00
	CTCTTCAGCACGCTCAACGC
Tm 61.4
GC%: 60.00
	156
	This study

	24
	KPI_01254 yfgF_1
	TCGACGGCAGCTTTATTCGC
Tm 59.4
GC%: 55.00
	TTCATACGCGCCAGACGACA
Tm 59.4
GC%: 55.00
	85
	This study

	25
	KPI_00816 yhjH_1
	TGATGCGCAAAGAGTCCGGT
Tm 59.4
GC%: 55.00
	ATGGCCCTGAATGGCAAACC
Tm 59.4
GC%: 55.00
	149
	This study

	26
	KPI_03123
	CCGGCCATATTCAACGGCTG
Tm 61.4
GC%: 60.00
	CATGATGCTATGGGTGGCGG
Tm 61.4
GC%: 60.00
	143
	This study

	27
	KPI_03128 yhjH_2
	TACCACTCGTGGGAGTTGCT
Tm 59.4
GC%: 55.00
	TATCGCGTTCGGTAAGCGTG
Tm 59.4
GC%: 55.00
	100
	This study

	28
	KPI_00230 bcsB_1
	AATCGCAGACCATCCCGGTT
Tm 59.4
GC%: 55.00
	ACGGTCGGGCTTTGATCCTT
Tm 59.4
GC%: 55.00
	109
	This study

	29
	rpoB
	CGTGCTGTTGCCGTTGAC
Tm 58.2
GC%: 61.1
	GGGAAGCATCCACGTACTGAA
Tm 59.8
GC%: 52.4
	
	(Wu et al., 2011)

	30
	gyrA
	GCGGCGATAATGTCCTTCAG
Tm 59.4
GC%: 55.00
	GTCTCCTTCGGCATCAACATG
Tm 59.8
GC%: 52.4
	
	(Wu et al., 2011)




[bookmark: _Toc4505896]2.15.2 Verification of primer specificity
     Prior to conducting qRT-PCR, primers were validated (Table 2.4). Primers pairs were tested in a PCR using K. pneumoniae MBB9 genomic DNA as a template to check their specificity to the chosen targets. Conditions used for amplification of the genomic DNA were as described above (Section 2.11.4.3). Resulting PCR products were separated by agarose gel electrophoresis (Section 2.11.8).

[bookmark: _Toc4505897]2.15.3 Quantitative real-time PCR 
     One-step quantitative real-time PCR (qRT-PCR) was conducted on total RNA from three biological replicates as well as in technical duplicate using the Agilent Mx3005P QPCR System (Agilent Genomics). The system consists of a 96-well thermal cycler connected to a laser and charge-coupled device (CCD) optics system. An optical fibre inserted through a lens was positioned over each well, and laser light was directed through the fibre to excite the fluorochrome (SYBR green) in the PCR solution. Emissions travelled through the fibre to the CCD camera, where they were analysed by the Agilent Mx3005P QPCR System softwear’s algorithms and data were sent to the computer. The increase in fluorescence caused by the binding of SYBR green dye to double-stranded DNA was used to measure amplicon production. The cycle number at which fluorescence exceeded background noise and when amplification was proceeding exponentially was identified. This cycle number is termed the threshold cycle (CT) that is proportional to the copy number of the target template. 


Table 2.5: Cycling conditions for RT-PCR.
	Cycles
	Duration of cycle
	Temperature

	1
	10 min
	50°C

	1
	3 min
	95°C

	40
	5-20 s
	95°C

	
	20 s
	60°C




[bookmark: _Toc4505898]2.15.4 Expression of genes coding for GGDEF and EAL proteins in planktonic and sessile cells of K. pneumoniae MBB9
     The experiments were performed using 5 ng of total RNA extracted from both planktonic and sessile cells of K. pneumoniae MBB9 grown under shaking conditions, and the relative amounts of transcripts were calculated by comparing the expression in biofilm cells to that in planktonic cells collected at the same time point (Balestrino et al., 2005). The magnitude of expression (ΔCT) of the studied genes was obtained by normalization against the control gene. The equation 2-ΔΔCT, where ΔΔCT = ΔCT target – ΔCT reference, was determined for relative quantification of the differences in gene expression levels between two conditions (Ramos et al., 2016).  

[bookmark: _Toc4505899]2.16 Protein methods

[bookmark: _Toc4505900]2.16.1 Measurement of protein concentration 
     The concentration of protein was calculated using the method of Bradford (Bradford, 1976). Reagents were purchased from Bio-Rad and the Unicam HEλIOS spectrophotometer was used to measure the absorbance at 595 nm. The protein concentration of specific purified proteins can also be calculated using the protein extinction coefficient by Protparam tool if required  https://www.expasy.org.

[bookmark: _Toc4505901]2.16.2 Protein concentration
     Vivaspin centrifugal device (VivaScience) with a molecular cut off of 10,000 Da were used if required to increase the concentration of protein. Centrifugation at 4000 xg was performed at 4°C until the solution of protein reached the desired concentration.

[bookmark: _Toc4505902]2.16.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
     Sodium dodecyl sulphate polyacrylamide gel electrophoresis analysis was performed (Laemmli, 1970). 

Table 2.6: Composition of SDS-PAGE stacking gels.
	
	15% Resolving gel (ml)
	5% Stacking gel (ml)

	Bis-acrylamide (30%, w/v)
	3.8
	1.7

	Tris-HCl (3 M, pH 8.3)
	0.95
	-

	Tris-HCl (0.5 M, pH 6.8)
	-
	1.25

	Sterile dH2O
	2.7
	6.95

	Sodium dodecyl sulphate (SDS) (10% w/v)
	0.075
	0.1

	Ammonium persulphate (APS) (10% w/v)
	0.1
	0.1

	TEMED
	0.02
	0.02



     The glass plates were washed with ethanol, held together with the supplied clamps and firmly secured in the casting stand. Resolving gel mixture of the desired acrylamide percentage (Table 2.6) was prepared and poured between the plates. The gel mixture was overlaid with isopropanol and the gel was allowed to set. The isopropanol was rinsed away and a prepared stacking gel mixture (Table 2.6) was poured up to the rim of the glass plates and a comb was inserted into the stacking gel mixture to produce wells for sample loading. Once the gel had set, the comb was removed, and the wells were rinsed copiously to remove unpolymerized gel mixture. The sandwiched gel between the glass casting plates was placed in the 1X SDS running buffer (Table 2.7). Protein samples were mixed with 6X loading buffer (Table 2.8) and denatured by boiling for 10 min at 100°C. The loaded gel was run at 150V until the dye front approached the end of the gel. Estimation of protein molecular weight was achieved by the running of pre-stained markers (CSL-BBL) (Figure 2.2) of known molecular weight. Following electrophoresis, proteins were visualized by staining with Coomassie blue stain (Table 2.9) for 30 min and then were then immersed in destain for 16-20 h.


Table 2.7: Composition of 1X SDS-running buffer.
	1X SDS-running buffer
	(g)

	Glycine
	14.4

	Tris
	3

	Sodium dodecyl sulphate (SDS)
	1

	dH2O to 1L
	




Table 2.8: Composition of 6X SDS-loading buffer.
	6X SDS-loading buffer
	

	Sucrose (10%, w/v)
	1 g

	Tris-HCl (0.125 M, pH 6.8)
	2.5 ml

	Sodium dodecyl sulphate (SDS) (4%, w/v)
	4 ml

	Bromophenol blue
	0.1% (w/v)

	β-mercaptoethanol

	7% (w/v)




Table 2.9: Composition of 1X Coomassie blue stain.
	
	1X Coomassie blue stain
	Destain

	Methanol 
	400 ml
	400 ml

	Acetic acid
	100 ml
	100 ml

	Coomassie blue
	1.15 g L-1
	-

	dH2O to 1L
	to 1L
	to 1L





[image: ]
Figure 2.2: PiNK Plus Prestained Protein Ladder.

[bookmark: _Toc4505903]2.17 Cloning of yhjH genes into the pET28a vector
     Genes of yhjH_1, yhjH_2 and yhjH_3 were cloned into the HindIII/NcoI restriction site of pET28a vector (Addgene). The forward (5’-ATATATCCATGGACACTAAAATAACCGA-3’) and reverse (5’-ATATATAAGCTTTCGGGTAATATCGTCAGC-3’) primers for yhjH_1 gene, the forward (5’-ATATATCCATGGTTGAAGAAAACGTGAAAA-3’) and reverse (5’-ATATATAAGCTTGCAGCACAGAAAGATATA-3’) primers for yhjH_2 gene and the forward (5’-ATATATCCATGGACACTAAAATATTCGAAG-3’) and reverse (5’-ATATATAAGCTTCATGGCAATATCATCGGC-3’) primers for yhjH_3 gene designed accordingly. 
[bookmark: _Toc4505904]2.18 Overproduction of K. pneumoniae MBB9 YhjH
     The transformation into E. coli strain DH5-Alpha cells and E. coli strain Rosetta (DE3) (Novagen) cells (Table 2.1) was performed and recombinant protein was expressed as 6×His-tagged N-terminal fusion protein in logarithmically growing cultures with isopropyl β-D-1-thiogalactopyranoside (IPTG) (Sigma). Cultures were incubated aerobically at 37°C for 2 h until OD600 reached 0.6-0.8 (Section 2.4.4). Then IPTG (1mM) was added to the culture to induce YhjH production and the culture was incubated aerobically at 37°C with shaking 250 rpm for a further 4 h. The bacteria were then pelleted at 17696 xg for 15 min at 4°C and stored at -20°C or used immediately to produce cell-free extracts (Section 2.19).

[bookmark: _Toc4505905]2.19 Cell-free extract extraction
     Cell pellets were resuspended in 10 ml of (20 mM sodium phosphate, 0.5 M of NaCl and 100, 200 and 500 mM imidazole; pH 7.4). The suspension was pressed three times using French pressure cell at 16,000 psi or sonicated for 25 sec (10 Micron) four times to lyse the cell. Cell debris was removed by centrifugation at 15,000 x g for 25 min. A filter with a pore size of 0.45 μm was used to filter the supernatant. 

[bookmark: _Toc4505906]2.20 Purification of K. pneumoniae MBB9 YhjH
     The protein was purified from cell-free extract (Section 2.19) by affinity chromatography using HiTrap® Chelating columns (GE Healthcare). The purification was carried out using the AKTA pure machine where the program was set according to the manufacturer's instructions. The fractions were collected and the protein concentrations were measured and analyzed by SDS-PAGE. Protein samples were then stored at -20°C.


Table 2.10: Composition of the purification buffers.
	
	Binding buffer A (pH 7.4)
	Elution buffer B (pH 7.4)

	Sodium phosphate 
	20 mM
	20 mM

	NaCl
	0.5 M
	0.5 M

	Imidazole
	-
	100, 200 and 500 mM

	dH2O to 1L
	
	


[bookmark: _Toc4505907]Chapter 3: Isolation and identification of biofilm-associated bacteria from the Porter Brook, Sheffield

[bookmark: _Toc4505908]3.1 Introduction
     In environments such as rivers, where there is a continuous flow of water, attachment of microbes to surfaces prevents cells being washed out of a suitable habitat with the added benefits of the water flow and the surface itself providing nutrients for growth of attached cells.  Microbial aggregates, often at solid-liquid or liquid-air interfaces, enclosed in a matrix of extracellular polymeric substances (EPS) are known as biofilms (Vu et al., 2009). On Earth, over 99% of bacteria are thought to live in structured biofilm communities (Garrett et al., 2008). The mostly self-produced extracellular polymeric matrix that encases the microorganisms promotes survival in hostile environments, including tolerance to antibiotics, and provides structure to the biofilm (de La Fuente-Núñez et al., 2013; Limoli et al., 2015). The extracellular polymeric matrix is typically composed of polysaccharides, proteins, lipids and nucleic acids (Toyofuku et al., 2012). Environmental factors, such as nutrient availability, temperature, dissolved oxygen, pH and osmolarity have been shown to influence biofilm formation (Flemming and Geesey, 1991; O'Toole et al., 2000). The physicochemical properties of the environment can also affect the attachment of bacteria to the surface and characteristics of the cell surface, such as hydrophobicity can all influence the ability to attach to a surface (Hood and Zottola, 1995; Chavant et al., 2002). For example, biofilms occur readily on surfaces that are rough, hydrophobic, non-polar and coated by surface conditioning films (Donlan, 2002). Increased water flow velocity or changes in temperature and nutrient concentrations can increase microbial attachment rates, providing these factors do not exceed critical levels (Arampatzi et al., 2011). Production of surface-associated polysaccharides and the presence of extracellular appendages (flagella and fimbriae) can provide a competitive advantage for one organism over others in a mixed community (Donlan, 2002). Bacteria within biofilms tend to show much higher levels of resistance to antibiotics and disinfectants and thereby become a reservoir for subsequent spread of pathogenic organisms (Mahapatra et al., 2015). These organisms may increase the risks to human health by exposure during water-related activities (Donovan et al., 2008). To assess the presence of potentially pathogenic bacteria in the biofilms present in a local watercourse, biofilm-associated bacteria were isolated from river-stones from the Porter Brook, Sheffield, and identified from their morphological, biochemical and molecular characteristics.
[bookmark: _Toc4505909]3.2 Source of organisms
     Six river-stones with visible biofilms (thick, light brown, sticky growth) on the upper surfaces were collected from the Porter Brook in Sheffield (Figure 3.1 and 3.2).  

[image: ]
Figure 3.1: Sampling location. The approximate location of the sampling site is marked by the red circle.


	[image: 18]A

	[image: 23]B



Figure 3.2: Images of river-stones samples. A. Sampling site; stones with visible biofilms were collected from sites with moderate water flow. B. Stones with visible biofilms on the surface.
[bookmark: _Toc4505910]3.3 Isolation of bacteria from environmental biofilms
     Epilithic biofilms were scraped from the stones and suspensions were serially diluted 1:100 in physiological saline (0.85%) using aseptic technique (APHA, 1998). The suspensions were spread on various selective media (Section 2.5). The plates were incubated at 37ºC for 24–72 h under aerobic conditions (Section 2.4.1). Colonies with different colouration and morphologies were picked from hundreds of colonies grown on the spread plates and streaked on nutrient agar plates to obtain pure cultures of the bacterial isolates, however, more than one isolated colony of each type were selected for streaking (Figure 3.3). Unfortunately, the sources (i.e. which selective medium) of the colonies selected for re-streaking was not recorded and hence the diversity of the final isolates is likely to be limited.
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Figure 3.3: Bacterial isolates grown on nutrient agar plates. Examples of bacterial isolates streaked to single colonies on nutrient agar.


[bookmark: _Toc4505911]3.4 Bacterial morphological and biochemical characterization 
     Isolated colonies from the nutrient agar plates were selected and characterized using various morphological and biochemical characteristics for preliminary identification (Bergey and Holt, 1994). Morphological parameters (Section 2.6) are used as well as biochemical tests, such as catalase and oxidase activities (Section 2.6). The cytochrome oxidase system is usually only present in aerobic organisms that are capable of using oxygen as the terminal electron acceptor, whereas catalase protects bacteria from the toxic by-products of oxygen metabolism. Catalase-positive bacteria can be aerobes and facultative anaerobes, whereas catalase-negative bacteria can be anaerobes or facultative anaerobes that only ferment (Table 3.1).
[bookmark: _Hlk519710523]Table 3.1: Morphological and biochemical characterization of bacteria isolates. Isolated bacteria were first characterized for their morphological, cultural and biochemical characteristics for preliminary assessment of diversity.
	[bookmark: _Hlk519710469]Bcaterial isolate 
	
Cell shape
	Colony form
	Colony elevation
	Colony margin
	Colony surface
	Colony optical features
	Colony consistency
	Colony colour
	Motility
	
Gram stain
	
Enzyme production

	
	
	
	
	
	
	
	
	
	
	
	Oxidase test
	Catalase test

	1
	
Rod-shaped 
	Circular
	Convex
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	-ve
	+ve
	+ve

	2
	 Spiral rod- shaped
	Circular
	Convex
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	-ve
	
+ve
	
+ve

	3
	
Short-rod-shaped
	Circular
	Convex
	Erose
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	-ve
	
+ve
	
+ve

	4
	
Rod-shaped 
	Circular
	Convex
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Non-motile
	-ve
	-ve
	+ve

	5
	
Rod-shaped 
	Punctiform
	Convex
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	-ve
	
+ve
	
+ve

	6
	
Rod-shaped 
	Circular
	Convex
	Erose
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	-ve
	-ve
	+ve

	7
	
Rod-shaped 
	Circular
	Convex
	Erose
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	-ve
	-ve
	+ve

	8

	
Rod-shaped 
	Punctiform
	Convex
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Non-motile
	-ve
	-ve
	+ve

	9  
	
Rod-shaped 
	Punctiform
	Pulvinate
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Non-motile
	-ve
	-ve
	+ve

	10
	
Rod-shaped 
	Circular
	Convex
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	-ve
	-ve
	+ve

	11
	
Rod-shaped 
	Circular
	Convex
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	-ve
	-ve
	+ve

	12
	
Rod-shaped 
	Circular
	Convex
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	-ve
	+ve
	+ve

	13
	
Rod-shaped 
	Punctiform
	Convex
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Non-motile
	-ve
	-ve
	+ve

	14

	
Short-rod-shaped
	Punctiform
	Convex
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	Yellow
	Non-motile
	-ve
	+ve
	+ve

	15

	
Rod-shaped 
	Irregular
	Pulvinate
	Undulate
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	+ve
	+ve
	+ve

	16

	
Rod-shaped 
	Punctiform
	Convex
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	+ve
	-ve
	+ve

	17

	
Rod-shaped 
	Irregular
	Convex
	Filamentous
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	+ve
	-ve
	+ve

	18

	
Rod-shaped 
	Circular
	Umbonate
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	+ve
	+ve
	+ve

	19
	
Rod-shaped 
	Circular
	Convex
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	+ve
	-ve
	+ve

	20

	
Rod-shaped 
	Punctiform
	Convex
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	+ve
	-ve
	+ve

	21

	
Rod-shaped 
	Punctiform
	Convex
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	+ve
	-ve
	+ve

	22

	
Rod-shaped 
	Punctiform
	Convex
	Entire
	Smooth
	Translucent
	Viscid (slimy)
	White
	Motile
	+ve
	+ve
	+ve



[bookmark: _Toc4505912]3.5 Bacterial Identification by 16S rRNA gene sequencing analysis

[bookmark: _Toc4505913]3.5.1 Extraction of bacterial genomic DNA and PCR amplification of 16S rRNA genes and sequencing of amplicons
     Bacterial genomic DNA was extracted from all 22 isolated bacteria (Table 3.1) using the GenElute bacterial genomic DNA extraction protocol (Section 2.11.1). The purity of the DNA preparations was assessed spectrophotometrically using a Nanodrop 1000 (A260/280) (NanoDrop Technologies, Wilmington, DE, USA) (Section 2.11.5). The amplification of 16S rRNA genes of the bacterial isolates was performed by PCR using universal forward (27F) and reverse (1492R) primers (Section 2.11.4.2) to amplify the V1-V9 region (1500 bp) of the16S rRNA gene (Figure 3.4 and 3.5). The PCR products along with 27F and 1492R primers were sent to Medical School DNA Sequencing Facility (University of Sheffield, UK) for sequencing of the amplicons.


[image: ]
Figure 3.4: Schematic representation of variable regions of the 16S rRNA gene. Bacterial 16S rRNA gene (1500 bp) contains nine different hypervariable regions flanked by evolutionarily conserved sequences that can be used for taxonomic identification. Image courtesy of: http://www.alimetrics.net/en/index.php/dna-sequence-analysis.
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Figure 3.5: Amplification of the 16S rRNA genes of isolated bacteria. The PCR products were separated on 1% agarose gel (Section 2.11.8) and visualized using SYBR Safe DNA Gel Stain. Lane M, DNA marker, from top to bottom: 10, 8, 6, 5, 4, 3, 2, 1.5, 1 and 0.5 kb; lanes 1-22, PCR amplifications of the16S rRNA genes from the 22 bacterial strains listed in Table 3.1.


[bookmark: _Toc4505914]3.5.2 Analysis of the DNA sequences of the 16S rRNA genes of the bacterial isolates and putative identification 
     FinchTV software was used to analyze each DNA sequence chromatogram to assess its quality. Basic local alignment search tool (BLAST) in National Center for Biotechnology Information (NCBI) and Ribosomal Database Project (RDP) were used to provide taxonomic information about the source species.

     A total of 22 bacterial species were isolated and identified from biofilms formed on stones retrieved from the Porter Brook, Sheffield. From the results, Proteobacteria, Bacteriodetes and Firmicutes were the dominant detected bacterial phyla among biofilms. However, class -Proteobacteria was the largest bacterial group and class Bacilli was the second most common bacterial group followed by class β-Proteobacteria, while class Sphingobacteria was a minor component of the bacterial community in biofilm samples (Table 3.2). Several genera from diverse bacterial phyla were detected in samples, implying a high bacterial diversity in biofilms. It should be noted that this diversity is likely to be greater than reported here, because the identified bacteria will have been filtered by the use of selective media (see above). Nevertheless, taxonomic classifications at the genus level revealed further diversity. Within class -Proteobacteria, genera Acinetobacter, Aeromonas, Citrobacter, Escherichia, Klebsiella, Pantoea, Providencia, Shewanella, and Shigella were detected, while genus Sphingobacterium was only detected within class Sphingobacteria. Within class β-Proteobacteria, genera Alcaligenes, Aquaspirillum, and Comamonas and genera Bacillus, Exiguobacterium, and Paenibacillus within class Bacilli were also detected in biofilm samples. The α-Proteobacteria and β-Proteobacteria are often the most abundant bacterial phyla in freshwater habitats, reflecting the planktonic bacteria in the river water, while Firmicutes and -Proteobacteria are also commonly found to dominate these habitats (Katharina et al., 2012). However, among the latter were 10 gram-negative potentially pathogenic bacteria that can be associated with human infections. Most of the isolated potentially pathogenic bacterial strains belonged to the family Enterobacteriaceae amongst which Providencia rettgeri MBB11, Escherichia coli MBB7, Pantoea agglomerans MBB10, Citrobacter qillenii MBB6, Klebsiella oxytoca MBB8, Shigella sonnei MBB13, Klebsiella pneumoniae MBB9. Others included Acinetobacter spp MBB4, Alcaligenes faecalis MBB1, and Aeromonas hydrophila MBB5 (Table 3.2).








[bookmark: _Hlk519715987]
Table 3.2: Sequence database homology search results for 16S rRNA genes of isolated bacteria. The 16S rRNA amplicons (~500 base pair of good forward or reverse strand sequences that are represented by tall distinct peaks that have little overlap) were compared to sequences in GenBank, National Center for Biotechnology Information (NCBI), using the BLAST search engine to identify the origin of the DNA sequence.

	Bacterial 
isolates
	NCBI Best match
(Genus species)
	%
Coverage
	E value
	%
Identity
	Accession
number
	Type of microorganism
	Characteristics
	Reference

	
	β-Proteobacteria
	
	
	
	
	
	
	

	
1
	Alcaligenes faecalis MBB1
	100%
	0.0
	100%
	
KP224304.1
	

Gram-negative 
	· Causative agent of post-operative endophthalmitis in the human eye.
· Associated with development of peritonitis in peritoneal dialysis patients.
	
 (Kaliaperumal et al., 2005)
(Kahveci et al., 2011)
 

	2
	Aquaspirillum serpens MBB2
	100%
	0.0
	99%
	JN609336.1
	Gram-negative 
	
	
	

	
3
	Comamonas nitrativorans MBB3
	100%
	0.0
	99%
	
KF530281.1
	
Gram-negative 
	
	
	

	
	-Proteobacteria
	
	
	
	
	
	
	



	
4
	Acinetobacter spp MBB4
	99%
	0.0
	99%
	
KP747659.1
	
Gram-negative 
	· Some species cause; bacteremia, urinary tract infections, secondary meningitis, infective endocarditis, and wound and burn infections.
	 (Pratap et al., 2010)

	

5
	
Aeromonas hydrophila MBB5
	100%
	0.0
	100%
	

KR052185.1
	


Gram-negative 
	
· Human infections; cellulitis.
· Wound infections.
· Diarrhea
	(McCracken and Barkley, 1972) 
(Skiendzielewski et al., 1990)
(Janda et al., 1983)

	
6
	Citrobacter qillenii MBB6
	100%
	0.0
	100%
	KR612001.1
	Gram-negative 
	· Wound infection, urinary tract infections and bacteremia.
	 (Nayar et al., 2014)


	
7
	Escherichia coli MBB7
	100%
	0.0
	100%
	
CP014197.1
	
Gram-negative 
	· Certain serotypes can cause various intestinal and extra-intestinal diseases, such as urinary tract infections, diarrhea, neonatal meningitis and septicemia.
	
 (Orskov and Orskov, 1992)

	8
	Klebsiella oxytoca MBB8
	100%
	0.0
	100%
	LC049180.1
	Gram-negative 
	· Colitis and sepsis.
	 (Högenauer et al., 2006)

	
9
	Klebsiella pneumoniae MBB9
	100%
	0.0
	100%
	

LC049181.1
	

Gram-negative 
	· Opportunistic pathogen; cause infections of respiratory tract, pharynx and nasal mucosa.  
· Nosocomial infection; Pneumonia
	 (Sikarwar and Batra, 2011)
(Richards et al., 1999)

	

10
	Pantoea agglomerans MBB10
	100%
	0.0
	99%
	

KT075214.1
	

Gram-negative 
	· Opportunistic infections in humans; wound, blood, and urinary-tract infections.
· Endophthalmitis, periostitis, endocarditis and osteomyelitis in humans.
	 (Cruz et al., 2007)
 
(Jacek et al., 2016)

	

11
	Providencia rettgeri MBB11
	100%
	0.0
	100%
	

KR091945.1
	

Gram-negative 
	· Opportunistic infections in humans; a major cause of traveller's diarrhea.
· Urinary tract infections.
· Eye infections.
	 (Yoh et al., 2005)
 (Jones and Mobley, 1987)
 (Koreishi et al., 2006)

	
12
	
Shewanella putrefaciens MBB12
	
100%
	
0.0
	
100%
	
HQ588327.1
	
Gram-negative 
	
	
	

	
13
	Shigella sonnei MBB13
	100%
	0.0
	100%
	CP011422.1
	
Gram-negative 
	· Shigellosis
· Major causes of diarrhea
· Meningitis and bacteriemia
	 (Tajbakhsh et al., 2012)
(Qu et al., 2012)
(Puel et al., 2005)

	
	Bacteriodetes - Sphingobacteria
	
	
	
	
	
	
	
	

	
14
	Sphingobacterium composti MBB14
	100%
	0.0
	100%
	
AB682399.1
	
Gram-negative 
	
	
	

	
	Firmicutes - Bacilli
	
	
	
	
	
	
	
	

	15
	Bacillus sonorensis MBB15
	100%
	0.0
	100%
	KP282741.1
	Gram-positive
	
	
	

	16
	Bacillus subtilis MBB16
	100%
	0.0
	100%
	CP007173.1
	Gram-positive 
	
	
	

	17
	Bacillus licheniformis MBB17
	100%
	0.0
	100%
	KP965752.1
	Gram-positive 
	
	
	

	18
	Bacillus pumilus MBB18
	100%
	0.0
	100%
	EU244733.1
	Gram-positive
	
	
	

	19
	Exiguobacterium sibiricum MBB19
	100%
	0.0
	100%
	LK391534.1
	Gram-positive 
	
	
	

	
20
	Paenibacillus campinasensis MBB20
	100%
	0.0
	100%
	
KF312290.1
	
Gram-positive 
	
	
	

	
21
	Paenibacillus lactis MBB21
	100%
	0.0
	100%
	
KF930955.1
	
Gram-positive 
	
	
	

	
22
	Paenibacillus woosongensis MBB22
	100%
	0.0
	100%
	
AB902951.1
	
Gram-positive 
	
	
	



[bookmark: _Toc4505915]3.6 Assessment of biofilm formation by the isolated pathogenic bacteria
     Ten gram-negative potential pathogens were selected from the 22 isolates and screened for biofilm production (Section 2.7). The results of the modified microtiter-plate test as a quantitative assay showed that almost all tested bacteria produced biofilms where the amount of crystal violet stain retained on the test plate indicated the presence of biofilms (Figure 3.6). Among these isolates, Klebsiella pneumoniae MBB9 showed the greatest biofilm production in the CV microtiter plate assay followed by Alcaligenes faecalis MBB1, Providencia rettgeri MBB11 and Aeromonas hydrophila MBB5.


[image: ]
Figure 3.6: Biofilm formation by different bacterial isolates. The microtiter plate-based crystal violet assay was used, and the optical density of the attached material and control wells were read at 595 nm using a multiwell plate reader (BioTek FLx800, UK). Bars are mean values, while error bars are the standard deviation (n=6).

[bookmark: _Toc4505916]3.7 Discussion
     Environmental sampling, bacterial isolation and 16S rRNA gene sequencing identified 22 bacterial species present within biofilms formed on stones retrieved from the Porter Brook, Sheffield. Amongst these were 10 gram-negative pathogenic bacteria. Therefore, it was established that potential human pathogens were present within the biofilms attached to stones in a moderate-flow, low-light location of the Porter Brook. The presence of such bacteria raises the possibility of infection arising from exposure to these pathogens during recreational activities at this location.  

     Biofilms have been shown to be diverse communities that include algae, archaea, bacteria, fungi, protozoa and viruses (Katharina et al., 2012). The α-Proteobacteria and β-Proteobacteria tend to be the predominant bacteria present in freshwater biofilms, reflecting the planktonic bacteria in the river water, however Firmicutes and -Proteobacteria are also common (Katharina et al., 2012). Investigation of the assembly of biofilms on glass beads placed in three streams in Sweden led to the suggestion that the capacity to make an initial attachment to the surface might have led to the dominance of β-Proteobacteria in the biofilms (Katharina et al., 2012). However, by comparing the results obtained from 16S rRNA gene sequencing (bulk biofilm) and 16S rRNA sequencing (active biofilm) α-, β-, -Proteobacteria and Bacilli were more abundant in the active biofilm, including B. subtilis and E. coli, which were identified here. In the Swedish river biofilms, the Bacteroidetes, Sphingobacterium, was found mostly in the bulk biofilm and not in the active biofilm (Katharina et al., 2012). This was interpreted as suggesting that growth conditions for these bacteria were more favourable during early biofilm formation. The isolation of S. composti MBB14 here might suggest that this strict aerobe might also be most active during the early stages of biofilm formation in the Porter Brook. Previous studies of biofilms formed on polycarbonate slides placed in Kanzaki river (0.5 m below the water surface) in Japan have also shown that β-Proteobacteria were the dominant group in biofilms in each month of the study period (Aug, Oct and Dec) (Araya et al., 2003). The dominance was interpreted as β-Proteobacteria might attach to surfaces more easily during initial formation of biofilms. The isolation of Aquaspirillum serpens MBB2, Comamonas nitrativorans MBB3 and Alcaligenes faecalis MBB1 here might suggest that these motile aerobes might tend to make an effective initial attachment to the surfaces of the stones during the early stages of biofilm development. In the Japan river study, the ratio of metabolic activity was found to be higher in bacterial cells associated with biofilms than in free-living bacterial populations during the study period (Araya et al., 2003). This was thought to reflect the greater availability of surface-associated carbon compared to the water column. In general, biofilm-associated bacteria are able to collect and concentrate nutrients, such as organic and inorganic compounds that accumulate at higher concentrations at the solid-liquid interface leading to higher metabolic activity than their planktonic counterparts (Konhauser et al., 1994; Araya et al., 2003). Flagella are thought to be one of the initial factors used by some bacterial species for cell- to-surface adhesion and biofilm formation (Ratthawongjirakul et al., 2016). In several gram-negative bacteria, flagella play essential roles in early biofilm formation (Lemon et al., 2007). Most of the isolated bacteria (~77%) here are motile, suggesting that possession of such appendages might increase the probability of adhesion to these substrata and the subsequent growth. In general, the physical appendages of bacteria, such as flagella, fimbriae and pili can also overcome the repulsive physical forces of the electrical double layer, contact the bulk lattice of the conditioning layer and consolidate the bacteria–surface bond, as these repulsive forces have shown to prevent the bacterial cells from making a direct contact with the surface (Kumar and Anand, 1998; Garrett et al., 2008).

     The presence of E. coli MBB7 in the biofilms is not surprising as it is a common member of human and animal intestinal flora and has been used as an indicator of faecal contamination of water (Amirat et al., 2012). Although E. coli bacteria are part of the healthy flora of the gut, some serotypes can cause intestinal and extra-intestinal infections, such as meningitis, nosocomial bacteremia and urinary tract infection (Von Baum and Marre, 2005; Cabral, 2010). In various European Rivers, human origins have been identified as the primary source of faecal contamination of urban rivers, whereas the farmed animal sources were the main source of faecal pollution in rural rivers (Amirat et al., 2012). Study of distribution of E. coli in water, epilithic biofilms and sediments of Ruhr river in German has shown that the presence of E. coli in all epilithic biofilms collected from stones (Mackowiak et al., 2018). The number of E. coli in epilithic biofilms was found three orders of magnitude higher than in the flowing water, suggesting that E. coli may grow at favourable temperatures in river biofilms and can persist in these environments. Similarly, Balzer et al. (2010) have found that the number of E. coli in epilithic biofilms retrieved from the Ruhr was higher compared with the overlying water. This was interpreted as suggesting that presence of high densities of the authochthonous microflora in epilithic biofilms may also help their survival (Balzer et al., 2010). In the German river biofilms, an increased number of E. coli in water was found to depend on the flow rate, whereas the level in epilithic biofilms was independent of the flow rate, suggesting that epilithic biofilms may act as a reservoir for fecal indicators. A previous study showed the existence of these strains in water samples collected from the river Thames (Dhanji et al., 2011). Another study showed that heavy rainfall during the study period (spring, summer and autumn) increased the numbers of E. coli in water implying that such conditions might result in an increased level of pathogens (Amirat et al., 2012). The Porter Brook rainfall might influence the concentrations of E. coli MBB7 in the water, whereas the moderate-flow rate may have no effect on the survival and persistence of these bacteria in biofilms attached to stones. Different mechanisms may underline the existence of E. coli MBB7 here, such as the input of external sources, transport and incorporation into biofilms and the adoption of survival strategy to persist (Mackowiak et al., 2018). Besides, EPS can protect biofilm cells against the harmful external factors (Gupta and Diwan, 2017).  

     The occurrence of other members of Enterobacteriaceae in Ruhr, Moersbach, Anrathskanal river biofilm was also reported, such as Klebsiella pneumoniae, Klebsiella oxytoca, Citrobacter spp, and Pantoea spp. as the family contains a large number of genera that are part of the intestinal flora of humans and animals (Kallen et al., 2013). Coliforms, which are Enterobacteriaceae members, can also be used as bacterial indicators of the faecal pollution and thus the potential presence of pathogens in the aquatic environment (Lin and Ganesh, 2013). Previously, the presence of K. pneumoniae has been found in water samples collected from the river Thames and K. oxytoca was present in river Thames sediment and water samples (Boden et al., 2008; Amirat et al., 2012). Enterobacteriaceae members have been detected in a number of studies of freshwater habitats (Paulse et al., 2012). The predominant bacterial species in water and epilithic biofilms retrieved from Berg and Plankenburg rivers, South Africa, identified by 16S rRNA PCR and DNA sequencing included fecal indicators, confirming the introduction of pollutants into these habitats (Paulse et al., 2012). In South Africa rivers samples, phylogenetic analyses have shown the dominance of gram-negative bacteria, suggesting that these microbes possess different mechanisms to survive and tend to be more resistant to various lipophilic and amphiphilic inhibitors than gram-positive bacteria. In addition to these species, Acinetobacter species along with Aeromonas hydrophila, Alcaligenes faecalis were also isolated which are all indicators of faecal contamination (Paulse et al., 2012). The isolation of these bacteria from the Porter Brook biofilms is therefore not unusual, suggesting that Porter Brook might have received surface waters containing materials from different origins, e.g., water of urban or industrial effluents, agricultural activities, or rain. The presence of such bacteria here could lead to major health concerns and might indicate the existence of potential disease-causing bacterial strains. Although faecal indicator bacteria are part of the normal intestinal flora, they can include some species that are known to be opportunistic pathogens that may cause a range of human infections (Balzer et al., 2010). Characteristics of these diseases are shown in Table 3.2. However, pathogenicity of the isolated bacteria can be detected by identifying the virulent genes sequence and their expression products using real-time quantitative PCR (qPCR) or by murine model of infection using signature-tagged transposon mutagenesis or by utilizing PCR-based genomic DNA and cDNA suppressive subtractive hybridization (Unsworth and Holden, 2000; Autret et al., 2001; Lau et al., 2007). Besides, some bacterial growth media, including blood agar can be used to detect the bacterial pathogenicity since pathogens, such as Staphylococcus aureus can use red blood cells to grow and produce extracellular enzymes that lyse red blood cells in the blood agar (hemolysis) (Haifang et al., 2016).

     However, investigation of the occurrence of the Shigella spp. in water and riverbed sediments samples retrieved from the Apies River, South Africa suggest the need to investigate the genetic relatedness of Shigella spp in water and riverbed sediments at the genetic level (Ekwanzala et al., 2017). In the Apies River samples, Shigella sonnei, Shigella dysenteriae, Shigella boydii and Shigella flexneri were found more abundant in both water and sediments, suggesting that these species could have a common origin (99% genetic relatedness) and the bacteria could possibly be moved between the water column and the sediments. Shigella spp. are commonly found in water polluted with human excreta, indicating the human faecal contamination (Ekwanzala et al., 2017). The isolation of Shigella sonnei MBB13 here might suggest the possible movement of these species and other isolated bacteria through the water column and the potential interaction with and resuspend from epilithic biofilms. However, in the Apies River samples, both culture-based and culture-independent methods were used for the determination of bacterial loads, and it was found that the amounts of Shigella spp. by qPCR were 30 times higher than that obtained using culture-based techniques, suggesting that culture-based methods might not reflect the exact number of bacteria in these environments. Similarly, quantification of E. coli using culture-based procedures has been reported to underestimate their actual numbers in natural waters as some bacteria can be in a viable but non-culturable state (VBNC) (Amirat et al., 2012). Entering into VBNC state can be as a result of an insufficient supply of nutrients (uptake ceases) and/or under some environmental stresses that might inhibit natural activities for growth and cell division, such as extremes of temperature, pH, toxic chemicals, UV irradiation, water limitation or desiccation and fluctuating oxygen concentrations, whereas cells can recover from this situation when provided with the essential nutrients and environmental conditions, however some complex biofilm matrices might have both viable and non-viable cells (Trevors, 2011). Using only culture-based techniques for microbial isolation here limits the analysis to viable bacteria only and likely underestimates the actual diversity present in the Porter Brook.

     Biofilms in freshwater ecosystems generally harbor considerable microbial diversity, including bacteria, archaea, algae, fungi, protozoa and viruses that are important components of the biofilms matrix and contribute to the biodiversity and processes of the ecosystem (Besemer, 2015). Studying of microbial biofilm communities can lead to an accurate assessment of population density and a better understanding between structure and function in biofilm communities (Araya et al., 2003). However, the diversity and composition of microbial biofilm communities can also be shaped by the interaction of regional (dispersal dynamics, landscape patterns) and local (abiotic habitat conditions, biotic interplays) processes (Besemer, 2015). 

     Nevertheless, 10 gram-negative potentially pathogenic strains were selected from the 22 isolates and screened for the production of biofilm. Amongst the 10 potentially pathogenic isolates, the K. pneumoniae MBB9 isolate showed the highest ability to form a biofilm in the microtiter plate assay (Figure 3.6). In vitro, K. pneumoniae have shown the ability to form biofilms in polystyrene microtiter plates (Nicolau Korres et al., 2013). Klebsiella pneumoniae are frequently found in a variety of environmental niches, including water, soil, and vegetation, and are Gram-negative, encapsulated, nonmotile, rod-shaped opportunistic pathogens that can cause a wide range of nosocomial infections, including pneumonia, bacteremia, and urinary tract infections (Chen et al., 2014; Seifi et al., 2016). It has been shown that type 1 and type 3 pili that promote adhesion, and biofilm formation, as well as capsular polysaccharides, can be the most important virulence factors of K. pneumoniae (Seifi et al., 2016).  Biofilm formation and its subsequent development have been suggested to play a significant role in the pathogenesis of K. pneumoniae (Maldonado, 2007). Therefore, the K. pneumoniae MBB9 isolate was selected to assess the influence of different factors on biofilm formation using the crystal violet and resazurin assays.

[bookmark: _Toc4505917]Chapter 4: Characterization and evaluation of biofilm formation by Klebsiella pneumoniae MBB9

[bookmark: _Toc4505918]4.1 Introduction
     Bacterial biofilms can be defined as microbial communities that adhere to abiotic and biotic surfaces and constitute a protected mode of growth within extracellular matrix substances (Lehner et al., 2005; Karaca et al., 2013). Biofilm is formed on abiotic surfaces through various steps, including the adhesion of the free-floating planktonic cells, maturation, and dispersion of attached cells (Jama et al., 2017) (Figure 1.1). The establishment and development of bacterial biofilms are known to be dynamic and complex processes regulated by intrinsic biological properties and also by many environmental factors, since changes in the environment often trigger the formation of biofilm (Rühs et al., 2013; Gomes et al., 2014). The environmental factors that control attachment and formation of biofilm may influence the ability of bacteria to grow and survive (Bjergbæk et al., 2006). The formation of microbial biofilm can be influenced by different factors, including incubation period, nutrient levels, temperature, pH, ionic strength; however, bacterial cell surface appendages and surface characteristics are also necessary for this process (Agarwal et al., 2011). The biofilm matrix protects microbes against external conditions, such as nutrient depletion, shear stress, pH changes, oxygen radicals, disinfectants and antibiotics (Kim et al., 2012). Attachment to surfaces and biofilm formation are mainly governed by electrostatic, van der Waals, hydrophobic, and contact interactions (Kurincic et al., 2016). Hydrophobic interactions are known to play a role in microbial adhesion to a variety of surfaces and facilitate the formation of biofilm. Surface hydrophobicity can influence bacterial colonization of materials, such that bacteria have evolved several various ways to use the hydrophobic effect in order to adhere to substrata (Van Loosdrecht et al., 1987; Tahmourespour et al., 2008; Tyfa et al., 2015). However, cell surface hydrophobicity may change as a function of the physiological state of bacteria (Tahmourespour et al., 2008). 

     Biofilm-forming bacteria show different physiological properties in their response to environmental influences compared with their planktonic counterparts; thus, changes in the availability of essential nutrients can have a significant impact on bacterial physiology (Bühler et al., 1998). In aquatic environments, temperature plays an essential role in governing the rate of microbial activity as well as the proliferation of biofilm and settlement of organisms (Mizan et al., 2018). Furthermore, increasing carbon concentration is known to increase the rate and degree of biofilm accumulation (Rochex and Lebeault, 2007). In general, increasing flow velocity, water temperature or nutrient concentrations can increase the microbial attachment rate, providing these factors do not exceed critical levels (Prakash et al., 2003). For example, in different environments, biofilms can be subjected to a broad range of hydrodynamic conditions (Sutherland, 2001; Lembre et al., 2012). These conditions have an impact on biofilm formation by changing nutrient and oxygen supply and causing shear forces that affect the ability of cells to attach to surfaces (Gomes et al., 2014). Under hydrodynamic conditions, shear force has been considered as one of the most crucial factors in the formation of biofilm (Liu and Tay, 2002). There is evidence that shear stress has effects on structure, mass transfer, exopolysaccharide production and metabolic/genetic behaviour of biofilm (Liu and Tay, 2002). Although detachment of the biofilm by hydrodynamic forces leads to viable biomass reduction, which also EPS secretion, higher shear stresses result in denser and thinner biofilm, as stronger adhesion and lower detachment rates have been observed for cells that are grown under high shear conditions (Liu and Tay, 2001; Qi et al., 2008; Karimi et al., 2014). High flow rate can cause two phenomena of opposite nature: it supports the transport of nutrients to the surface, contributing to the growth of cells in the microbial layer and exopolymer production; on the other hand, with increasing flow velocity the shear rates also rise and that can cause additional erosion and detachment of biofilm decreasing the amount of biomass attached to the solid support (Gomes et al., 2014). 

     Many aquatic systems, such as rivers and lakes are influenced by activities of humans, where the microbes inhabiting these water bodies are exposed to a wide range of chemical pollutants, including antibiotics, that can alter microbial behavior (Balcazar et al., 2015). Biofilm communities exhibit increased tolerance to antimicrobial agents, since bacterial cells within a biofilm show 10 to 1,000 times lower susceptibility to specific antimicrobial agents compared with their planktonic counterparts (Gupta et al., 2013). Besides, the transfer of genetic material between bacterial cells through horizontal gene transfer is induced by stressors such as antibiotics, where antibiotic resistance genes harboured by bacteria, mainly as plasmid, transposon or integron forms are able to be transferred among the water community (Djenadi, 2017; Bengtsson-Palme et al., 2018). Phenotypic antibiotic resistance by formation of bacterial biofilms may protect cells from released antibiotics polluting watercourses (Baquero et al., 2008). This type of phenotypic resistance is one of the strategies used by bacteria to diminish the effects of antibiotics along with other strategies, such as enzymatic modification and inactivation of antibiotics, restriction of drug target access and alteration of drug target or even complete deletion of the target (Sikarwar and Batra, 2011). 

     Widespread use of broad-spectrum antibiotics in hospitalized patients has led to the increased prevalence of K. pneumoniae as well as the development of multidrug-resistant strains that produce extended-spectrum beta-lactamase (Kumar, 2013). It is known that the aquatic environment can serve as a natural reservoir of antibiotic resistant bacteria and act as conduit for the spread of clinical resistance traits (Suzuki et al., 2017). 

     Various methods have been used to investigate biofilm formation, but the crystal violet binding assay has been widely used to detect and quantify biofilm mass (Pettit et al., 2005). Crystal violet can bind to negatively-charged molecules, including cell surface and the EPS (Li et al., 2003). Total biofilm biomass, including both dead and living cells as well as parts of the extracellular matrix can be stained (Vandecandelaere et al., 2016). However, the number of metabolically active biofilm cells can be determined by metabolic assays, which are broadly used for quantification of bacterial viability in the biofilm and are based on the detection of metabolic products produced by bacteria (Maria et al., 2012). Resazurin is a nontoxic, water-soluble blue dye, non-fluorescent and permeable through cell membranes that can be reduced by metabolically active cells to the highly fluorescent resorufin (Rampersad, 2012). In the electron transport chain, the dye acts as an intermediate electron acceptor without interfering with the normal transfer of electrons (Simões et al., 2015). Thus, fluorescent measurements of a resazurin assay can be used to quantify biofilm viability (Welch et al., 2012).  

     The aim of the present study was to investigate the effect of incubation time, hydrodynamic conditions, changing glucose, peptone and yeast extract concentrations and environmental parameters, such as temperature, pH, anaerobic conditions, osmotic stresses and growth media on K. pneumoniae MBB9 biofilm formation as well as cell surface hydrophobicity and antimicrobial susceptibility using crystal violet and resazurin (also known as the Alamar Blue) assays in microtiter plates.

[bookmark: _Toc4505919]4.2 Effect of incubation time on biofilm formation by Klebsiella pneumoniae MBB9
     The microtiter plate method was used (Section 2.7 and 2.8). Klebsiella pneumoniae MBB9 biofilm was developed under static conditions by incubation for 6, 12, 18, 24 and 48 h at an ambient temperature of 37°C. Experiments showed that K. pneumoniae MBB9 was able to form biofilm under static conditions (Figure 4.1) and the biofilm density increased significantly (p <0.05) with increasing incubation time from 6 h to 24 h, whereas a reduction in biofilm biomass was observed after 48 h of incubation (Figure 4.1).

[bookmark: _Toc4505920]4.3 Effect of hydrodynamic conditions on biofilm formation by Klebsiella pneumoniae MBB9
     The microtiter plate method (Section 2.7 and 2.8) was also used to test the effect of dynamic conditions on the kinetics of K. pneumoniae MBB9 biofilm formation. Experiments showed, as observed for static cultures, the amount of biofilm increased with incubation period (Figure 4.1). Statistical analysis revealed that there was no significant difference (p ˂0.05) in the amount of biofilm formed by K. pneumoniae MBB9 at different time intervals under static and shaking conditions (Figure 4.1).
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Figure 4.1: Effect of incubation time and orbital shaking on biofilm formation by K. pneumoniae MBB9. Biofilm was developed under either static (left dataset) or horizontal orbital shaking (right dataset) conditions. The latter experienced higher shear forces with a diameter of 25 mm at 150 rpm imposed by a horizontal orbital shaker. Cultures were grown in nutrient broth and were incubated for 6, 12, 18, 24 and 48 h at 37°C under both static and shaking conditions. Data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test. *p ≤0.05 and **p ≤0.01.


[bookmark: _Toc4505921]4.4 Effect of glucose, peptone and yeast extract on biofilm formation by Klebsiella pneumoniae MBB9

     In aquatic ecosystems, such as freshwater, agricultural activities that dominate various landscapes can affect nutrient loading to these sources and can modify delivery and cycling of nutrients, such as N, P and C (Bechtold et al., 2012). As a consequence, nutrient uptake rates by microorganisms can be altered, assemblage of autotrophs and heterotrophs in biofilms can be changed and formation of biofilm can be affected (Bechtold et al., 2012). The concentrations of glucose, peptone and yeast extract were independently altered to evaluate the effect of carbon and nitrogen sources on biofilm formation by K. pneumoniae MBB9 in microplates using crystal violet and resazurin assays (Section 2.7 and 2.8). As shown in Figure 4.2, biofilm mass was maximum at 0.25 g L-1 glucose and then the amount of biofilm decreased significantly (p ˂0.05) with increasing the concentrations in the medium to 0.5 and remained relatively constant for up to 1 g L-1 glucose. The adhered cells of the glucose-free medium were more metabolically active, whereas metabolic activity was significantly (p ˂0.05) reduced at 0.25 g L-1 glucose (Figure 4.3). The extent of biofilm formed increased significantly (p ˂0.05) with increasing peptone concentrations (Figure 4.4). The resazurin-based fluorescence signals obtained from the cells grown at different concentrations of peptone were decreased with inclusions peptone (Figure 4.5). The biofilm density increased significantly (p ˂0.05) with increasing yeast extract concentrations (Figure 4.6). The amount of viable biofilm cells initially decreased upon addition of yeast extract, but they increased with further addition of yeast extract (Figure 4.7).
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[bookmark: OLE_LINK2]Figure 4.2: Effect of D-glucose concentration on biofilm formation by K. pneumoniae MBB9. An overnight culture of K. pneumoniae MBB9 was centrifuged to harvest the bacterial cells, suspended in sterile saline (NaCl 0.85%) and the OD600 of the bacterial suspensions was adjusted to 0.5 McFarland standards (approximately 108 CFU/ml) with the basic medium without glucose (0.25 g L-1 peptone, 0.125 g L-1 yeast extract and phosphate buffer (0.188 g L-1 KH2PO4 and 0.26 g L-1 Na2HPO4) and with three media with different glucose concentrations 0.25, 0.5 and 1 g L-1. Aliquots (200 μl) were then used to inoculate wells of a flat-bottomed polystyrene 96-well microtiter plate. The plate was incubated for 24 h under static conditions. Biofilm production was measured as described in Section 2.7 and in the legend to Figure 4.1. Data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test, *p ≤0.05.
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Figure 4.3: The metabolic activity of adherent cells of K. pneumoniae MBB9 at different glucose concentrations. Biofilm was developed under static conditions. Cultures were grown as described in Section 2.8 and in the legend to Figure 4.2. The microtiter plates were then washed, filled with 180 μl of sterile fresh media and 20 μl of resazurin solution (Invitrogen™), covered in aluminium foil, incubated at 37°C in the dark for 4 h and the fluorescence signals (λexcitation: 540 nm and λemission: 580 nm) were measured using the microplate reader (BioTek FLx800, UK). Fluorescence intensity data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test. *p ≤0.05.
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Figure 4.4: Effect of changing peptone concentration on biofilm formation by K. pneumoniae MBB9. Cultures were prepared as described in the legend to Figure 4.2 and adjusted with the basic medium without peptone (0.55 g L-1 glucose, 0.125 g L-1 yeast extract and phosphate buffer (0.188 g L-1 KH2PO4 and 0.26 g L-1 Na2HPO4) and with three media with different peptone concentrations 0.25, 0.5 and 1 g L-1. Biofilm production was measured as described in Section 2.7 and in the legend to Figure 4.1. Data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test. *p ≤0.05, **p ≤0.01, ***p ≤0.001 and ****p ≤0.0001.
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Figure 4.5: The metabolic activity of adherent cells of K. pneumoniae MBB9 at different peptone concentrations. Cultures were grown and analysed as described in Section 2.8 and in the legends to Figure 4.3 and 4.4. Fluorescence intensity data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test.
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Figure 4.6: Effect of changing yeast extract concentration on biofilm formation by K. pneumoniae MBB9. Cultures were prepared as described in the legend to Figure 4.2 and adjusted with the basic medium without yeast extract (0.55 g L-1 glucose, 0.25 g L-1 peptone and phosphate buffer (0.188 g L-1 KH2PO4 and 0.26 g L-1 Na2HPO4) and with three media with different yeast extract concentrations 0.125, 0.5 and 1 g L-1. Biofilm production was measured as described in Section 2.7 and in the legend to Figure 4.1. Data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test. **p ≤0.01, ***p ≤0.001 and ****p ≤0.0001.
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Figure 4.7: The metabolic activity of adherent cells of K. pneumoniae MBB9 at different yeast extract concentrations. Cultures were grown and analysed as described in Section 2.8 and in the legends to Figure 4.3 and 4.6.  Fluorescence intensity data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test. *p ≤0.05 and **p ≤0.01.

	
[bookmark: _Toc4505922]4.5 Effect of environmental factors on biofilm formation by Klebsiella pneumoniae MBB9

[bookmark: _Toc4505923]4.5.1 Effect of pH on biofilm formation
     The microtiter plate method Section 2.7 and 2.8 was used to test the effect of pH on biofilm formation using nutrient broth medium adjusted with hydrochloric acid and sodium hydroxide 
to different pH values 4.5, 5.5, 6.5, 7.5, 8.5 and 10.5 using 1 M HCl and NaOH. Experiments showed that K. pneumoniae MBB9 possessed a high capacity to form biofilm under acidic pH conditions and the amount of biofilm decreased significantly (p <0.05) at higher pH values (Figure 4.8). The same trend was observed using the resazurin assay where the amount of viable bacteria in the biofilm decreased significantly in media at higher pH values (Figure 4.9).
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Figure 4.8: Effect of pH on biofilm formation by K. pneumoniae MBB9. Polystyrene microtiter plates containing nutrient broth at indicated pH values were inoculated and incubated at 37°C for 24 h. Biofilm production was measured as described in Section 2.7 and in the legend to Figure 4.1. Data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test. *p ≤0.05, **p ≤0.01 and ****p ≤0.0001.
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Figure 4.9: The metabolic activity of adherent cells of K. pneumoniae MBB9 at different pH levels. Cultures were grown and analysed as described in Section 2.8 and in the legends to Figure 4.3 and 4.8. Fluorescence intensity data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test. *p ≤0.05 and **p ≤0.01.


[bookmark: _Toc4505924]4.5.2 Effect of temperature on biofilm formation
     The effect of temperature on biofilm formation was evaluated by incubating the inoculated 96-well plates (Section 2.7) at 25, 37, 40 and 50°C for 24 h under static conditions. Biofilm production was maximal at 40°C, followed by 37°C, whereas the density of biofilm was significantly (p ˂0.05) reduced at 25°C and 50°C (Figure 4.10). Cells grown at 25°C were more metabolically active compared to those grown in the same medium at 40°C (Figure 4.11). 


[image: ]
Figure 4.10:  Effect of temperature on biofilm formation by K. pneumoniae MBB9. Biofilm was developed in nutrient broth medium at different temperatures:  25, 37, 40 and 50°C in 96- well plates under static conditions. Biofilm production was measured as described in Section 2.7 and in the legend to Figure 4.1. Data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test. ***p ≤0.001 and ****p ≤0.0001.
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Figure 4.11: The metabolic activity of adherent cells of K. pneumoniae MBB9 at different temperatures. Cultures were grown and analysed as described in Section 2.8 and in the legends to Figure 4.3 and 4.10. Fluorescence intensity data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test. *p ≤0.05, **p ≤0.01, ***p ≤0.001 and ****p ≤0.0001.


[bookmark: _Toc4505925]4.5.3 Effect of anaerobic conditions on biofilm formation 
     Microtiter plate cultures were incubated at 37°C under anaerobic conditions for 24 h to evaluate biofilm formation by K. pneumoniae MBB9 (Section 2.7). Experiments showed that K. pneumoniae MBB9 was able to form biofilm under anaerobic conditions, albeit less than under aerobic conditions (Figure 4.12). The same trend was observed using the resazurin assay (Section 2.8) where the fluorescence intensities decreased significantly under anaerobic conditions (Figure 4.13).
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Figure 4.12: Effect of anaerobic conditions on biofilm formation by K. pneumoniae MBB9. Microtiter plates were incubated at 37°C under aerobic and anaerobic conditions for 24 h. Biofilm production was measured as described in Section 2.7 and in the legend to Figure 4.1. Data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test. ***p ≤0.001.
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Figure 4.13: The metabolic activity of adherent cells of K. pneumoniae MBB9 under aerobic and anaerobic conditions. Cultures were grown and analysed as described in Section 2.8 and in the legends to Figure 4.3 and 4.12. Fluorescence intensity data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test. ****p ≤0.0001.


[bookmark: _Toc4505926]4.5.4 Effect of osmotic stress on biofilm formation
     The effect of osmolarity on biofilm formation was evaluated using nutrient broth medium adjusted to different concentrations of NaCl in the microtitre plate assay (Section 2.7). Experiments showed that the quantity of biofilm decreased significantly (p ˂0.05) with increasing concentration of NaCl, with maximum biofilm formation being observed in the unadjusted nutrient broth (C: 0.6% NaCl) (Figure 4.14). The adhered cells grown at 10.6% were more metabolically active followed by those grown at 0.6% and 8.6% NaCl (Figure 4.15). 
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Figure 4.14:  Effect of osmotic stress on biofilm formation by K. pneumoniae MBB9. Biofilm was developed in nutrient broth medium (C: 0.6% NaCl) and in medium amended to the indicated NaCl concentrations by incubation at 37°C for 24 h. Biofilm production was measured as described in Section 2.7 and in the legend to Figure 4.1. Data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test. *p ≤0.05, **p ≤0.01, ***p ≤0.001 and ****p ≤0.0001.
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Figure 4.15: The metabolic activity of adherent cells of K. pneumoniae MBB9 at different temperatures. Cultures were grown and analysed as described in Section 2.8 and in the legends to Figures 4.3 and 4.14. Fluorescence intensity data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test. *p ≤0.05, **p ≤0.01, ***p ≤0.001 and ****p ≤0.0001.


[bookmark: _Toc4505927]4.5.5 Effect of different growth media on biofilm formation
     The impact of different growth media; Nutrient broth (NB), Lysogeny broth (LB) and Tryptic soy broth (TSB) on biofilm formation by K. pneumoniae MBB9 was evaluated using 96-well polystyrene microtiter plates (Section 2.7). Experiments showed that biofilm formed in NB was significantly (p ˂0.05) greater compared other media, reaching a maximum in NB followed by LB and finally by TSB (Figure 4.16). The adhered cells of the NB medium were significantly (p ˂0.05) more metabolically active compared to those in LB and TSB media (Figure 4.17).
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[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Figure 4.16:  Effect of different growth media on biofilm formation by K. pneumoniae MBB9. Inoculated Nutrient Broth (NB), Lysogeny broth (LB) and Tryptic soy broth (TSB) media were incubated at 37°C for 24 h. Biofilm production was measured as described in Section 2.7 and in the legend to Figure 4.1. Data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test. ***p ≤0.001 and ****p ≤0.0001.
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Figure 4.17: The metabolic activity of adherent cells of K. pneumoniae MBB9 in different media. Cultures were grown and analysed as described in Section 2.8 and in the legends to Figures 4.3 and 4.16. Fluorescence intensity data shown are the mean values, error bars represent standard errors (n=3). The data were analyzed by one-way ANOVA Holm-Sidak’s multiple comparisons test. ****p ≤0.0001.


[bookmark: _Toc4505928]4.6 Cell surface hydrophobicity assay
     Microbial adhesion to hydrocarbon (MATH) using xylene as the hydrophobic agent was used to evaluate the hydrophobic surface characteristic of planktonic K. pneumoniae MBB9 (Section 2.9). Experiments showed that K. pneumoniae MBB9 was moderately hydrophobic with a rating of 42%.

[bookmark: _Toc4505929]4.7 Antimicrobial susceptibility of Klebsiella pneumoniae MBB9
     Antibiotic susceptibility of K. pneumoniae MBB9 was tested according to the BSAC Disc Diffusion Method for Antimicrobial Susceptibility Testing (Andrews, 2009). The antibiotic discs containing concentrations of each antimicrobial agent (Table 4.1) were applied to the agar surface of Iso-senstitest agar (ISA; Oxoid) (Section 2.10). Following incubation, the diameters of the inhibition zones were measured to the nearest mm and were interpreted according to the zone diameter of inhibition and equivalent breakpoints of British Society for Antimicrobial Chemotherapy (BSAC) criteria for all isolates (Andrews, 2009). Concentrations of antibiotic tested are shown in Table 4.1. Experiments showed that K. pneumoniae MBB9 was sensitive to all of the drugs tested (Table 4.2). However, determination and comparison of MIC and MBEC assay for in vitro antimicrobial susceptibility testing in K. pneumoniae MBB9 using microtitre broth dilution method was planned to perform but due to the time limit, the experiment can be considered in future studies.


Table 4.1:  Concentrations of antibiotic tested.
	Antibiotics
	Disc content g
	Abbreviations

	
Aminoglycosides
	
	

	Amikacin
	30 
	AK

	Gentamicin
	10 
	CN

	
Penicillins 
	
	

	Piperacillin-tazobactam
	85 
	TZP

	Piperacillin
	75 
	PRL

	Ampicillin
	10 
	AMP

	
Carbapenems           
	
	

	Doripenem
	10 
	DOR

	Imipenem
	10 
	IPM

	Meropenem
	10 
	MEM

	
Quinolones 
	
	

	Ciprofloxacin 
	1 
	CIP

	Nalidixic acid 
	30 
	NA

	
Others              
	
	

	Chloramphenicol 
	30 
	C






Table 4.2: Antimicrobial sensitivity of Klebsiella pneumoniae MBB9.
	

Antimicrobial 
agent
	
BSAC
Zone diameter breakpoint (mm)

	
Klebsiella 
pneumoniae MBB9 
zone diameters (mm) 

	

Interpretation

	
	S≥

	I

	R<

	
	

	AK
	19
	16-18
	15
	25
	S

	CN
	20
	17-19
	16
	24
	S

	TZP
	23
	21-22
	20
	33
	S

	PRL
	23
	21-22
	20
	31
	S

	AMP
	15
	-
	14
	21
	S

	DOR
	24
	19-23
	18
	36
	S

	IPM
	21
	17-20
	16
	31
	S

	MEM
	27
	20-26
	19
	36
	S

	CIP
	20
	17-19
	16
	33
	S

	NA
	18
	-
	17
	26
	S

	C
	21
	-
	20
	35
	S


    *S: sensitive, R: resistant, I: intermediate.






[bookmark: _Toc4505930]4.8 Discussion
     The biofilm-forming capacity of 10 gram-negative potentially pathogenic bacteria showed that K. pneumoniae MBB9 had the highest ability to form biofilm in the microtiter plate assay. Thus, K. pneumoniae MBB9 was selected to assess the influence of various factors on biofilm formation using the crystal violet and resazurin assays.

     Experiments on the impact of incubation time on K. pneumoniae MBB9 biofilm under static condition showed that the biofilm formed by K. pneumoniae MBB9 increased with increasing incubation time (Figure 4.1). It has been shown that the length of incubation period influences the amount of biofilm produced as the density of biofilm increases with the extension of incubation time, where the incubation time can be defined as the contact time between the bacterial cells and the surface (Agarwal et al., 2011; Tang et al., 2012). It is probable that K. pneumoniae MBB9 had a high capability to adhere and required only a short contact time for attachment as it was able to attach to microtiter plates within the first 6 h (Figure 4.1). These results are in agreement with a previous study showing that K. pneumoniae can form biofilm on the surface of microtiter plates within the 6 h of incubation, and biofilm continued to increase until 24 h (Maldonado, 2007). Similarly, the yields of K. pneumoniae biofilm formed on 96-well microtiter plate increased with time to a certain point, after which the biofilm present decreased gradually (Saloni et al., 2012). A previous study determining the relationship between contact time and biofilm formation by Salmonella typhi showed that the attachment strength of this species increased with increased incubation time (Tang et al., 2012). This was interpreted as suggesting that more bacteria might have time to attach and form biofilm as EPS production increased to facilitate attachment. Also, investigation of biofilm formed by Listeria monocytogenes and Listeria spp. has shown that the production of biofilm increased with incubation period on a range of hydrophilic and hydrophobic surfaces (Adetunji and Isola, 2011). After 24 h, K. pneumoniae MBB9 biofilm density under static condition was slightly decreased, suggesting that the biofilm possibly had entered into a phase of slow or no-growth. The expected decrease in biofilm biomass may occur as a result of nutrients or dissolved oxygen depletion at the base of the biofilm and the bacterial cells may begin to detach after 48 h and return to suspension in the final step of biofilm maturation (Donlan, 2002; Beściak and Surmacz-Górska, 2011).

     Higher shear stress leads to detachment of the biofilm cells when the shear forces are greater than the inner strength of the biofilm matrix as the velocity of the fluid in contact with microbial layer can have an enormous effect on the structure and behavior of biofilm (Qi et al., 2008; Teodósio et al., 2011). Here, no significant difference in the amount of biofilm formed by K. pneumoniae MBB9 under both static and shaking conditions was observed (Figure 4.1). This might suggest that shear forces applied are not sufficient to overcome biofilm or that the adhesion is sufficient to enable cells to resist shear stress. Flagellation and motility of organisms may also influence microbial attachment to surfaces, and thus relevant to biofilm formation (Chavant et al., 2002; Gorski et al., 2003; Ngwai et al., 2006). Surface-exposed components, such as flagella, fimbriae and curli are found to drive the adhesion of planktonic cells to the surface in various bacteria (Guilhen et al., 2016). It is possible that the presence of type 3 pili in K. pneumoniae MBB9 strengthen attachment to the surface, which has been shown to be necessary for biofilm formation on abiotic surfaces (Schroll et al., 2010; Murphy et al., 2013). Conversely, investigation of Pseudomonas aeruginosa biofilm growth using planar flow cell device has shown that high hydrodynamic shear might lead to cell detachment (Zhang et al., 2011). In the study of P. aeruginosa biofilm, a positive relationship was observed between liquid phase velocity and biomass accumulation as higher nutrient influx promoted faster microbial growth, but this relationship eventually reversed when higher shear stresses led to detachment of cells from the surface, substantially hindering biofilm development. Shear stress has also been found to slow down Pseudomonas putida biofilm maturation (Rochex et al., 2008).

     The formation of biofilm is known to be strongly influenced by the nutritional environment and the rate and extent of biofilm accumulation increased with increasing carbon concentrations (Colón-González et al., 2004; Rochex and Lebeault, 2007). Biofilm in wells with 0.25 g L-1 glucose exhibited greater growth in comparison to the biofilm formed in the remaining media, suggesting that 0.25 g L-1 glucose might be beneficial for K. pneumoniae MBB9 biofilm (Figure 4.2). As previously demonstrated by Pan et al. (2010), 93% of Listeria monocytogenes isolates formed higher biofilm in the presence of glucose compared to glucose-free medium. Bühler et al. (1998) have shown that glucose can increase the density of biofilm formed by E. coli and Burkholderia cepacia. For the same cultivation conditions, the biofilm mass decreased significantly with increasing glucose levels in the medium to 0.5 g L-1, implying that glucose might be beneficial for biofilm formation up to a certain limit. Therefore, glucose metabolism might be an important factor in the biofilm formation process of K. pneumoniae MBB9, but increased levels of glucose might lead cells to detach from the biofilm. A similar pattern of results was observed for P. putida showing that biofilm density increased when increasing glucose concentrations up to a limit (0.5 g L-1), whereas high glucose concentration (1 g L-1) was found to reduce biofilm accumulation rate (Rochex and Lebeault, 2007). This was interpreted as suggesting that biofilm formation can be controlled by detachment processes in response to nutrient availability. Biofilm production by E. coli was found to increase linearly with increasing glucose concentrations up to 10 mmol L-1, suggesting that the total yield of biofilm could be controlled by substrate concentrations in the medium (Bühler et al., 1998). Jackson et al. (2002) have shown that the addition of glucose to different media might have an impact on biofilm formation in several species of Enterobacteriaceae family, such as K. pneumoniae, E. coli, Citrobacter freundii and Salmonella enterica due to the catabolite repression system, suggesting that catabolite repression of biofilm development is a common theme in this family of bacteria. Carbon catabolite repression (CCR) which is generally controlled by the second messenger cyclic AMP (cAMP) regulates uptake of glucose, and thus the presence of glucose in the growth medium has been demonstrated to inhibit the cAMP production in many bacteria (Ching-Ting et al., 2013). In classical catabolite repression, glucose transport may lead to dephosphorylation of enzyme IIAGlc of the bacterial phosphoenolpyruvate (PEP): carbohydrate phosphotransferase system that prevents this protein from activating membrane-bound adenylate cyclase (Cya), which leads to a decrease in the intracellular cAMP concentration (Jackson et al., 2002). The reduction of K. pneumoniae MBB9 biofilm at 0.5 g L-1 glucose concentration might due to the active detachment that involves enzymatic cleavage of matrix polymers or phenotypic adaptation of the attached cells which is regulated by different physiological mechanisms, such as quorum sensing and catabolic repression signals in response to nutrient availability (Rochex and Lebeault, 2007). After dispersal, bacterial cells start to adapt and form biofilm again, and the amount of biofilm at 1 g L-1 glucose was similar to that created in the glucose-free medium, suggesting that higher glucose concentration has no effect on K. pneumoniae MBB9 biofilm.

     There is some information about the effect of glucose levels on biofilm production, but little is known about the impact of varying nitrogen concentrations, specifically peptone and yeast extract, in the same process. Meat peptone is protein from animal sources that have been broken down into amino acids and peptides and is an important source of nitrogen as its content of nitrogen exceeds 13% of the total content (Gomes et al., 2014). Yeast extract is a complex, ill-defined mixture of natural origin and is known to be rich in nitrogen, amino acids, vitamins, and carbon required for growth of bacteria as its content of nitrogen exceeds 10% of the total content (Gomes et al., 2014). The amount of K. pneumoniae MBB9 biofilm increased significantly with increasing the peptone and yeast extract concentrations, indicating that higher concentrations of peptone and yeast extract may be beneficial for biofilm formation by K. pneumoniae MBB9 in microtiter plates (Figure 4.4 and 4.6). As previously demonstrated, peptone promoted biofilm development by E. coli, Lactobacillus rhamnosus and Mycobacterium avium (Carter et al., 2003; Emanuel et al., 2010; Gomes, 2012). Biofilm density was higher in media containing yeast extract compared to that formed in media with varying levels of peptone. This might be due to the nutrient availability since peptone consists of only protein hydrolysis products, while yeast extract contains different types of nutrients such as trace metals and vitamins (Yi-Li et al., 2007). 

     Klebsiella pneumoniae MBB9 biofilm tended to diminish significantly with increasing pH (Figure 4.8). Maximum biofilm formation was observed at pH 4.5, indicating that this strain has the potential to form biofilm under acidic conditions. Biofilm has been found to form under pH stress-induced conditions (Zmantar et al., 2010). The biofilm may help bacteria to survive highly acidic conditions as its gel-like structure can lower the diffusion of ions and allow the development of a pH gradient within the extracellular matrix (Nicolau et al., 2013). The growth at different pH values might suggest that biofilm can also be influenced by environmental conditions at the sites of colonization. Nicolau et al. (2013) have shown that K. pneumoniae isolates were capable of forming the biofilm on different materials, such as glass, polyester strip, and polystyrene under acidic conditions pH 4.5 and neutral pH 7. The difference observed here between the absorbance values at pH 5.5, 6.5, 7.5 and 8.5 was not significant, whereas the biofilm density by K. pneumoniae MBB9 under alkaline conditions (pH 10.5) was significantly diminished (approximately 60% density reduction). A previous study of 23 clinical isolates of Staphylococcus epidermidis showed that the amount of biofilm decreased for most of the tested strains under highly alkaline conditions compared to those observed at pH 7 in polystyrene microtiter plates (Chaieb et al., 2007). Similarly, Zmantar et al. (2010) have shown that alkaline environments have an inhibitory effect on S. aureus biofilm on 96-well culture plates. This was interpreted as suggesting that biofilm production might depend on the pH value of the medium due to effects on primary bacterial attachment. In the same vein, Nostro et al. (2012) have also demonstrated that alkaline solution can inhibit bacterial colonization and thus could be used to control biofilm-related hazards in the environment. The significant inhibitory action of an alkaline environment on biofilm formation observed here might suggest that bacterial cells failed to adhere to the surface of microtiter plate wells. It could also be as a result of the slower growth under highly alkaline condition. The characteristics of the media, such as pH might affect the adherence by K. pneumoniae MBB9 as pH can alter the physicochemical properties of the bacterial cell surface and thus the microbial adhesion to the substrate (Hamadi et al., 2004). Besides, alkaline pH might also impair the normal development of biofilm that arrested at the microcolony stage (Nostro et al., 2012). Also, the reduction in biofilm at alkaline pH might be due to the weak electrostatic repulsion between the cells and the substrate as the density of adhering cells was found to be increased when the pH of the medium was near to the isoelectric point of the substrate surface, thus the electrostatic properties of polystyrene surfaces may be influenced by pH value that might lead to a weaker interaction with surfaces and thereby compromise the bacterial adhesion (Zmantar et al., 2010). 

     Temperature is one of the significant factors that affect bacterial growth and the subsequent biofilm development, and most pathogens are mesophiles that grow well at optimum temperatures between 25°C and 40°C (Mizan et al., 2018). Results showed that K. pneumoniae MBB9 biofilm biomass was maximal at 40°C (Figure 4.10). Similarly, K. pneumoniae were found to be able to form more biofilm at 40°C than at 35°C on glass and polystyrene surfaces (Nicolau et al., 2013). Pseudomonas putida has also been reported to tolerate temperatures of 40°C compared with 30°C by enhanced biofilm production, suggesting a complex multilevel regulatory process in which many different genes are involved (Srivastava et al., 2008). Maximum biofilm production at 40°C might suggest that 40°C is the optimal temperature for biofilm development (Figure 4.10). Bonaventura et al. (2007) have shown that Stenotrophomonas maltophilia is able to form biofilm at room temperature, 32°C and 37°C. This was interpreted as suggesting that the lower absorbance achieved at room temperature was caused by slower bacterial growth. Similarly, the decrease in K. pneumoniae biofilm at 32°C compared to 37°C was also interpreted as being due to the slowly growing bacteria at 32°C (Hoštacká et al., 2010). The reduction in K. pneumoniae MBB9 biofilm at 25°C might be a result of slower bacterial growth. More extreme temperatures (50°C) might negatively affect biofilm formation by inhibiting growth. Investigation of the effect of temperature on the polymeric and mechanical properties of Staphylococcus epidermidis biofilm has shown that morphology, cell viability, and mechanical properties of bacterial biofilm can be affected by higher temperatures that can cause a significant decrease in the yield stress and the small strain elastic modulus of the biofilm, suggesting that high temperature can weaken the integrity of the biofilm as increasing temperature close to the optimum growth temperature of the bacterium has been found to increase the elasticity of bacterial biofilm (Rühs et al., 2013; Pavlovsky et al., 2015). 

     The formation of biofilm has been well studied under aerobic environments, but little is known about biofilm formation under anaerobic conditions. Klebsiella pneumoniae MBB9 was able to form biofilm under anaerobic environments. However, as shown in Figure 4.12, biofilm production was lower (83% less) than that obtained under aerobic conditions. A similar trend was observed by Worlitzsch et al. (2002) who found that P. aeruginosa formed more biofilm when grown anaerobically. Pseudomonas aeruginosa can penetrate into the adherent mucus and grow in hypoxic/anaerobic slime, and the capacity of these species to proliferate in this zone would generate fully hypoxic (anaerobic) environments as the increased alginate formation may represent a stress response to hypoxia that is part of the process that forms biofilm-like microcolonies. Similarly, investigation of the effect of oxygen on biofilm by E. coli has shown that some clinical strains were capable of creating biofilms under anaerobic conditions, suggesting that biofilm formation capabilities are strain dependent (Bjergbk et al., 2006). The biofilm-forming ability under anaerobic conditions seen here might suggest that the facultative anaerobe K. pneumoniae MBB9 can form biofilm in anoxic environments using available alternative electron acceptors. Besides, the growth of facultative anaerobes may play a role in biofilm formation by anaerobes in environment. For example, in dental plaque biofilm formation, many strict anaerobes such as Fusobacterium nucleatum and Bacteroides forsythus require the previous attachment of an aerobe or a facultative organism to start the formation of biofilm (Colón-González et al., 2004).  

     Sodium chloride has been tested as an osmotic agent to study its influence on bacterial biofilm formation and development (Xu et al., 2010; Karaca et al., 2013). Results showed that biofilm formed by K. pneumoniae MBB9 tended to decrease with increased NaCl concentrations in the medium from 0.6% to 10.6% with most biofilm occurring at 0.6% (Figure 4.14). The reduction in biofilm might suggest that higher concentrations of NaCl negatively affect the ability of K. pneumoniae MBB9 to form biofilm through an osmotic effect or might due to weak cell growth under high levels of NaCl. These findings are in agreement with previous studies showing that increases in NaCl concentrations from 0.5 to 10.5% inhibit biofilm formation by Salmonella species in 96-well polystyrene microtiter plates (Karaca et al., 2013). Similarly, a study by Rinaudi et al. (2006) has shown that high osmotic potential inhibits the establishment of biofilm formed by Sinorhizobium meliloti, suggesting that NaCl negatively affect biofilm formation through an osmotic effect. Thus, the inhibitory effect of NaCl on K. pneumoniae MBB9 biofilm could be due to an osmotic effect or could be attributed to a specific ion effect (Rinaudi et al., 2006).

.
     Composition of the growth medium has been reported to affect the ability of bacteria to produce biofilm in vitro (Nyenje et al., 2013). Both LB and TSB broths supported the development of K. pneumoniae MBB9 biofilm, but the strain produced significantly higher biofilm in NB (Figure 4.16). This implies that nutrient provision might influence the ability of K. pneumoniae MBB9 to form biofilm. However, the yield of biofilm in LB medium was higher than that in TSB medium. It is possible that the biofilm reduction could be due to the presence of glucose in TSB medium (2.5 g L-1 (0.25%)) compared to LB medium that lacks glucose. In this study, the concentration of 0.5 g L-1 glucose was found to diminish K. pneumoniae MBB9 biofilm on polystyrene plates (Figure 4.2). Jackson et al. (2002) showed that addition of glucose to different culture media inhibited the formation of biofilm in several species of Enterobacteriaceae family, among them K. pneumoniae, due to catabolite repression of biofilm development. Besides, the medium that allows high production of bacterial biofilm can differ for each microbe (Zeraik and Nitschke, 2012). Stepanovic et al. (2004) showed that Salmonella spp. produces more biofilm in nutrient‐poor media, while L. monocytogenes were found to produce more biofilm in nutrient‐rich media, suggesting that the nutrient composition of the medium influenced the quantity of biofilm in different ways. Similarly, a study by Hood and Zottola (1997) on five various bacterial isolates has shown that the medium allowing a high level of adherent cells can be different for each microorganism. Hence from the findings of the current study, it can be deduced that K. pneumoniae MBB9 biofilm can be cultivated in LB and TSB broths, but NB medium might be more suitable, as more biofilm was made in this medium.

     Crystal violet provides a good measurement of biofilm mass but does not give a measure of biofilm viability as it quantifies the biofilm matrix, including viable and dead bacteria (Welch et al., 2012; Jardak et al., 2017). Thus, the resazurin assay was used to estimate active biofilm cells since it quantifies only the viable bacteria within the formed biofilm (Jardak et al., 2017). Increased metabolic activity leads to increased conversion of the resazurin (oxidized) to fluorescent resorufin (reduced) as a higher uptake rate of resazurin by bacterial cells could result in a higher fluorescence reading (Bonnier et al., 2015). Resazurin assay showed the activity of K. pneumoniae MBB9 biofilm cells, but some of the results obtained with the crystal violet assay were not in close correlation with those obtained with the resazurin assay. It is possible that culture medium might have an impact on the fluorescence values and thus the outcome of the resazurin assay (Monteiro-Riviere, 2009; Lai, 2012). However, decreased pH can lead to a reduction in the fluorescence intensity of the resazurin (Bueno et al., 2002). From the results, highly acidic conditions showed no effect on the number of viable bacteria in the biofilm and the trend was similar to that obtained using the crystal violet assay (Figure 4.9). 

     The microbial adhesion to hydrocarbons (MATH) assay has been used widely to characterize microbial cell hydrophobicity and/or the degree of cell adhesion to hydrophobic liquids since the hydrophobicity of microbial cell can influence the microbial adhesion to various surfaces, where adhesive properties and hydrophobic/hydrophilic interactions have been proposed to participate in the process of biofilm formation (Zoueki et al., 2010; Tyfa et al., 2015). Hydrophobic nature of the outermost surface of different microbial cells has been involved in such biological phenomena as attachment of bacteria to host tissue, bacteria and phagocytes interactions, non-wettable solid surfaces, partitioning of bacteria at liquid:liquid and liquid:air interfaces, and the capability of microbial cells to grow on hydrocarbons through direct contact with the immiscible substrate (Rosenberg et al., 1980). Klebsiella pneumoniae MBB9 exhibited moderate hydrophobicity 42 % according to the classification used by Tyfa et al. (2015), suggesting that the hydrophobic nature of these bacteria might contribute to the initial adhesion and facilitate the formation of biofilm, since the adhesion of bacteria is thought to be the first step of biofilm formation (Cerca et al., 2005). In general, the lower the degree of microbial cell hydrophobicity, the lower the adhesive capacity (Tyfa et al., 2015). Seventy-eight percent of K. pneumoniae strains isolated from patients with urinary tract infections were found to have hydrophobic properties (Ljungh and Wadström, 1984). However, the level of hydrophobicity required to promote adherence is unknown and may vary depending on the nature of the surface (Schneider and Riley, 1991). The potential presence of fimbriae, which are known to consist of hydrophobic amino acids, in K. pneumoniae MBB9 might also contribute to the surface hydrophobicity of these bacteria and consequently result in a highly hydrophobic surface (Meno and Amako, 1991). 

     Klebsiella pneumoniae belongs to the family Enterobacteriaceae that are a large family of gram-negative bacilli and contains a large number of genera that are part of the normal intestinal flora of humans and animals (Kallen et al., 2013). Some members of the Enterobacteriaceae are multidrug resistant; thus, infections caused by these resistant microbes are usually hard to eradicate by using available antibiotics (Paterson, 2006). Results showed that K. pneumoniae MBB9 was sensitive to all drugs tested (Table 4.2). A previous study by Sikarwar and Batra (2011) have shown that K. pneumoniae isolates collected from Yamaguchi University in Japan and different places in India showed high susceptibility to amikacin, gentamicin and ciprofloxacin, but were resistant to ampicillin, piperacillin and chloramphenicol. Similarly, 63% and 17% of K. pneumoniae species obtained from Khyber teaching hospital, Peshawar were found to be susceptible to amikacin and gentamicin respectively, but 46% showed susceptibility to ciprofloxacin, whereas 100% of the isolates were resistant to ampicillin; however, the carbapenems (meropenem and imipenem) were found to be the most effective antibiotics among the beta-lactams tested (Ullah et al., 2009). Sheth et al. (2012) showed that K. pneumoniae clinical isolates, India were all sensitive to meropenem and imipenem but were resistant to gentamicin and amikacin. Similarly, it was found that meropenem and imipenem were the most effective antibiotics against K. pneumoniae isolates from clinical samples in Nigeria (Ejikeugwu et al., 2012). Another study by Kumar (2013) has shown that K. pneumoniae isolates collected from clinical samples in India were found to be sensitive to amikacin, gentamicin and chloramphenicol but were resistant to piperacillin. Kyabaggu et al. (2007) in Uganda have shown that K. pneumoniae species were significantly resistant to ciprofloxacin. The sensitivity of K. pneumoniae MBB9 to amikacin, gentamicin, doripenem, imipenem, meropenem, ciprofloxacin and nalidixic acid is perhaps not surprising as aminoglycosides, which have good activity against gram-negative bacilli, along with carbapenems, fluoroquinolones and cephalosporins are found effective for the treatment of Klebsiella infections (Ullah et al., 2009). However, beta-lactam antibiotics are known to have an inhibition effect on penicillin-binding protein (PBP) that catalyses the formation of peptidoglycan in the cell walls of both gram-positive and gram-negative bacteria (Sikarwar and Batra, 2011). It is known that PBPs which are serine acyltransferases are the target of β-lactam antibiotics (Macheboeuf et al., 2006). Upon binding to the PBP catalytic cleft, β-lactams become covalently linked to the active site serine and as a result, the serine-ester-linked acyl-enzyme can be formed which can only be hydrolysed at a prolonged rate; thus, decreasing the amount of peptidoglycan cross-linking (Macheboeuf et al., 2006). Resistance to beta-lactams among members of the Enterobacteriaceae family has been reported to associate with extended-spectrum beta-lactamases (ESBLs) that can cause the hydrolysis of β-lactam ring resulting in inactivation of β-lactam antibiotics (Ullah et al., 2009; Ghafourian et al., 2012; Kumar, 2013). The resistance of K. pneumoniae species to β-lactam antibiotics in the previous studies may be due to the production of ESBLs in these bacteria since the prevalence of extended-spectrum beta-lactamases Klebsiella has been reported to be more than 55%  (Ullah et al., 2009).

[bookmark: _Toc4505931]4.9 Conclusion
     The effect of environmental conditions on bacterial behavior has been extensively studied on planktonic cells, but more information about how these factors modulate biofilm formation is required. In the present investigation, some conclusions can be drawn:

1. Klebsiella pneumoniae MBB9 biofilm formed rapidly (within 6 h) under static conditions at 37°C and then increased up to 24 h of incubation before decreasing with further incubation (48 h).
2. Under shaking conditions, K. pneumoniae MBB9 biofilm was close to maximum after 6 h incubation (37°C) and remained relatively constant for up to 48 h. 
3. The biofilm in 0.25 g L-1 of glucose exhibited greater growth in comparison to the biofilm formed in the remaining media.
4. The K. pneumoniae MBB9 biofilm profiles for the different peptone and yeast extract concentrations were similar where the biofilm increased with increasing the level of peptone and yeast extract and the highest absorbance values were obtained for peptone and yeast extract concentration of 1 g L-1.
5. The peak of K. pneumoniae MBB9 biofilm was at pH 4.5 and a significant decrease in the absorbance values occurred with further pH increasing until (pH 10.5).
6. Klebsiella pneumoniae MBB9 biofilm increased up to 40°C before decreasing with more extreme temperatures (50°C).
7. The amount of biofilm was maximal in the control media and tended to decrease with increasing NaCl concentrations until (10.6%).
8. Under anaerobic condition, K. pneumoniae MBB9 biofilm was lower (83% less) than that obtained under aerobic conditions.

     Since c-di-GMP has been found to regulate a wide range of functions including bacterial adhesion, biofilm formation, and bacterial motility, K. pneumoniae MBB9 genomic DNA was extracted and sequenced in order to identify genes coding for GGDEF and EAL proteins. This would permit the expression of these genes in planktonic and sessile cells of K. pneumoniae MBB9 to be compared using the quantitative Real-Time PCR to determine the role of c-di-GMP in K. pneumoniae MBB9 biofilm formation.
[bookmark: _Toc4505932]Chapter 5: Identification and characterisation of a cyclic di-GMP-specific diguanylate cyclase and phosphodiesterase genes in Klebsiella pneumoniae MBB9

[bookmark: _Toc4505933]5.1 Introduction
     The pattern of genes expressed in sessile, biofilm-producing bacteria can be different from that of planktonic cells (Marvin et al., 2001). Bis-(3’–5’)-cyclic-dimeric guanosine monophosphate (c-di-GMP) is a bacterial second messenger known to mediate the regulation of multiple cellular processes (Sisti et al., 2013). This molecule was first discovered as an allosteric activator of cellulose synthesis in Gluconacetobacter xylinus (Cotter and Stibitz, 2007). Cyclic-di-GMP has been found to regulate a wide range of functions including bacterial adhesion and biofilm formation, bacterial motility, and control the virulence of bacterial pathogens (Sisti et al., 2013). The intracellular levels of c-di-GMP are modulated by the opposing action of two enzymatic functions (Schmid et al., 2017). Diguanylate cyclases (DGCs) catalyze the synthesis of c-di-GMP from two molecules of GTP and contain a consensus GG(D/E)EF motif catalytic active site (A-site) along with a second RxxD motif product inhibition site (I-site) that allows c-di-GMP binding to regulate the active domain (Cruz et al., 2012). Cyclic-di-GMP-specific phosphodiesterases (PDEs) hydrolyze c-di-GMP into linear 5′-phosphoguanylyl-(3′–5′)-guanosine (pGpG) or to two molecules of GMP (Stelitano et al., 2013). Cyclic-di-GMP is recognised as an intracellular signalling molecule that modulates the transition between planktonic and sessile bacterial lifestyles (Valentini and Filloux, 2016). High levels of c-di-GMP have been found to enhance the adhesion to surfaces, production of exopolysaccharides (EPS), and formation of bacterial biofilms, whereas low levels can increase bacterial motility, promote biofilm disassembly and lead to the activation of virulence pathways (Cruz et al., 2012; Gao et al., 2013). Diguanylate cyclases proteins are characterised by a GGDEF catalytic motif which plays a significant role in the activity of these proteins, while PDE activity is associated with C-terminal EAL or HD-GYP domains (Cruz et al., 2012). Several studies have shown that besides the C-terminal catalytically active site present in DGC and PDE proteins, most of them harbor N-terminal sensory input domains that can respond to various internal and external signals, triggering activation of DGCs or PDEs (Cruz et al., 2012). These domains may be found individually or together as hybrid proteins that possess both GGDEF and EAL domains; however, hybrid proteins usually have only PDE or DGC activity, although in some cases both functions can be present (Cruz et al., 2012). Many GGDEF and EAL domain proteins possess sensory domains, indicating that complex signal integration and domain interaction might exist in a single protein (Tchigvintsev et al., 2010). However, cellular aggregation and formation of biofilm can also be stimulated by pGpG which is the primary product of c-di-GMP cleavage by PDEs (Hengge et al., 2016). Although the EAL domain-containing PDE, a monomeric enzyme, can linearize c-di-GMP into 5′-pGpG, HD-GYP domain-containing PDE can also breaks the phosphodiester bond in c-di-GMP to produce 5′-pGpG which is further degraded into GMP (Juyi et al., 2015). HD-GYP domains belong to a subclass of the HD domain superfamily, characterized by a His-Asp (HD) divalent metal-binding motif, a conserved His, His, Glu (HHE) motif and a Gly-Tyr-Pro (GYP) motif (Juyi et al., 2015).When pGpG does not further hydrolyze to GMP molecules, it will accumulate and inhibit via feedback, phosphodiesterase activity (Hengge et al., 2016). The addition of excess pGpG has been found to increase c-di-GMP half-life in vitro, suggesting that removal of pGpG is required for terminating c-di-GMP signaling (Mona et al., 2015). Oligoribonuclease (Orn) was identified as the primary enzyme, cleaves two- to five-nucleotide-long RNA molecules, that binds pGpG but not c-di-GMP and degrades pGpG to GMP (Mona et al., 2015).

     Microbial attachment to host cell and abiotic surfaces is typically mediated in gram-negative enterobacteria by fimbrial adhesins (Murphy et al., 2013). Two fimbrial adhesions, type 1 and type 3 fimbriae, are usually identified on the surfaces of K. pneumoniae (Murphy et al., 2013). They are considered virulence factors and play a key role in K. pneumoniae biofilm formation (Schroll et al., 2010; Alcántar-Curiel et al., 2013). The type 3 fimbriae are characterized by their ability to agglutinate erythrocytes treated with tannic acid in vitro and are designated as mannose-resistant hemagglutinins (MRHA) and are necessary for biofilm formation on abiotic surfaces (Schurtz Sebghati et al., 1998; Murphy et al., 2013; Vuotto et al., 2014). The type 3 fimbriae are synthesised by the chaperone-usher pathway of protein translocation and the gene cluster contains five genes, which encode for of the fimbrial appendage (Figure 5.1) (Wilksch et al., 2011). These genes include determinants encoding the major fimbrial subunit (MrkA), a chaperone-usher system (MrkBC, respectively), the fimbrial tip adhesin (MrkD), and a minor fimbrial subunit (MrkF) (Johnson et al., 2011). The mrk cluster is adjacent to a three-gene cluster which encodes gene products that exhibit amino acid relatedness to other bacterial proteins involved in c-di-GMP sensing and modulation; one of these genes, designated mrkJ, exhibits homology to EAL domain-containing PDEs (Johnson and Clegg, 2010). To determine the role of c-di-GMP in K. pneumoniae MBB9 biofilm, genomic DNA was extracted and sequenced, genes coding for GGDEF and EAL proteins were identified and quantitative real-time PCR was used to compare the expression of genes coding for GGDEF and EAL proteins in planktonic and sessile cells of K. pneumoniae MBB9 adhered to glass wool fibres and glass slide coupons. Expression of yhjH_1, yhjH_2 and yhjH_3 was performed and bis(p-nitrophenyl) phosphate (BNPP) was used to test the activity of recombinant K. pneumoniae MBB9 YhjH proteins.


[image: ]
Figure 5.1: Klebsiella pneumoniae type 3 fimbrial gene cluster. The major fimbrial subunit protein and a minor fimbrial subunit are encoded by mrkA and mrkF, respectively. The fimbrial tip adhesin is encoded by mrkD, mrkB encodes the fimbrial chaperone and mrkC encodes the outer membrane scaffolding protein/usher. Image from: Johnson and Clegg, (2010).


[bookmark: _Toc4505934]5.2 Genome sequence of Klebsiella pneumoniae MBB9
     Genomic DNA of K. pneumoniae MBB9 was extracted using GenEluteTM Bacterial Genomic DNA kit (Section 2.11.1). The purity of the DNA preparations was assessed spectrophotometrically using a Nanodrop 1000 (A260/280) (NanoDrop Technologies, Wilmington, DE, USA) (Section 2.11.5) and the ratio of absorbance A260/280 was 1.42  0.15. Whole-genome shotgun sequencing was performed on the Illumina HiSeq 2000 sequencer by MicrobesNG (IMI-School of Biosciences, Birmingham, UK; project No. 20170316_Alotaibi1). A total of 760,680 reads (∼55.5204 -fold coverage) and 132 of contigs (166 to 451,262 bp) were generated. The genome size was 5,822,464 bp containing 56.97% GC. 

[bookmark: _Toc4505935]5.3 Comparative analyses of the complete genome of K. pneumoniae MBB9 with K. pneumoniae 342 for detection of diguanylate cyclase and phosphodiesterase encoding genes

     Since K. pneumoniae MBB9 were isolated from environmental samples collected from the Porter Brook in Sheffield, the environmental strain K. pneumoniae 342, a nitrogen-fixing endophyte isolated from corn, were selected as a reference strain (Cruz et al., 2012). Comparison of K. pneumoniae MBB9 and K. pneumoniae 342 strains was performed using the Artemis Comparison Tool (ACT) (www.sanger.ac.uk/software/artemis/ACT) to identify genes coding for GGDEF and EAL proteins that might be conserved in the core genome of K. pneumoniae MBB9 isolate compared to the K. pneumoniae 342 reference genome. Illumina reads were first assembled into contigs using the program SPAdes through the Galaxy interface (http://usegalaxy.org). The quality of the Fasta file containing the contigs assembled by SPAdes was then assessed using Quast program (http://quast.bioinf.spbau.ru). The quality of SPAdes assembly was further assessed using the program Actcompare via a Galaxy interface (http://usegalaxy.org) which performs a comparison between two genomes using another program, MUMmer and generates a PNG image showing the comparison and an ACT comparison file which can be used in Artemis software (https://www.sanger.ac.uk/science/tools/artemis-comparison-tool-act) that allows users to view an alignment between  K. pneumoniae MBB9 and K. pneumoniae 342 genomes and examine the conserved and variable regions of the genome (Figure 5.2 and Table 5.1). Prokka program via the Galaxy interface (http://usegalaxy.org) was then used for automated annotation and the Genbank file generated was used in Artemis to explore the annotated genome. 

     As shown in Table 5.2 and Figure 5.3, six genes coding for GGDEF and EAL proteins were absent in K. pneumoniae MBB9 compared to the genome of the reference strain. The absence of these genes was confirmed by PCR using K. pneumoniae 342 gene-specific primers (Table 5.2 and Figure 5.4). Thus, K. pneumoniae MBB9 possesses 11 genes with GGDEF domains, 11 genes with EAL domains, and 6 genes with both GGDEF and EAL domains (Table 5.3). Thirty-nine percent of these proteins contained the GGDEF sequence motif, whereas 39% had EAL sequence motif, and 21 % were hybrid proteins containing both GGDEF and EAL domains (Table 5.3). Table 5.4 showed the comparison of GGDEF/EAL in K. pneumoniae MBB9, K. pneumoniae 342 and K. pneumoniae MGH 78578.


[image: ]
Figure 5.2:  PNG image showing a sequence alignment of K. pneumoniae MBB9 and K. pneumoniae 342. Upper: K. pneumoniae 342 reference strain and lower: K. pneumoniae MBB9 linked via the comparison file; red blocks indicate conserved regions in the same orientation, blue indicates conserved regions in the opposite orientation and white indicates no match.


Table 5.1: Whole-genome comparative analysis of K. pneumoniae MBB9 and K. pneumoniae 342 using Artemis Comparison Tool (ACT). 

	Categories
	K. pneumoniae 342
	K. pneumoniae MBB9

	
Number of bases
	
5641239
	
5833005

	Genes 
	5425
	        5586

	Gene sequence composition



	            A (20.7%)
C (28.51%)
G (29.91%)
T (20.86%)
	A (20.89%)
C (28.32%)
G (29.88%)
              T (20.9%)

	GC percentage
	58.43%
	58.21%











[image: ]

Figure 5.3: A graphical circular map of K. pneumoniae MBB9 genome. Genome synteny between genomes of K. pneumoniae MBB9 and K. pneumoniae 342. From the outside to the inside: the two outermost circles show the BLASTN homologies between K. pneumoniae 342 (red) and K. pneumoniae MBB9 (green), the GC contents in black and the GC skew; Green (GC content of the forward strand), Purple (GC content of the reverse strand). The innermost circle the numeric genome position. Comparisons were made using the CGView server (http://wishart.biology.ualberta.ca/cgview/) using partial opacity to visualize overlapping hit.
Table 5.2:   Oligonucleotides used to amplify genes coding for GGDEF and EAL proteins in K. pneumoniae MBB9 and K. pneumoniae 342 strains. Primers were designed to detect the presence of the six genes that coding for GGDEF and EAL proteins which were not present in the genome sequence of K. pneumoniae MBB9.
	
Number
	
Gene symbol
	
Type of protein
	
Protein size
	
Gene location
	
Forward
	
Reserve
	
Product length


	

1
	

KPK_3563

	
EAL
	
511
	
Chromosome
	

GATAAAGCGGCGAAACGCAT

	

GTGGAATAAATTCCGCGGGC

	

908

	2
	KPK_3558

	GGDEF
	306
	Chromosome
	CTATGGGCTGCTGTTGTGGA

	CGACAGGCCATCGACGATAA

	445

	3
	KPK_3392
	EAL
	587
	Chromosome
	TCGATACTCAGCCCAGGGAA

	GGGAACTTCAGGGGTAAGCC

	434

	4
	KPK_3355
	EAL
	230
	Chromosome
	TGACAATTGAAAGGCTTGACACA

	CTGGCAAGCGCAATCAACAA

	446

	5
	KPK_3356
	GGDEF
	352
	Chromosome
	TGGCAAGCATGATGTCGAAG

	GGGATAGCAGGTTGCCAAG

	299

	6
	KPK_0810
	EAL
	413
	Chromosome
	CACTGTCGGCGTTTGAACAG
	CAGCGGATCAGGATCTCCAC
	120





[image: ]
Figure 5.4: Amplification of genes coding for GGDEF and EAL proteins in K. pneumoniae 342. The PCR products were separated on 1% agarose gel and visualized using SYBR Safe DNA Gel Stain. Lane M, DNA marker, from top to bottom: 1,517, 1200, 1000, 900, 800, 700, 600, 517, 400, 300, 200 and 100 base pairs; lanes 1-6, PCR amplifications; 1: KPK_3563, 2: KPK_3558, 3: KPK_3392, 4: KPK_3355, 5: KPK_3356 and 6: KPK_0810. The PCR products matched their expected sizes.


Table 5.3:  Catalogue of genes coding for GGDEF and EAL proteins in K. pneumoniae MBB9.

	Number
	Gene
	Type of protein

	1
	KPI_01740 yedQ
	GGDEF

	2
	KPI_04512 dosC
	GGDEF

	3
	KPI_02434 ydaM
	GGDEF

	4
	KPI_02248 ycdT_1
	GGDEF

	5
	KPI_02576 ycdT_2
	GGDEF

	6
	KPI_03124 vdcA_1
	GGDEF

	7
	KPI_04431 vdcA_2
	GGDEF

	8
	KPI_03117 yeaP_2
	GGDEF

	9
	KPI_01668 yeaP_1
	GGDEF

	10
	KPI_01113 yfiN
	GGDEF

	11
	KPI_04913 vdcA_3
	GGDEF

	12
	KPI_01662 
	GGDEF-EAL-hybrid

	13
	KPI_02530 
	GGDEF EAL-hybrid

	14
	KPI_02680 
	GGDEF EAL-hybrid

	15
	KPI_01338 yfgF_2
	GGDEF-EAL-hybrid

	16
	KPI_00464 csrD
	GGDEF-EAL-hybrid

	17
	KPI_04823 yjcC
	EAL

	18
	KPI_01488 adrB_1
	EAL

	19
	KPI_01840 adrB_2
	EAL

	20
	KPI_03307 yahA
	EAL

	21
	KPI_03970 ylaB 
	EAL

	22
	KPI_02624 bluF_1 
	EAL

	23
	KPI_03531 bluF_2 
	EAL

	24
	KPI_01254 yfgF_1
	GGDEF-EAL-hybrid

	25
	KPI_00816 yhjH_1
	EAL

	26
	KPI_03123
	EAL

	27
	KPI_03128 yhjH_2
	EAL

	28
	KPI_00230 bcsB_1
	EAL




Table 5.4: Comparison of GGDEF/EAL catalogues in K. pneumoniae strains.

	Number
	K. pneumoniae MBB9
	K. pneumoniae 342
	K. pneumoniae MGH 78578

	
	
	
	

	1
	YedQ/DgcQ
	KPK_1855
	KPN_02424

	2
	DosC/DgcO
	KPK_4891
	

	3
	YdaM/DgcM
	KPK_2566
	KPN_01794

	4
	YcdT_1/DgcX-like_1
	KPK_2368
	KPN_01980

	5
	YcdT_2/DgcX-like_2
	KPK_2741
	KPN_01638

	6
	VdcA_1 
	KPK_3323
	KPN_01163

	7
	VdcA_2
	KPK_4792
	KPN_04822 C-TERM ONLY

	8
	YeaP_2/DgcP
	KPK_3313
	KPN_01172

	9
	YeaP/DgcP
	KPK_1739
	KPN_02450

	10
	YfiN/DgcN
	KPK_1195
	KPN_02925

	11
	VdcA_3
	KPK_5304
	KPN_04370

	12
	KP_01662
	KPK_1732
	KPN_02445

	13
	KP_02530   
	KPK_2691
	KPN_01677

	14
	KP_02680   
	
	

	15
	YfgF_2/PdeA
	KPK_1394
	KPN_02745

	16
	CsrD
	KPK_0458
	KPN_03660

	17
	YjcC/PdeC
	KPK_5257
	KPN_04461

	18
	AdrB_1/PdeN
	KPK_1552
	KPN_02609

	19
	AdrB_2/PdeD
	KPK_1962
	KPN_02331

	20
	YahA/PdeL C-TERM ONLY
	KPK_3533 
	KPN-01010 

	21
	YlaB/PdeB
	KPK_4255
	KPN_00425

	22
	BluF_1
	KPK_2809
	KPN_01598

	23
	BluF_2
	KPK_3794
	KPN_00782

	24
	YfgF_1/PdeF
	KPK_1302
	KPN_02828

	25
	YhjH_1/PdeH_1
	KPK_0837
	KPN_03274

	
	Cph2_1
	KPK_0227
	KPN_03879

	27
	YhjH_2
	KPK_3327
	KPN_01159

	28
	Cph2_2
	KPK_3663
	KPN_00899

	
	
	KPK_3356
	

	
	
	KPK_3558
	

	29
	YhjH_3/PdeH
	
	KPN_03274




[bookmark: _Toc4505936]5.4 Identification of domains in GGDEF and EAL containing proteins of K. pneumoniae MBB9
     To further characterise the GGDEF and EAL domain proteins of K. pneumoniae MBB9, signal peptides, conserved and sensor domains were identified. As shown in Table 5.5, most of the K. pneumoniae MBB9 GGDEF proteins were linked to a sensory domain, presumably to modulate DGC activity in response to an environmental or metabolic signal and four of EAL domain proteins were linked to sensor domains. Klebsiella pneumoniae MBB9 GGDEF and EAL domain structures are shown in Table 5.6.


Table 5.5:  List of domains identified in GGDEF and EAL containing proteins of the genome of K. pneumoniae MBB9.

	
	GGDEF
	GGDEF-EAL
	EAL

	BLUF domain
	
	
	2

	CACHE domain
	1
	
	

	CHASE domain
	2
	1
	

	CSS-motif domain
	
	
	4

	GAF domain
	3
	
	

	GAPES4 domain
	
	1
	

	HAMP domain
	2
	
	

	HisKA_3
	1
	
	

	MASE domain
	2
	2
	

	PAC domain
	1
	1
	

	PAS domain
	1
	1
	

	Protoglobin
	1
	
	

	Membrane associated
	7
	5
	4

	Allosteric I site
	7
	
	

	Probable DGC activity
	11
	3
	

	Probable PDE activity
	
	5
	8




Table 5.6: Klebsiella pneumoniae MBB9 GGDEF EAL proteins. SMART analysis service was used for the exploration of protein domains and architecture (http://smart.embl-heidelberg.de/smart/set_mode.cgi?NORMAL=1).

	
Gene number
	
Genome location
	
Protein1
	
Domain structure
	
Sensory domain/signal
	Predicted DGC/PDE activity

	
1
	
1824584: 1826263
	
YedQ/DgcQ
	[image: ]
	CHASE7/unknown (regulation of cellulose synthesis in E. coli)
	
DGC

	
2
	
1146063: 1147457
	
DosC/DgcO
	[image: ]
	Heme-binding globin/oxygen (regulation of PNPase activity in E. coli)
	
DGC

	
3
	
2538293: 2539432  
	
YdaM/DgcM
	[image: ]
	PAS-PAC/unknown (co-activator of MirA in E. coli)
	
DGC

	
4
	
3483038: 3484399  
	
YcdT_1/DgcX-like_1
	[image: ]
	MASE4/unknown
	
DGC

	
5
	
3151525: 3152949  
	
YcdT_2/DgcX-like_2
	[image: ]
	MASE4/unknown
	
DGC

	
6
	
3237259: 3239043  
	
VdcA_1 (KPK_3323)
	[image: ]
	TMD (HisKA_3)-HAMP-GAF
	
DGC

	
7
	
4607216: 4608262  
	
VdcA_2
	[image: ]
	TMD/unknown (overexpression increases biofilm formation by Vibrio cholerae)
	DGC

	
8
	
3230380: 3231393  
	
YeaP_2/DgcP
	[image: ]
	GAF/unknown
	DGC

	
9
	
1755444: 1756415  
	
YeaP_1/DgcP
	[image: ]
	GAF/unknown
	DGC

	
10
	
4685031: 4686254  
	
YfiN/DgcN
	[image: ]
	CHASE8-HAMP/unknown
	DGC

	
11
	
5114288: 5115820  
	
VdcA_3 (KPK_5304)
	[image: ]
	CACHE1/unknown
	DGC

	
12
	
1749791: 1751701  
	
KP_01662
	[image: ]
	Transmembrane domain/unknown signal
	DGC and PDE


	
13
	
3191767: 3193422  
	
KP_02530
	[image: ]
	PAS-PAC/unknown
	DGC and PDE

	
14
	
3051229: 3053385  
	
KP_02680   
	[image: ]
	CHASE4/unknown
	DGC and PDE

	
15
	
1374396: 1376567
	
YfgF_2/PdeA
	[image: yfgf_2.jpg]
	MASE1/ unknown (regulation of aspartate chemotaxis in E. coli)
	PDE only





	

16
	
489990: 491930  

	
CsrD

	[image: ]
	GAPES4 transmembrane domain/unknown signal (turnover of RNA molecules csrB and csrC in E. coli)
	None

	
17
	
817780: 819384
	
YjcC/PdeC
	[image: ]
	Periplasmic CSS-motif
	PDE

	
18
	
4291501: 4293063  
	
AdrB_1/PdeN
	[image: ]
	CSS-motif/unknown
	PDE

	
19
	
3907209: 3908780
	
AdrB_2/PdeD
	[image: ]
	CSS-motif/unknown
	PDE

	
20
	
3417466: 3418086  
	
YahA/PdeL
	[image: ]
	None
	None

	
21
	
4112685: 4114244  
	
YlaB/PdeB
	[image: ]
	CSS-motif/Unknown
	PDE

	
22
	
2727989: 2729206  
	
BluF_1
	[image: ]
	BLUF/blue light
	PDE

	
23
	
2153701: 2154912  
	
BluF_2
	[image: ]
	BLUF/blue light (A
agonist for BluR in E. coli)
	None

	
24
	
1291401: 1293629 
	
YfgF_1/PdeF
	[image: ]
	MASE1 (weakly predicted GGDEF)/unknown (regulation of aspartate chemotaxis in E. coli)
	PDE




	
25
	
4986472: 4987188  
	
YhjH_1/PdeH_1
	[image: ]
	None
	PDE

	
26
	
110386: 111102
	
YhjH_3/PdeH
	[image: ]
	None
	PDE

	
27
	
2590141: 2590827  
	
YhjH_2
	[image: ]
	None
	PDE

	
28
	
272600: 274606
	
Cph2_1
	[image: ]
	HAMP/unknown
	PDE

	
29
	
2291270: 2292409
	
Cph2_2
	[image: ]
	MASE5/unknown
	DGC



[bookmark: _Toc4505937]5.4.1 Probable DGC enzymes in K. pneumoniae MBB9
     Diguanylate cyclases (DGCs) are homodimeric proteins with a conserved GG(D/E)EF motif at the active site (A site). Binding of GTP to both subunits allows conversion to c-di-GMP (Figure 1.4). The majority (82%) of the GGDEF domain proteins of K. pneumoniae MBB9 had an intact conserved A site (9 GGEEF and 6 GGDEF) (Figures 5.5 and 5.6). Degenerate GGDEF A sites were present in 3 of the hybrid GGDEF-EAL proteins (CsrD, YfgF_1 and YfgF_2). In addition to the A site many GGDEF domains possess an allosteric site (I site) characterized by the RXXD motif, located 5 amino acids upstream of the GG(D/E)EF motif, which upon binding c-di-GMP inhibits DGC activity. The I site was less well conserved, being absent from the hybrid GDDEF-EAL proteins, but present in 5 of the GGDEF proteins (Figures 5.5 and 5.6).    

[bookmark: _Toc4505938]5.4.2 Probable PDE enzymes in K. pneumoniae MBB9
     Active EAL domain proteins are characterized by 10 conserved amino acids (marked a-j in Figure 5.7) that contribute to c-di-GMP phosphodiesterase (PDE) activity (Tchigvintsev et al., 2010). Four of these 10 residues are well conserved within the characteristic DDFGTG and EALxR motifs in the primary structures of K. pneumoniae MBB9 EAL domains (Figure 5.7).  The DDFGTG motif contains tandem Asp residues (locations f and g, Figure 5.7) that are two of six residues responsible for co-ordination of the two c-di-GMP PDE active site metal (Mg2+ and/or Mn2+) ions. One protein, BluF_2, has DHFGAG in place of DDFGTG and the inactive E. coli PDE YdiV, like K. pneumoniae MBB9 BluF_2, has a His residue at position g (Figure 5.7), suggesting that the K. pneumoniae MBB9 BluF_2 protein might lack PDE activity (Tchigvintsev et al., 2010). 

     Most variation within the DDFGTG motif was of the consensus Thr residue that is replaced by Ser, Ala or Arg in some proteins (Figure 5.7). The remaining four metal coordinating residues are three Glu residues (positions a, c, e and i, Figure 5.7) including that of the EAL motif (position a, Figure 5.7) and an Asn residue (position d, Figure 5.7). The Asn (position d, Figure 5.7) and one of the Glu (position e, Figure 5.7) residues are completely conserved in the K. pneumoniae MBB9 EAL domain proteins. The K. pneumoniae MBB9 YahA protein lacked the Glu residue of the EAL motif (position a, Figure 5.7) and BluF_2 had a Val residue in place of the metal coordinating Glu residue at position i (Figure 5.7). Three residues make direct contact with the substrate c-di-GMP, Arg at position b, Glu at position c and Asn at position d (Figure 5.7). The Arg at position b, which contacts one of the phosphate (c-di-GMP phosphate 2) moieties of c-di-GMP, was conserved except for YahA (EALxR motif absent) and YhjH_2 (Lys at position b, Figure 5.7), whereas the Asn at position d, which is involved in metal coordination as well as interacting with the opposing phosphate (c-di-GMP phosphate 1) moiety to that contacted by Arg at position b, was completely conserved (Figure 5.7). The alignment in the vicinity of the Glu residue at position c is more difficult to interpret, but it is likely that all the EAL domains except BluF_2 and YfgF_2 possess an appropriately located Glu residue in the 3D structure to interact with guanine base 1 of c-di-GMP (Figure 5.7). Downstream of the DDFGTG motif at position h (Figure 5.7) is a conserved Lys residue that is proposed to act with the metal ions to activate a water molecule to produce the nucleophilic hydroxyl radical that attacks the bound cyclic di-GMP (Tchigvintsev et al., 2010). Based upon this analysis of the EAL domains of K. pneumoniae MBB9 it is suggested that, excluding the regulatory protein CsrD (see below), all but BluF_2 and YahA are likely to possess c-di-GMP PDE activity. The presence of Ile, Leu or Val residues at position 2 in the EAL motif is commonly found in this family of proteins, but a Ser residue in this location is unusual and occurs in two predicted K. pneumoniae MBB9 PDEs (YhjH_1 and YhjH_3) and it is not known what affect, if any, a Ser residue at this position might have on PDE activity.

[bookmark: _Toc4505939]5.4.3 Degenerate GGDEF-EAL
     The K. pneumoniae MBB9 CsrD has degenerate DGC and PDE sites. Escherichia coli CsrD does not interact with c-di-GMP, despite its domain composition, but rather directs RNase E to degrade the small RNAs (sRNAs) CsrB and CsrC (Suzuki et al., 2006). The transcription factor CsrA binds to leader sequences in target mRNAs to regulate translation and mRNA turnover. The activity of CsrA is controlled by the intracellular concentration of the CsrB/C sRNAs, which mimic CsrA binding sites and hence sequester CsrA and relieve CsrA-mediated regulation. CsrD promotes degradation of CsrB/C by RNase E and thereby modulates the activity of CsrA-mediated post-transcriptional gene regulation (Suzuki et al., 2006). Genes coding for CsrA and the CsrB/C sRNAs are present in K. pneumoniae MBB9 and therefore the E. coli Csr regulatory system is likely to operate in K. pneumoniae MBB9.

[bookmark: _Toc4505940]5.4.4 Sensory domains
     Most of the K. pneumoniae MBB9 GGDEF and EAL possess recognized sensory domains (Table 5.5). Several K. pneumoniae MBB9 GGDEF proteins are associated with the structurally related CACHE (PF02743), GAF (PF01590) and PAS (PF08446) domains (Table 5.6). All three domains are named after the proteins in which they were first identified (CACHE, calcium channels and chemotaxis receptors; GAF, cGMP PDEs, adenylate cyclase, FhlA; PAS, Per, Arnt and Sim) (Cruz et al., 2012). The core structure of the PAS domain consists of a five stranded anti-parallel β-sheet accompanied by several helices capable of binding a sensory cofactor (e.g. heme, flavin, 4-hydroxycinnamyl chromophore) and protein-protein interaction (Henry and Crosson, 2011). The PAS domains of K. pneumoniae MBB9_02530 and YdaM have PAC motifs as part of the conserved PAS domain fold. The GAF domain has a similar 3D structure to the PAS domain and is often involved in nucleotide binding to regulate the activity of partner cyclases and PDEs (Cruz et al., 2012). The K. pneumoniae MBB9 VdcA_1 protein has an N-terminal transmembrane domain (TMD) and an intracellular GAF domain as part of TMD-HAMP-GAF-GGDEF domain organization (Table 5.6). The HAMP domain (histidine kinases, adenylate cyclases, methyl-accepting proteins and phosphatases; PF00627) consists of an assembly of α-helices that transmit conformational changes induced by signal perception by extracellular sensory modules (in this case the TMD) to cytoplasmic signalling domains (GGDEF) and is often found in GAF and PAS domain proteins (Matamouros et al., 2015). 

     The CACHE domain is an extracellular PAS domain that is predicted to interact with small molecules to initiate conformational changes to modulate the activity of associated intracellular activities (Cruz et al., 2012). The K. pneumoniae MBB9 DosC protein is similar (36% identical, 56% similar over 463 amino acids) to E. coli DgcO, which has a N-terminal heme-binding globin domain that controls the DGC activity of a C-terminal GGDEF domain in response to changes in oxygen concentration. The periplasmic ligand-binding CHASE7 domain (cyclases/histidine kinases-associated sensory extracellular; PF03924) was predicted for the GGDEF protein YedQ and a CHASE4 domain for the hybrid GGDEF-EAL protein K. pneumoniae MBB9_02680. An N-terminal MASE4 (membrane associated sensor; PF17158) domain was present in the putative DGC YcdT1; it has been noted that MASE4 domains do not appear to be commonly associated with GGDEF proteins but two have been found in K. pneumoniae (Povolotsky and Hengge, 2016). MASE domains (MASE1; PF05231) were found in two (YfgF_1 and YfgF_2) of the hybrid GGDEF-EAL proteins. Membrane associated domains were also predicted for the remaining four GGDEF-EAL proteins, including the CHASE4 domain (PF05228) in K. pneumoniae MBB9 _02680, the GAPES4 domain (PF17157) in CsrD and TMD in K. pneumoniae MBB9_01662. Only K. pneumoniae MBB9_02530 of the six hybrid GGDEF-EAL proteins was predicted to lack a membrane domain.  

     Four K. pneumoniae MBB9 EAL proteins possessed the CSS sequence motif (PF12792), which is found N-terminal to the EAL domain in many c-di-GMP PDEs, where the signal sensed remains unknown but there is evidence that the CSS domain of Escherichia coli PdeG acts as an inhibitor of PDE activity (Povolotsky and Hengge, 2016). Two EAL proteins had N-terminal BLUF (sensors of Blue-Light Using FAD; PF04940) domains, which resemble flavin-binding PAS domains and use a FAD cofactor to sense blue-light and redox potential (Cruz et al., 2012). The remaining four K. pneumoniae MBB9 EAL proteins lack sensory domains. Nevertheless, the widespread occurrence of sensory and TMDs associated with K. pneumoniae MBB9 GGDEF, GGDEF-EAL and EAL proteins suggests that most DGC and PDE activities in K. pneumoniae MBB9 are controlled in response to specific signals and/or location.    

   
[image: ]
Figure 5.5: Logo sequences for DCG and PDE domains. Logos are shown for the active DGC domain (conserved A site; GGEEF or GGDEF) and the conserved I site motif (RxxD) (A), the PDE domain; residues conserved within the characteristic DDFGTG motifs (B) and EALxR motifs (C). Sequence logos were made using MEME analysis (http://meme-suite.org/doc/ceqlogo.html).


	YfgF_1
	------------------------------------------------RLIYARVRQMAF	12

	YfgF_2
	YNKNFLQGVQSEYSLSFV---------LSVLISFTICLFYMADTYARSDRNKRRWRSQAE	82

	Cph2_1
	PLRRIARELND-LSLQDRLGHQLTLPRLHHDDEIGMLVRSYNRNQQSLVRQHDELSIQST	63

	CsrD
	-------------------------------------------------------RSYAA	5

	KP_02680
	FS----------------------------------SL-----GMYKLARGERQAREIAM	65

	KP_02530
	-------------------------------------------------------AWMAR	5

	YcdT_2
	---------------------------------SPVIVA---SSVEAINTLVKQLALRAD	45

	YfiN
	--RHFSRRV-----PEERIEEF----HLF-AQDFNSLLGEMEDWQRQLQAKNAQLLRSSL	48

	YeaP_2
	-------------------------------VEKDTLVQQL-------QAANVALELHSS	22

	YeaP_1
	------------------------------------------------------------	0

	KP_01662
	---------------------------------------------------NRRLQYDAY	9

	VdcA_3
	YLRHASRTV-----LMNIINAI----KTGDVKRAPRLEAMLSKAIETNKQRELTYVRQAT	91

	YcdT_1
	FL------I-----LV-------------------LLVDVFM-LYRESNHKYVNSYQNSI	44

	YdaM
	----------------------------------------------------------AA	2

	DosC
	------------------------------------------------------------	0

	VdcA_2
	----------------------------------------LM-------QERNTLNDLSM	32

	VdcA_1
	-------------------------------------LAN-Q-------RLRSALLEKAL	20

	YedQ
	WL------V-----IR-------------------RMVRNMS-------VLQTSLEWQAW	31

	Cph2_2
	------------------------------------------------------------	0

	
	                                                                    

	
	

	YfgF_1
	LDPVVHMPNLRALSRALNGTS--------WSTLCFLRIPELELLGRHYGVLLRIQYKQML	64

	YfgF_2
	EDPLTGLPNLRALVSHLQSSP--------LQAICSLRIDNLDFLSRHYGLMMGVDCKRQI	134

	Cph2_1
	RFPVSELPNKAFLLAMLEQTVA----RPQSAALIVVACETLQDAAGVLKESQREMLLLTL	119

	CsrD
	QDSKTGLNNRLFFDNQLATLLEDQEKVGAYGIVMMIRLPEFDLLRDNWGRAAAEEHYFTL	65

	KP_02680
	IDWLSRLPNRRALLLRLSQVCE--TGKHDIQCVVFIDLDGFKDVNDNYGHDVGDALIRHI	123

	KP_02530
	YDALTGLPNRVEFFERVEKLIT--GNDARRFAIFTIDLDKFKEINDLQGHLIGDQLLQRV	63

	YcdT_2
	FDFQTRVYSRSGLSEALKRQA---LPADKLLTVMVLDIDGFKRVNDALGHEGGDCVLTQF	102

	YfiN
	HDPLTGLANRAAFRNALAELMKN-EVDHQTSALLFLDGDNFKLINDNWGHAAGDKVLTEV	107

	YeaP_2
	TDELTQLPNRRALFKQLALRFASARAQQQQVSLIFIDLDGFKAINDRFGHPCGDSFLVQV	82

	YeaP_1
	-----GLFNRRGFLTLAEYALLTAQRRQEPVSLAFVDLDRFKHINDTWGHEEGDRALIAI	55

	KP_01662
	HDSLTGMPNRLSFWQRLQEIVNQVRPYQGCAVVMLFDLDSFKDVNDTLGHDAGDKLLQDL	69

	VdcA_3
	IDALTGSKNRRAFDSDIAAL----MNDHQPFALALVDIDNFKSINDTWGHLNGDIVLRNV	147

	YcdT_1
	RDPLTRLYNRSFFYDTLNQQLAK-VNPQHPLSVIISDLDHFKRINDNYGHVAGDKVIQFA	103

	YdaM
	HDPLTGLLNRREFYRLVEAPSF----IAQGFCLLLIDIDHFKSINDIHGHQKGDEVLLVI	58

	DosC
	------------------------------LTVAIIDIDFFKEINDKWGHMVGDRAIKHV	30

	VdcA_2
	LDPLTGLYNRRGLQNRLDTLLAL---DGDNHFVLLLDIDHFKAYNDHYGHMMGDQALIRV	89

	VdcA_1
	FDSLTGLRNRHHLDEALHSQMALAVHTHTPLSCLMIDIDHFKAINDRYGHEAGDLVIKSV	80

	YedQ
	HDALTRLLNRGALFEQAMAVASACQRSGRPLSVIQLDLDHFKRINDRYGHQAGDRVLSTV	91

	Cph2_2
	----------------------AIWQQKTPLALMMIDVDYFKRYNDRYGHQAGDECLSSV	38

	
	                                                                

	
	         I-site     A-site

	YfgF_1
	ANHLSALL-QP-NEAVYHLAGHDLVFRLNSEGHQARIH-LIDRS---LRQFRFYWD---G	115

	YfgF_2
	IRALQPLL-GA-TDKVFQVPGSELILVLDGPDPAARLN-HMVAI---LNHKKFSWH---N	185

	Cph2_1
	VEKLRAAI-PP-QMVLAQVSGYDFAILADGLAEPWQAVTLSKQVLTIINERLPLHG----	173

	CsrD
	INLLSTFIMRYPGALLARYHRSDFAVLLPHRTLKEADS-IAGLLLKAMDALPPTRILD--	122

	KP_02680
	ASALQTRV-PT-GAMLARMGGDEFAMAVSGA--KAIDR-AAAFAWAALELLKAPVTLS-K	177

	KP_02530
	AGAVLKTL-QK-EEMVARFGGDEFVAVKPFADEGEVDA-FAARLWHC---FSGKQTFA-A	116

	YcdT_2
	AQQVRQLV-DE-QGMVARIGGEEFAVAAVVDSTQQGYL-LAEKIRHGVESQPFGLG---Q	156

	YfiN
	ASRLMAFA-GK-RHLAWRLGGDEFAVLLREVRSEAEVQALCQALSEQFLPPFNLHN---G	162

	YeaP_2
	GERLTAVA-RR-EDIVGRLGGDEFLIVGSAQEPAAQQA-YVAILRQALCGVYFLGE---Q	136

	YeaP_1
	ADLMKAAF-RE-SDILARQGGDEFIILFANTSRHDAAT-AMETLSHNVARFNQQAA----	108

	KP_01662
	ASRLSFFR-KT-SETLYRLGGDEFAMLSYDLTEEMALE-RANVIREKISQPYQIY----D	122

	VdcA_3
	AREGLQVL-QPLEISLYRYGGEEFAVVFPAEHIDNART-LLETWRVNVERRTWREDG---	202

	YcdT_1
	ASVLENHS-RA-DDAAARIGGEEFALLLVNTAEKDALA-IAERIRLAVNAEQNPLP----	156

	YdaM
	SRILETSV-DR-EDKIYRWGGEEFLLFLPHSPIARALI-LAEGIRQAVSE---------Y	106

	DosC
	ADLLSDNI-RS-SDYLFRYGGEEFLLVLVETRAAEAFP-LLERLRKKIGQLAFNVGG--D	85

	VdcA_2
	SAAIRNAV-RS-RDIVARFGGEEFMVLLTNSSEETAWQ-AAERIRQRVYDLKIPHMFNES	146

	VdcA_1
	ATIVQRAV-RD-IGMAFRYGGEEFLVLLPGIDEAGAHQ-CASEIYTQVHNMTLRDG-L-T	135

	YedQ
	ASTLASTV--REGDLLGRVGGEEFCVVLPNTTLQDAVA-VAERLRLRIQGREVFLH-N-N	146

	Cph2_2
	AQVLKMAV-RAEGDLVARYGGEEFVVVLPGVSLAHATA-IAERIQQKIREAGLPHAAS-A	95

	
	                         

	
	

	YfgF_1
	VPLQP--RIGMSYC-NVRS-----PVKHLYLLLGELNTIADMSLASGHPENMQRRGAGHV	167

	YfgF_2
	QPLDL--EFGAAWS-RDDG-----QGETLHQMLGQLSWLSEQAGSERRVLALDEEQ-ELV	236

	Cph2_1
	LQLRPYASVGIAMF--HAGL----SAEQFYRRAVSAAVTARRKG-KNQIEFFD-------	219

	CsrD
	--RDDMMHIGICAF--RSGQ----STAQVMEHAEAATRNAVLQG----------------	158

	KP_02680
	RKIYISASIGIASG-APAEC----SSTELFRRADIAMYHAKKSG-KGRTAWYDDALD---	228

	KP_02530
	TEVVLSASIGISVY-PEDGT----DINTVLSNSDLAMYRAKSSL-DHKICWYEREMD---	167

	YcdT_2
	NPIHLTISMGLETR-EVGHARITELFNQLLMAADEEMVKAKQTG-RNRICMPALTES---	211

	YfiN
	HSATLSLSVGYA--LAWEHA----TAESLQELADQNMYRMKNQR-IQQTLK---------	206

	YeaP_2
	RIDYEGASFGVIIC-DPQSI----DVEAALRAADEAMYQDKKSR-RQENFIHID------	184

	YeaP_1
	HPWQLAFSWGCVEYDPASHP----SLNALVATADRLMYQAKQKQGRERR-----------	153

	KP_01662
	AQINIDACIGIV--ISDGES----RTDYLYKCADLALYEAKKEG-SGHVQIFRPGML---	172

	VdcA_3
	--LTVTFSAGLG---EWNME----PLDKLVVSVDEALYKAKQQG-KNRILRA--------	244

	YcdT_1
	--ERMTISMGLYTT-RDRSV----SAETCVERADAAMYEAKNSG-RNRVVVWRHPGD---	205

	YdaM
	QTLSVTVSIGVA--EHHDGE----AIDQLFSRVDKALYVAKNGG-RNRVSRLPFENV---	156

	DosC
	TQIPITASIGFA--AHTGHP----DYNLLLRDADNALYAAKREG-RNCVKMHKGGG----	134

	VdcA_2
	VATNVTISIGLTPLI---DD----NIEQALARADGALYEAKNKG-RNIILAS--------	190

	VdcA_1
	EIGQVDVSIGIA--SYPQHT----QSDSLLRAADAALYRAKELG-RSRIVSFGRLKT---	185

	YedQ
	VTLRVSASLGISTSEEQGEY----QFEALQSVADRRLYLAKQNG-RNQVCFRSEA-----	196

	Cph2_2
	VASEVTVSIG--IVASDGTV----PIETLIARADSALYQAKNKG-RNQWSY---------	139



Figure 5.6: A CLUSTAL O(1.2.4) multiple sequence alignment of K. pneumoniae MBB9 GGDEF domains. Structure-based sequence alignment of the GGDEF domains from K. pneumoniae MBB9 proteins. Asterisk (*) indicates positions which have a single, fully conserved residue, colon (:) indicates conservation between groups of strongly similar properties - scoring > 0.5 in the Gonnet PAM 250 matrix and period (.) indicates conservation between groups of weakly similar properties-scoring =< 0.5 in the Gonnet PAM 250 matrix.


	
	                                    a   b

	YhjH_2   
	----MVEENV---KNTSYRFVLEPAISDD-GSYHSWELLTK------DIIAPAQNTTSAS	46

	YhjH_1      
	MNTKIFEDNILSRNDIAVRYVFQKMFSPQ-GTLVAVECLSRFDNLS---ISPED------	50

	YhjH_3      
	MNTKITEDNILSRNDIAVRYVFQKMFSPQ-GTLVAVECLSRFDNLT---VSPEY------	50

	BluF_2      
	-----------------------PIVDPFACEIISWEALLRTPDGQ---SPGAY------	28

	BluF_1      
	---------------------------PAKRRVSSFEALIRSPTGG---SPVEM------	24

	YfgF_1      
	-----------------------PIQGIRGDN--YHEVLLRMEGESGELTGPNA------	29

	YfgF_2      
	-----------------------PIQNAEGEG--YHEILTRMRCGD-SVIMPDQ------	28

	YjcC
	-----------------------PIIDIKNNRCVGAEALLRWPGFDGPVMNPAE------	31

	YlaB        
	-----------------------PIISLQDGKIAGAEALARWQQPDGTFLSPDI------	31

	02680       
	-----------------------PVVDADTLAMTGVEALLRWPRRPQGALAPDA------	31

	01662       
	-----------------------PIADTVTREIYGYEALVRWFHPVRGAVPPTV------	31

	02530       
	-------------------LHYQAIRNIKDRRITGYEALLRWQHPQLGPIPPDV------	35

	AdrB_2      
	-----------------------PLQDARSGRCCGVEILLRWNNPRRGEISPEV------	31

	YahA        
	------------------------------------------------------------	0

	AdrB_1      
	-----------------------PVVNAQTLRISGVEVLMRWRHPVVGEIPPDV------	31

	
	

	
	                                                                    

	
	        c                                             d

	YhjH_2   
	TFSFSTLTER----------DKLALFIRQIELLSV----FDFARV--DNKPISLNIDDLL	90

	YhjH_1      
	---FFRHATAAVRERIFLEQLALIEKHKAWFLRN--------------HISATINVD---	90

	YhjH_3      
	---FFRHATAAIRERIFLEQLALIEKHKEWFLHN--------------NISATINVD---	90

	BluF_2      
	---FAGLTGD----------DIYLADLHSKRVALSLAGKLG----L-RNKALSINLL--P	68

	BluF_1      
	---FAAIAAE----------DRYRFDLESKAFAFSLAARLP----L-GKQQLAVNLL--P	64

	YfgF_1      
	---FLPVAHE----------FGLSSRVDQWVIEHTLAFMDTHRRAL-PGLRLAINLS--P	73

	YfgF_2      
	---FIPLIVQ----------FNLSQRFDMLVLETLFSSL----HQH-PGQRFSVNLL--P	68

	YjcC
	---FIPLAEN----------EGMIAQITDYVVDELFYEMGEFLASH-PQLYVAINLS--A	75

	YlaB        
	---FIPLAEQ----------TGLITQLTEDIVRKIFTDLGPWLRQR-PEVHISINLS--V	75

	02680       
	---FIAIAES----------SGLIDALGQFVLQRACSDLQP-V----DDLLLSVNIS--P	71

	01662       
	---FIPVAEK----------IGLINTLGEWVLKTACAEAASWA----TPLKVSVNVS--P	72

	02530       
	---FIPIAEE----------SGAIVPLGYWVLEQVCNESLEKG----LNRKVSVNIS--P	76

	AdrB_2      
	---FIPIAEG----------DNLIIPLTRYVIAETARRLDAFPS--EPHFHIAINVA--A	74

	YahA        
	------LAER----------TGLIIPLTRSLMAQVNAQMRPLFSKLPDGFHIGLNIS--V	42

	AdrB_1      
	---FINLAET----------QQMIVPLTHHLLALIASDGQVLKRILPRGVKLGLNIS--P	76

	
	                               .                     :*:    

	
	

	
	                                  e

	YhjH_2   
	SHFILTDRY---LCDFLR---------SCKHIALEINENFHEFIAGRELTALST-LAALC	137

	YhjH_1      
	----------DHILNLLRQKDIKAKIAALTCVHFEVTENAEN---LLHNSLAAWQSPQDT	137

	YhjH_3      
	----------DHILNLLRQKEIKDKIAALACVHFEVTENAEN---LLNNSLAAWQNPQDT	137

	BluF_2      
	MTMVKAPNAVAFLLDEISRNDLI-----PEQIIVEFTEREVISRMDDFTDAVRKLKGAGI	123

	BluF_1      
	GSLYNHPDAVGWLMDNLLAAGLR-----PEQVLIEVTETEVISCFDQFRKVLKALRVVGM	119

	YfgF_1      
	VTL-SRSQFPQEVEALLQTYNIE-----PWQIIFELTENYALSNPELVCQTLEHLRALGC	127

	YfgF_2      
	STL-MQKDSAAQIIALFQRYRIS-----PDLITIEVTEEQAFSNADTSQQNLDALRAFGC	122

	YjcC
	SDF-HSARLISQISEKAHSYAVC-----IGQIKIEVTERGFI-DVAKTTPVIQAFREAGY	128

	YlaB        
	DDL-RSPTLPTLLHDQLQHWGIA-----AEQIILEITERGFV-DPETTMPVIAHYRQAGH	128

	02680       
	AQF-RDPAFENRVMKTVAACRFP-----PSRLQVEVTESYVLENPERSQAVVENLKAQGI	125

	01662       
	IQL-MNTSLTDTIIGVLQQTGLD-----PRRLDLEITESDVFNENTRSLEILSQLREQGI	126

	02530       
	VQL-RHRSFIEKVREILMRTAYP-----VSLLEFEVTETAFIINKQLAFSVLHHLQKMGI	130

	AdrB_2      
	RHF-AHGLLLHDLHNYWFSVN-P-----VQQLVVELTERDVLQDGDQHM--AEHLHLKGV	125

	YahA        
	SHI-NAPTFIDDCLHYQRGFEGK-----AVKLMLEITEQEPLLLNGAVVDKLNTLHSLGF	96

	AdrB_1      
	AHL-QADSFRDDMLRFAAALPAD-----HFHVVLEVTERAMI-DKEKSIANFAWLHQQGF	129

	
	                               : .*..*                      

	
	

	
	    fg                   h

	YhjH_2   
	PVWLDDFGRGRTSFPLLERFRFDCVKVDKDYFWDKENDPAFPGLLQSI----HTLTSHVI	193

	YhjH_1      
	SLWLDDFGSGYAGINAIRGYHFDYVKIDKDFFWHLMRKESGRQLMDALVTFLSRNHHNVI	197

	YhjH_3      
	SLWLDDFGSGYAGINAIRGYHFDYVKIDKDFFWHLMRKESGRQLMDALVTFLSRNHHNVI	197

	BluF_2      
	NLAIDHFGAGFAGLSLLAQYQPDRIKIDHELIRNIHQDGPRQSIVQAIIKCCTSLEIAVS	183

	BluF_1      
	KLAIDDFGAGYSGLSLLTRFQPDKIKVDAELVRDIHISGTKQAIVASVVRCCEDLGITVV	179

	YfgF_1      
	RVAIDDFGTGYASYARLKTMNVDILKIDGSFIRNLLASSLDYQVVDSICRLARMKNMQVV	187

	YfgF_2      
	AIAIDDFGTGYANYERLKHLQADIIKIDGCFVRDILTDPLDAIMVKSIVEMARAKQMSVV	182

	YjcC
	EIAIDDFGTGYSNLHNLHALNVDILKIDKTFVDTLTTNNTSHLIAEHIIEMARGLRLKTI	188

	YlaB        
	RISIDDFGTGYSSLSYLQKLDVDTLKIDKSFVDTLEYR----PLTPHIIEMAKALNLATV	184

	02680       
	AVALDDFGTGYSSIGYLRRFRFDSLKIDKSLAGRVDSDEQAAEMVRGTVRIARALGMTVV	185

	01662       
	QISIDDFGTGYSSLSRLSYFPFDKIKIDRSFVINIPEQKDDLDIVRLIISMGKSLHMRIV	186

	02530       
	SIALDDFGTGYSSLSMLRDFHFDVIKLDRSFMLDVESNPQVRSFVRAIISLGNSINTPLI	190

	AdrB_2      
	QLAIDDFGTGNSSLSWLEKLRPDVLKIDRSFTSSVGIDSVNATVTDIIIALADRLNIVTV	185

	YahA        
	SIALDDFGTGYSGLSCLHELIFDYIKIDQSFVGRVTGEAPASKLLDCVIEMARTLSLRII	156

	AdrB_1      
	EIAIDDFGTGHSALIYLERYNFDYLKIDRGFVQAIGTETVTSPVLDAVLTLSRRLKLMTV	189

	
	 : :*.** * :    :     * :*:*               .                

	
	

	
	 i                   j   

	YhjH_2   
	VEGIETEKQKQLISAAGDIIGQGRYWKDEYIFL----CC-------------------	228

	YhjH_1      
	IEGVESEAHKEWLQGMEWFAIQGHYWREV-SIE-QLVADDIAM---------------	238

	YhjH_3      
	IEGVESEDHKKWLQGMEWFAIQGHYWQEV-SIE-QLVADDITR---------------	238

	BluF_2      
	AVGVERAEEWMWLESAGISQFQGNLFASARLGGLPAVAWPEKK---------------	226

	BluF_1      
	AEGVETIEEWCWLQSVGIRLFQGFLFSRPCLNGIAEICWPVARQATDL----------	227

	YfgF_1      
	AEYVESPEIRQAVIALGIDYLQGYDIGVPVPLA-QLAEGMTA----------------	228

	YfgF_2      
	AEYVESEPQKARLLELGVNYLQGYLVGKPQPLG-E-----------------------	216

	YjcC
	AEGVETPEQVSWLYKRGVQFCQGWLFAKAMPAR-EFMQWLANAPTPISRPQPPRHAEI	245

	YlaB        
	AEGVETESQRDWLRQHGVQYAQGWLYSKALPKE-QFILWAENNLHVH-----------	230

	02680       
	AEGVEDPQQLTLLRRAGCDRLQGYYFSKPMPIA-DLLQRRQSQG--------------	228

	01662       
	AEGVETEEQLTSLQALGCDLVQGYLIGKPSPLR-------------------------	219

	02530       
	AEGVETAGQLQILEEEGCDEMQGFLFGEPVDIK-HLPPSS------------------	229

	AdrB_2      
	AEGVETLEQESYLRGHGVDVLQGFYYARPMPIE-AFPAWLADREGQKSEGGE------	236

	YahA        
	AEGVETEAQRDYLNRQNIHLLQGYYFWKPMPYV-ALVMLLLSKPKARIVEE-------	206

	AdrB_1      
	AEGVETQEQAEWLRAQGVNFLQGYWISRPLSLE-ALVAAHDE-PANYFTTR-------	238

	
	   :*       :        **                                   


Figure 5.7: A CLUSTAL O(1.2.4) multiple sequence alignment of K. pneumoniae MBB9 EAL domains. Structure-based sequence alignment of the EAL domains from K. pneumoniae MBB9 proteins. Ten conserved EAL domain residues are colored and marked a-j. Asterisk (*) indicates positions which have a single, fully conserved residue, colon (:) indicates conservation between groups of strongly similar properties - scoring > 0.5 in the Gonnet PAM 250 matrix and period (.) indicates conservation between groups of weakly similar properties-scoring =< 0.5 in the Gonnet PAM 250 matrix.

[bookmark: _Toc4505941]5.5 An experimental system for studying of K. pneumoniae MBB9 biofilm
     Several approaches have been used to study bacterial biofilm formation using different in vitro systems and surfaces with different physicochemical properties, such as silicone, clay, metal, hydroxyapatite, polystyrene, polycarbonate and glass (Crouzet et al., 2014). Multi-well plates are commonly used to grow and quantify biofilms, but the biofilms formed become increasingly heterogeneous over time (Crouzet et al., 2014). For example, after 24 h of incubation, the biofilm is comprised not only of old sessile cells but also of cells newly attached to the surface. In addition, sessile cells are likely under the influence of surrounding planktonic cells, which may influence the results of the study. Flow-through systems can be used to solve the latter issue but need specialized equipment and often do not produce the quantities of biomass required for biochemical studies. A glass wool fibers and glass coupon-based assays were used to provide sufficient sessile biomass to compare the expression of genes coding for GGDEF and EAL proteins in planktonic and sessile cells of K. pneumoniae MBB9.

[bookmark: _Toc4505942][bookmark: _Toc498701659][bookmark: _Toc498776382]5.5.1 Glass wool fibers assay
     Biofilm formation on glass wool fibers was carried out as described by Crouzet et al. (2014) with a few modifications using an adsorption mode (Section 2.12). Klebsiella pneumoniae MBB9 were able to form biofilms on the surface of glass wool fibres. The amount of sessile cells by K. pneumoniae nearly increased with the extension of the incubation period to a certain point, after which they decreased gradually, and the biofilms biomass was high at 24 h of incubation (Figure 5.8). 
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Figure 5.8: Total bacterial count CFU per ml of biofilm biomass formed on glass wool fibers. Biofilms were developed on glass wool fibers as the attachment surface using an adsorption. In adsorption mode, five mL of bacterial suspension were adsorbed on 1 g of sterilized glass wool fibers and incubated under shaking condition (150 rpm) at different time intervals of 6, 12, 24, 48 72h at an ambient temperature of 37°C. At each time point, fibers were placed in a 50 mL syringe and washed with 100 mL of sterile phosphate buffered saline (NaCl 8 g L-1, KCl 0.2 g L-1, Na2HPO4 1.44 g L-1 and KH2PO4 0.24 g L-1) running down through GW by gravity as the planktonic and loosely attached bacteria were harvested in the flow-through. Glass wool fibers were then removed from the syringe, and placed in 100 mL of PBS, and vortexed vigorously for 30 seconds to harvest sessile cells. Fibers were also squeezed against the wall of the flask before discarding them in order to achieve maximum recovery of cells. Sessile and planktonic bacteria were quantified by counting the number of colony forming units (CFU). All time points were conducted in biological triplicate.


[bookmark: _Toc498701658][bookmark: _Toc498776381][bookmark: _Toc4505943]5.5.2 Glass coupons assay
[bookmark: _Toc498776396]     Biofilm formation on glass coupons was carried out as described by Adetunji and Isola (2011) and Guilhen et al. (2016) with a few modifications under static and shaking conditions (Section 2.13). Klebsiella pneumoniae MBB9 was able to form biofilm on the surface of glass slide coupons (Figure 5.9). The K. pneumoniae MBB9 biofilm formed rapidly (within 6 h) under static and shaking conditions at 37°C; however, under shaking condition, the density of biofilm increased up to 48 h of incubation before decreasing with further incubation (72 h) where more biofilm was obtained under shaking conditions compared with static conditions (Figure 5.10). It has been shown that K. pneumoniae isolates were able to form a biofilm on glass material (Bellifa et al., 2013). Similarly, Nicolau et al. (2013) have found that phytopathological and clinical isolates of K. pneumoniae had the ability to form a biofilm on both glass and polystyrene materials.
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Figure 5.9: Bacterial aggregates on glass coupons under shaking condition viewed by light microscopy (magnification 100x). After 24 h of incubation under shaking conditions, the glass slide coupons (2.5 cm x 2 cm) were washed with sterile phosphate buffered saline to remove planktonic and loosely attached bacteria, stained with 1% crystal violet and examined by light microscopy.  


[image: ]Figure 5.10: Total bacterial count CFU per cm2 of biofilm biomass formed on glass slide coupons. Sterilized glass coupons (2.5 cm x 2 cm) placed in a 50 ml Falcon tubes containing 20 ml of adjusted bacterial suspensions (Section 2.13). Tubes were incubated under both static and shaking conditions at 150 rpm for 6, 12, 24, 48, and 72 h. At the end of each incubation period, a set of glass chips were aseptically removed from the broth culture and were rinsed three times with sterile normal saline solution 0.85% (w/v) to remove unattached bacteria. Coupons were then placed in a 50 ml Falcon tubes containing 30 ml of sterile normal saline solution 0.85% (w/v) and vortexed for 30 s to disperse the biofilm from the surfaces of the chips and homogenize the suspension. The suspensions were serially diluted in 0.85% w/v of normal saline, and aliquots (100 µl) of each dilution were surface plated on nutrient agar plates, and then incubated at 37°C for 24 h. Cell numbers were then expressed as CFU per cm2.





[bookmark: _Toc4505944]5.6 Expression of genes coding for GGDEF and EAL proteins in K. pneumoniae MBB9 biofilm

     Although glass wool fibers system provides higher biofilm compared to that recovered from glass coupons system, no change was observed in the expression of genes coding for GGDEF and EAL proteins in planktonic and sessile cells of K. pneumoniae MBB9. Thus, quantitative Real-Time PCR was used to compare the expression of genes coding for GGDEF and EAL proteins in planktonic and sessile cells of K. pneumoniae MBB9 grown using the glass coupon method.

[bookmark: _Toc4505945]5.6.1 Extraction of RNA and determination of Genomic DNA contamination of RNA
     After 24 h of incubation under shaking conditions, bacterial samples were prepared in RNA protect reagent (Qiagen, Germany) to prevent RNA degradation (Section 2.14.1). Total RNA was extracted from biological triplicate of planktonic and sessile cells of K. pneumoniae MBB9 adhered to glass slide coupons under shaking conditions using RNeasy Mini Kit according to the manufacturer’s instructions with on-column DNase digestion using RNase-free DNase to remove any contaminating genomic DNA (Section 2.14.2). Genomic DNA can lead to errant results in quantitative real-time PCR (Laurell et al., 2012). Some RNA preparations were contaminated with gDNA as indicated by PCR DNA amplification using 16S rRNA primers (Figure 5.11).
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Figure 5.11: Genomic DNA in extracted total RNA. The PCR products were separated on 2% agarose gel and visualized using SYBR Safe DNA Gel Stain (Section 2.11.8). Lane M, DNA marker, from top to bottom: 10, 8, 6, 5, 4, 3, 2, 1.5, 1 and 0.5 kb; lanes 1-28, PCR amplification using total RNA as a template and primers specific to 16S rRNA gene. Arrows show the amplification of samples with contaminated gDNA.


[bookmark: _Toc4505946][bookmark: _Toc498701667][bookmark: _Toc498776390]5.6.2 Removal of genomic DNA from RNA samples
     RNA samples were further treated with TURBO DNA-free Kit (Thermo Fisher Scientific) to remove remaining genomic DNA (Section 2.14.3) (Figure 5.12). The concentrations of total RNA were assessed spectrophotometrically using a Nanodrop 1000 (A260/280) (NanoDropTechnologies, Wilmington, DE, USA) (Section 2.11.5). The concentration of the extracted total RNA from the harvested biofilm cells was low compared to that of planktonic cells (Table 5.7). 
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Figure 5.12: Removal of genomic DNA from total RNA samples. The PCR products were separated as described in the legend to Figure 5.11 and Section 2.11.8.


Table 5.7: RNA quantity analysis by spectrophotometry. P represents extracted total RNA from planktonic cells, and B represents extracted total RNA from biofilm cells.

	Total RNA
	Concentration 
ng/µl

	P1
	1269.333

	P2
	774.2

	P3
	758.033

	B1
	56.166

	B2
	22.273

	B3
	34.37



[bookmark: _Toc4505947]5.6.3 Verification of primer specificity
     The qRT-PCR primers were validated in a PCR using K. pneumoniae MBB9 genomic DNA as the template to check their specificity to the chosen targets (Section 2.15.2). Primer pairs produced only the desired amplicons visualized using SYBR Safe DNA Gel Stain after separation on 2% agarose gel (Figure 5.13). 
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Figure 5.13: Verification of specificity for primers to be used in qRT-PCR. Primer pairs (10 M each primer) were used in a stringent PCR with K.pneumoniae MBB9 genomic DNA as the template. Lane M, DNA marker, from top to bottom: 1,517, 1200, 1000, 900, 800, 700, 600, 517, 400, 300, 200 and 100 base pairs; lanes 1-28, PCR amplification of primer pairs.


[bookmark: _Toc4505948]5.6.4 Expression of genes coding for GGDEF and EAL proteins in planktonic and sessile cells of K. pneumoniae MBB9
     Total RNA (5 ng) extracted from planktonic and sessile cells of K. pneumoniae MBB9 (Section 2.14.2) grown under shaking condition (Section 2.13) was used to measure the relative abundance of transcripts encoding GGDEF/EAL proteins.  The results were expressed as fold-changes by comparing biofilm cells to planktonic cells (Balestrino et al., 2005). The magnitude of expression (ΔCT) was obtained by normalization against the control gene. Two candidate reference mRNAs, gyrA and rpoB were found to exhibit altered esxpresion in biofilm compared to planktonic cells and thus could not be used as reference genes for normalisation. Instead, the csrD transcript, which codes for a degenerate EAL domain protein, was selected as internal control which showed the most stable expression as in a previous study by Guilhen et al. (2016) under the same experimental condition. The equation 2-ΔΔCT, where ΔΔCT = ΔCT target – ΔCT reference, was determined for relative quantification of the differences in gene expression levels between two conditions (Ramos et al., 2016). Genes coding for GGDEF and EAL proteins were differentially expressed (>2-fold) in biofilm cells relative to planktonic cells. Three genes (vdcA_2, yeaP_1 and yfiN) coding for GGDEF proteins were up-regulated, in K. pneumoniae MBB9 biofilm, whereas yedQ was down-regulated (Figure 5.14). Genes coding for the hybrid GGDEF and EAL proteins, KPI_01662 and KPI_02530 were up-regulated in K. pneumoniae MBB9 biofilm, whereas expression of yfgF_1, yfgF_2, and KPI_02680 was unchanged (Figure 5.15). The only gene coding for an EAL protein that was up-regulated in the biofilm was bluF_2 (Figure 5.16).


[image: ]
[bookmark: OLE_LINK1]Figure 5.14: Comparative gene expression profiles for genes coding for GGDEF proteins in sessile cells of K. pneumoniae MBB9. Levels of gene expression were measured after 24 h by qRT-PCR (Section 2.15.3) using one-step with Brilliant III Ultra-Fast SYBR Green reagents and normalized to levels of the reference transcript csrD. Two technical replicates of the three biological replicates of planktonic and biofilm cells of K. pneumoniae MBB9 were used and relative gene expression was calculated using the ΔΔCT method. Data shown are the mean values, error bars represent standard errors (n=3). ****p ≤0.0001.
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[bookmark: OLE_LINK5]Figure 5.15: Comparative gene expression profiles for genes coding for hybrid proteins that contain both GGDEF and EAL domain proteins in sessile cells of K. pneumoniae MBB9. Levels of gene expression were quantitated and calculated as described in Sections 2.15.3 and 2.15.4 and in the legend to Figure 5.14. Data shown are the mean values, error bars represent standard errors (n=3). ****p ≤0.0001.
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Figure 5.16: Comparative gene expression profiles for genes coding for EAL proteins in sessile cells of K. pneumoniae MBB9. Levels of gene expression were quantitated and calculated as described in Section 2.15.3 and 2.15.4 and in the legend to Figure 5.14. Data shown are the mean values, error bars represent standard errors (n=3). ****p ≤0.0001.

[bookmark: _Toc4505949]5.7 Expression of cyclic-di-GMP-specific phosphodiesterase yhjH_3 (mrkJ) in K. pneumoniae MBB9

     Actcompare file showed that K. pneumoniae MBB9 contains some regions not present in the reference K. pneumoniae 432 including yhjH_3 gene (Figure 5.2). These regions could represent a plasmid or one or more insertions in the genome. For this reason, the yhjH_3 gene was not included in the qRT-PCR analysis described above. Figures 5.17 and 5.18 show a model of c-di-GMP-mediated regulation of type 3 fimbriae expression and biofilm formation in K. pneumonia MBB9 and the presence of type 3 fimbrial gene cluster in K. pneumonia MBB9, respectively.
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[bookmark: caption1.p1]Figure 5.17: Model of c-di-GMP-mediated control of expression of type 3 fimbriae and the formation of biofilm in K. pneumoniae. Extracellular signals can increase or decrease the intracellular concentration of c-di-GMP, through changes in the relative activities of DGCs (carrying a GGDEF domain) and PDEs (carrying an EAL domain MrkJ (yhjH)), direct the DNA-binding activity of the c-di-GMP receptor MrkH that carries a PilZ domain. High intracellular levels of c-di-GMP promote biofilm formation through MrkH:c-di-GMP-dependent transcriptional activation (a PilZ domain-containing transcriptional activator) of the mrkABCDF operon encoding type 3 fimbriae. The major fimbrial subunit MrkA is bound by the MrkB periplasmic chaperone to activate it for polymerization by the usher translocase MrkC. Upon elongated, the fimbriae would emerge through the extracellular capsule layer. In contrast, low intracellular levels of c-di-GMP promote biofilm dispersal and the planktonic state through a decrease in activated MrkH:c-di-GMP availability. Figure based on (Wilksch et al., 2011).
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Figure 5.18: Klebsiella pneumoniae MBB9 type 3 fimbrial gene cluster. Type 3 fimbriae, as described in Figures 5.1, belong to the chaperone-usher class of fimbriae and are encoded by five genes (mrkABCDF) arranged in the same transcriptional orientation. 


[bookmark: _Toc4505950]5.7.1 Detection of yhjH_3 gene
     The presence of yhjH_3 gene was therefore confirmed by PCR using gene-specific primers (Figure 5.19). Thus, it was concluded that K. pneumoniae MBB9 possesses three yhjH genes. As shown in Figure 5.20, yhjH genes contain EAL motifs, suggesting that such genes might be catalytically active.
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Figure 5.19: Amplification of yhjH_3 from K. pneumoniae MBB9. The PCR products were separated on 1% agarose gel and visualized using SYBR Safe DNA Gel Stain (Section 2.11.8). Lane M, DNA marker, from top to bottom: 1,517, 1200, 1000, 900, 800, 700, 600, 517, 400, 300, 200 and 100 base pairs; lanes 1, PCR amplification of yhjH_3.
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Figure 5.20: Alignment of YhjH_1, YhjH_2 and YhjH_3 amino acid sequences. The amino acids in the EAL motifs are highlighted in yellow.


[bookmark: _Toc4505951]5.7.2 Cloning, expression, and purification of Histidine tagged K. pneumoniae MBB9 YhjH proteins
     Genes of yhjH_1, yhjH_2 and yhjH_3 were cloned into the HindIII/NcoI restriction sites of pET28a vector with the C-terminal His6 tag (Addgene) (Section 2.17) (Figure 5.21). The yhjH_1, yhjH_2 and yhjH_3 genes were obtained by PCR (Section 2.11.4.3). The PCR product was cleaned with the Qiagen QIAprep® Spin Miniprep kit (Section 2.11.2) and subsequently digested by HindIII/NcoI restriction endonucleases. The pET28a vector was also digested with HindIII/NcoI restriction endonucleases and cleaned (Sections 2.11.6 and 2.11.2). The digested plasmids and PCR products were ligated with a T4 DNA ligase (Section 2.11.7) resulting in the pYHJH_1, pYHJH_2 and pYHJH_3 plasmids. Plasmids were recovered from transformants and DNA sequencing confirmed the integrity of the constructs. The plasmids were transformed into the E. coli strain DH5α and E. coli Rosetta (DE3) cells (Section 2.4.8). The transformed cells were plated on LB plates containing the appropriate antibiotics and incubated at 37ºC. 
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Figure 5.21: Schematic diagram of pET28a vector. The yhjH genes were amplified from K. pneumoniae MBB9 genomic DNA (Section 2.11.4.3) with engineered flanking HindIII/NcoI restriction sites. The DNA fragment was ligated into pET28a to generate pET28a-yhjH, which encodes a YhjH fusion protein.


     During the writing of this thesis, two undergraduate project students (Ms. Eleni Petrou and Ms. Joyce Chuong, under the supervision of Prof. Green) prepared cell-free extracts from the yhjH expression strains by two passages of the suspended cells through a French pressure cell (37 mPa) (Section 2.18). The extracts were clarified by centrifugation (15,000 x g for 20 min) and filtered through a 0.22 m filter. The extracts were applied to equilibrated Chelating HiTrap columns (1 mL) and after washing, bound protein (His-tagged YhjH) was eluted batch-wise using equilibration buffer containing 100, 200 and 500 mM imidazole (Section 2.20). Samples of the fractions collected from the column were separated by SDS-PAGE (Figure 5.22).
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	Figure 5.22: SDS-PAGE analysis of recombinant YhjH proteins. The sizes of the molecular weight markers (kDa) are shown beside each track. The images show SDS-polyacrylamide gel separations of 20 l of the 500 mM imidazole fractions (1 ml) for the indicated proteins. The YhjH_1 and YhjH_2 gels were silver stained; for the YhjH_3 gel the 500 mM fraction was concentrated 10-fold by trichloroacetic acid precipitation to allow staining with Coomassie Brilliant blue G250.   




     In all three cases the level of recombinant protein expression was relatively poor, suggesting that the K. pneumoniae MBB9 YhjH proteins were not well tolerated or expressed in E. coli.  Codon usage analysis indicated that the yhjH_1 open reading frame has 9 rare E. coli codons, including an AGA GGG pair; yhjH_2 has 23 rare codons, including a GGA CGG ACG triplet; and yhjH_3 has 7 rare codons (Figure 5.23; Clarke and Clark, 2008). Thus in the future, codon optimization might improve the expression of these proteins. Nevertheless, sufficient protein was produced to allow limited testing of PDE activity.
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Figure 5.23: Codon usage analysis for the K. pneumoniae MBB9 yhjH open reading frames.  Regions of poor E. coli codons appear below the horizontal axes, output averaged over an 18-codon window (Clarke and Clark, 2008).  (A) yhjH_1; (B) yhjH_2; (C) yhjH_3.




     Bis-p-nitrophenol phosphate (bis-pNPP) has been used as an artificial substrate to identify phophodiesterases and was used to test the recombinant K. pneumoniae MBB9 YhjH proteins for such activity.  In the presence of 10 mM MgCl2 at 37°C p-nitrophenol was produced from bis-pNPP (5 mM) in the presence of the YhjH proteins, suggesting that all three possess PDE activity, consistent with the conservation of amino acid residues required for such activity (Figure 5.24). The specific activities observed, albeit from only one preparation of each protein, were similar to those previously reported for c-di-GMP PDEs with bis-pNPP as substrate and suggest that replacement of the alanine residue at the centre of EAL motif by cysteine did not compromise PDE activity. 
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Figure 5.24: Utilization of bis-pNPP as a substrate by K. pneumoniae MBB9 YhjH proteins. Phosphodieseterases act on colourless bis-pNPP to produce p-nitrophenol (yellow). Partially purified YhjH proteins carrying C-terminal His-tags were tested for PDE activity using bis-pNPP as substrate. Specific activities were corrected for the rate of substrate conversion in the absence of protein (0.01 nmole/min); results shown are for only one preparation of each protein and therefore should be considered preliminary.


     The observation that all three K. pneumoniae MBB9 YhjH proteins possessed PDE activity, suggests that these proteins fulfill distinct roles, perhaps by being expressed under different conditions. To investigate this possibility, oligonucleotide primers incorporating unique KpnI and HindIII sites were designed to amplify the upstream regions of the yhjH genes (PyhjH_1; PyhjH_2; PyhjH_3) from K. pneumoniae MBB9 genomic DNA. The PCRs for PyhjH_2 and PyhjH_3 were successful, yielding products of the expected sizes; the PyhjH_1 PCR was unsuccessful. The PCR products were purified and then digested with KpnI and HindIII. The plasmid pCM20, which contains the nuc promoter fused to superfolder gfp, was digested with the same enzymes to release the nuc promoter, and after gel purification of the pCM20 plasmid backbone (including gfp) the digested PyhjH PCR products were ligated (Quick ligation kit, NEB) upstream of gfp (Kiedrowski et al., 2011). Escherichia coli NEBα was transformed according to the manufacturer’s protocol (NEB) with the ligation mixes and transformants were selected on ampicillin (200 mg/L) plates. Single colonies were picked and overnight cultures (5 ml) were grown for preparation of plasmids. The plasmids were subject to DNA sequencing and were shown to contain the expected YhjH promoter regions upstream of gfp. The confirmed promoter fusion plasmids were transferred to electrocompetent K. pneumoniae MBB9 and transformants were selected on agar plates containing ampicillin (500 mg/L). The PyhjH_2-gfp (pGS2626) transformants did not fluoresce; the PyhjH_3-gfp (pGS2627) did, showing that YhjH_2 and YhjH_3 are likely to be differentially expressed.

     Expression of yhjH_3 during the planktonic growth cycle was monitored by measuring GFP levels in K. pneumoniae pGS2627. Specific GFP fluorescence (arbitrary units divided by OD600) increased during growth and then remained relatively constant in stationary phase (Figure 5.25A; blue trace). Comparison of yhjH_3 expression on solid (nutrient agar plates) and in liquid (nutrient broth) media showed that expression was approximately 3- to 4-fold greater for planktonic cells (Figure 5.25B). However, when the reporter strain was used to form biofilm in 6-well plates (L-broth, 500 mg/L ampicillin, 37°C, 24 h, static) the specific fluorescence of the strongly attached bacteria was only 1.2-fold lower than that of bacteria that were dislodged when the medium was removed by inversion of the plate (Figure 5.25C).
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Figure 5.25: Expression of yhjH_3 is greater in planktonic cells. A). Growth curve of K. pneumoniae MBB9 pGS2627 in L-broth plus ampicillin. Growth was monitored at intervals by measurement of OD600 (red line), GFP fluorescence (excitation 485 nm; emission 510 nm) per OD600 unit is shown as the blue trace. (B). Cultures (5 ml) of K. pneumoniae MBB9 pGS2627 were grown in nutrient broth plus ampicillin on a rocking platform in 25 ml tubes for 24 h at 37°C or as patches on nutrient agar plus ampicillin. The fluorescence spectra (excitation 485 nm; emission 550-600 nm) were collected for the liquid (blue trace) and resuspended plate (purple trace) cultures. The spectra were normalized by dividing by OD600. (C). Cultures of (4 ml) of K. pneumoniae MBB9 pGS2627 were grown in 6-well plates in L-broth plus ampicillin under static conditions for 24 h at 37°C. The liquid was removed by inversion and the remaining attached biofilm cells were resuspended in phosphate-buffered saline (pH 7.4) (purple trace). Planktonic and loosely attached cells were recovered by centrifugation and the pellets were resuspended in phosphate-buffered saline (pH 7.4) (blue trace). Fluorescence spectra were collected as described in (B). All the experiments were performed at least twice and one typical dataset for each is shown.


[bookmark: _Toc4505952]5.8 Discussion
     Comparative genomic analysis allows phenotypic differences between strains and species to be associated with changes in the chromosomes (Carver et al., 2005). Klebsiella pneumoniae MBB9 harboures multiple copies of GGDEF and EAL domain proteins, either separately or together, forming hybrid proteins that have both GGDEF and EAL domains (Cruz et al., 2012). A previous study of three K. pneumoniae genomes, one environmental strain and two clinical isolates, showed that most of GGDEF and EAL domain-containing genes were shared among the three strains but that some were unique to a particular strain, suggesting that existence of various proteins is indicative of a complex c-di-GMP network in K. pneumoniae (Cruz et al., 2012). The presence of such genes in K. pneumoniae MBB9 is not surprising as it is known that proteins with EAL or GGDEF usually exist in both gram-negative and gram-positive bacteria, but they are more copious in gram-negative species (Castiglione et al., 2011). The remarkable multiplicity of GGDEF and EAL domains and their association with various proteins suggest that many different signals can be integrated into the cellular c-di-GMP pool and that different processes can be targeted and regulated in parallel (Tchigvintsev et al., 2010). The existence of such domains might suggest that these domains have a role in K. pneumoniae MBB9 biofilm formation, since they can regulate the c-di-GMP level which in turn controls a wide range of functions including the formation of bacterial biofilm (Sisti et al., 2013). Besides, six genes coding for GGDEF and EAL proteins were not present in the genome sequence of K. pneumoniae MBB9 compared to K. pneumoniae 342, suggesting that these genes might be exclusive in K. pneumoniae 342. Similarly, Cruz et al. (2012) have found that K. pneumoniae 342 had three genes coding for GGDEF and EAL proteins compared with two K. pneumoniae clinical isolates. This was interpreted as suggesting that these genes could be important for interactions with plants and the ability to grow as a plant endophyte. However, it is difficult to identify the source of pathogens, such as K. pneumoniae MBB9 and the pathways by which they enter the water resources (Pandey et al., 2014).

     Several studies have established that proteins containing GGDEF amino acid sequence motifs often have DGC activity, while proteins including EAL amino acid sequence motifs often possess PDE activity (Rakshe et al., 2011). Analysis of the GGDEF domains of K. pneumoniae MBB9 showed that the majority of such domains had a conserved A site, suggesting that they are catalytically active. However, in hybrid GGDEF-EAL proteins, such as CsrD, YfgF_1 and YfgF_2, degenerate GGDEF A sites were found. This might suggest that they are inactive and do not directly synthesize or degrade c-di-GMP but might have used different functions, either as c-di-GMP binding effector proteins or participate in other macromolecular interactions with no involvement of c-di-GMP at all (Cruz et al., 2012). In different bacteria, various GGDEF degenerate proteins have been shown to lack DGC activity but in many cases have adopted different functions, some of which involve binding of c-di-GMP (Cruz et al., 2012). Most of the K. pneumoniae MBB9 GGDEF domains were found to possess the regulatory I site, but this was absent from the hybrid GDDEF-EAL proteins. The I sites have been shown to be less common in catalytically active DGC hybrid proteins, suggesting that these proteins might have lower activities compared to single-domain DGCs proteins (Cruz et al., 2012). In addition to GGDEF domains, the analysis of the EAL domains of K. pneumoniae MBB9 suggest that all but BluF_2 and YahA are likely to possess c-di-GMP PDE activity and might be catalytically active. When the EAL domains of YahA and BluF_2 were aligned with the enzymatically active EAL domains, YahA was found to lack EALxR motifs including Glu residue of the EAL motif and BluF_2 was found to have a Val residue in place of Glu residue and had a His residue in the DDFGAG motif (DHFGTG). A similarly located His residue in E. coli YdiV inactivates PDE activity (Tchigvintsev et al., 2010). In bacteria, such as Gluconacetobacter xylinus, the inactive PDEs DgcA1 and DgcA3 contained at least one substitution in the most conserved DDFGTG motif that presents in the active EAL domains (Schmidt et al., 2005). Thus, the absence of EALxR motifs and the presence of a His residue in the most conserved DDFGTG motif might contribute the inactivity of the EAL domains in such proteins.  

     One of the most interesting features of the enzymes for modulating intracellular c-di-GMP levels is their modular structure characterized by the presence of additional input sensory domains (Cruz et al., 2012). In K. pneumoniae MBB9, the majority of the GGDEF and EAL-containing proteins contained sensor domains. Some domains were found exclusively in GGDEF proteins (CACHE, GAF, HAMP, HisKA_3 and Protoglobin) or EAL proteins (BLUF and CSS), while others were shared or found in hybrid proteins (CHASE, GAPES4, MASE, PAC, PAS and membrane associated). Besides, some sensor domains, such as REC (receiving domain with phosphoacceptor site) which is involved in DGC protein activation in organisms, such as Caulobacter crescentus and Pseudomonas was not found in K. pneumoniae MBB9 (Cruz et al., 2012). As in other bacteria, the different sensor domains might suggest a various range of environmental stimuli associated with the regulatory responses in K. pneumoniae MBB9.

     Study of biofilm in vitro generally requires practical, reproducible and representative laboratory growth systems that can be a challenge, thus several systems have been developed, which range in complexity from a bacterial colony growing directly on agar plates to sophisticated continuous culture fermentation models (Crouzet et al., 2014). However, several variables may have an impact on the investigation of biofilm, such as nature of the substratum, type of strain and its degree of domestication (Crouzet et al., 2014). Klebsiella pneumoniae MBB9 was able to form biofilm on the surface of glass slide coupons. Similarly, K. pneumoniae were found to be able to form biofilm on various abiotic surfaces, including glass slides (Bellifa et al., 2013). A high biofilm density was obtained from shaking conditions compared with static conditions. This might be due to a higher oxygen transfer rate that enhances the bacterial growth and substrate mass transfer from the bulk solution to the biofilm, which provide higher nutrient levels to K. pneumoniae MBB9 cells resulting from a more efficient liquid mixing and thus promote bacterial growth within the biofilm (Luciana et al., 2014). It is possible that the reduction in biofilm biomass under static conditions compared to shaking results from oxygen and nutrient depletion and exposure to accumulated toxic metabolic wastes (Chao et al., 2013). The depletion of oxygen at the base of the biofilm was found to trigger the cells detachment, suggesting the quick response of the biofilms to oxygen fluctuations (Chao et al., 2013). A high biofilm density was obtained from glass wool fibers compared to that recovered from glass slide coupons (Figure 5.8). It is possible that glass wool fibers provide a large surface to volume ratio as a small piece of fibers allows the bacterial colonization of a large surface area (Steyn et al., 2001). Cells attachment was also more efficient at short incubation times with a value of 1.30 X 108 CFU within 6 hours of incubation (Figure 5.8). In adsorption mode, the high retention capacity of glass wool fibers can be used as a minimal volume of culture medium that can be adsorbed over a large surface area. Therefore, bacteria would be in close proximity to fibers and the possibility for these microbes to encounter the surface can be increased (Crouzet et al., 2014). DNA molecules that are significant components of the extracellular matrix and required for the structural integrity of biofilms in different microbes can bind efficiently on the surface of glass wool fibers (Vilain et al., 2009). 

     Since c-di-GMP plays key roles in the lifestyle changes of many bacteria, including transition between the motile and sessile states (Romling et al., 2013). The expression of genes encoding for GGDEF and EAL proteins, which catalyze the formation and the degradation of c-di-GMP was analyzed using glass coupon method since no change was observed in the expression of genes in planktonic and sessile cells of K. pneumoniae MBB9 using glass wool fibers system. Their relative expression levels were determined by qRT-PCR with total RNA extracted from cells harvested in planktonic and biofilm growth conditions. Quantitative real-time PCR is known to be an accurate and sensitive technique used for the analysis of gene expression in which the expression level can be quantified by normalisation to one or more reference genes (Silberberg et al., 2009). In this study the csrD gene was selected as the internal control. Three DGC encoding genes, vdcA_2, yeaP_1 and yfiN, one PDE encoding genes, bluF_2 and two genes coding for hybrid GGDEF and EAL proteins, KPI_01662 and KPI_02530 were up-regulated in K. pneumoniae MBB9 biofilm compared to planktonic cells; however, a gene of yedQ was down-regulated in K. pneumoniae MBB9 biofilm. Similarly, a study by Guilhen et al. (2016) has shown that ydeQ gene was down-regulated in K. pneumoniae biofilm compared to planktonic cells and expression of genes, such as yeaP_2, ycdT_2, yjcC, adrB_1, ylaB and yfgF_1 was unchanged in K. pneumoniae biofilm compared to planktonic cells. Interestingly, a gene of yfiN was among the two genes, including yeaP_1 and vdcA_2 that showed increased expression in K. pneumoniae MBB9 biofilm. In bacteria, such as E. coli, YfiN was found to act as active DGC producing c-di-GMP (Sanchez-Torres et al., 2011). This protein is known to be implicated in pili production and biofilm formation; however, in K. pneumoniae, YfiN has been shown to stimulate the type 3 fimbriae expression (Wilksch et al., 2011). A previous study by Di Martino et al. (2003) has shown that the type 3 fimbriae-dependent adherence was the first step in K. pneumoniae colonization of abiotic surfaces and biofilm development; however, a type 3 fimbrial gene cluster was detected in K. pneumoniae MBB9. In addition to YfiN, MrkJ was found to have an effect on biofilm formation and type 3 fimbriae synthesis by K. pneumoniae (Wilksch et al., 2011). The activity of the YhjH-like PDE MrkJ (yhjH_1 in K. pneumoniae MBB9) in K. pneumoniae is an important factor in the regulation of type 3 fimbriae expression, which mediates the biofilm formation (Guilhen et al., 2016). Gjermansen et al. (2006) have shown that overexpression of YhjH inhibited biofilm formation by P. putida. In K. pneumoniae MBB9, the expression of yhjH_1 and yhjH_2 genes, measured by qRT-PCR, was unchanged. However, expression of yhjH_3, measured by GFP levels, was 3- to 4-fold greater in planktonic cells compared with patches on nutrient agar, whereas its expression was only 1.2-fold lower in biofilm compared to planktonic cells using 6-well plates. 

     All three K. pneumoniae MBB9 YhjH proteins were found to possess PDE activity, suggesting that they might have an effect on the intracellular c-di-GMP levels since mutation of YhjH has been shown to increase the intracellular concentration of c-di-GMP (Lacey et al., 2010). In contrast to the findings by Guilhen et al. (2016), GGDEF and EAL domain protein genes, including yeaP_1, yfiN and bluF_2 were found to be up-regulated in K. pneumoniae MBB9 biofilm, whereas the expression of genes, such as vdcA_1, adrB_2 and bcsB_1 was unchanged in K. pneumoniae MBB9 biofilm which were found down-regulated in K. pneumoniae strain. However, mutation of YeaP, which was observed to be involved in the regulation of curli expression in E. coli, was found to reduce E. coli curli expression (Sommerfeldt et al., 2009). Besides, hybrid proteins usually have either PDE or DGC activity where both functions can present (Cruz et al., 2012). However, in many cases, one of the two domains in the GGDEF-EAL proteins is catalytically inactive, where in some cases, both domains are enzymatically inactive but instead function as c-di-GMP effectors and/or are involved in protein-protein interactions (Chao et al., 2016). Several studies have shown that many organisms have both GGDEF and EAL domain proteins with degenerate catalytic motifs for some of them, thus one of these domains might be catalytically inactive (Tchigvintsev et al., 2010). For example, in Caulobacter crescentus, the GGDEF-EAL protein was found to have only the PDE activity where the GGDEF domain which contains an unorthodox active site motif (GEDEF) lacks DGC activity but has retained the ability to bind GTP at the active site (Christen et al., 2005). The increased expression of KPI_01662 and KPI_02530 in K. pneumoniae MBB9 biofilm suggest that these genes might switch from PDE activity during planktonic growth to DGC activity during biofilm growth by sensing signals through their transmembrane (KPI_01662) or PAS (KPI_02530) domains. Taken together, the enhanced levels of intracellular c-di-GMP associated with biofilms is generated by up regulation of a sub-set of DGCs (vdcA_2, yeaP_1 and yfiN) combined with up-regulation and activity switching of hybrid GGDEF/EAL proteins (KPI_01662 and KPI_02530).

	
[bookmark: _Toc4505953]5.9 Conclusion 
     From the work presented, some conclusions can be drawn: 
1. As in other enteric bacteria, K. pneumoniae MBB9 harbours multiple copies of GGDEF and EAL-containing proteins.
2. Characterization of such proteins showed that most of the K. pneumoniae MBB9 GGDEF and some of EAL proteins were linked to a sensory domain. 
3. Klebsiella pneumoniae MBB9 biofilm formed rapidly on glass coupons (within 6 h) under static and shaking conditions at 37°C.
4. Under shaking condition, the density of biofilm increased up to 48 h of incubation before decreasing with further incubation (72 h).
5. The amount of biofilm was higher under shaking condition compared with static conditions.
6. Genes of vdcA_2, yeaP_1, yfiN, KPI_01662 and KPI_02530 which code for GGDEF and the hybrid GGDEF and EAL proteins were up-regulated, in K. pneumoniae MBB9 biofilm.
7. Gene of yedQ which codes for GGDEF protein was down-regulated in K. pneumoniae MBB9 biofilm.
8. The only gene coding for an EAL protein that was up-regulated in the biofilm was bluF_2 which is likely lacks PDE activity.
9. Expression of yhjH_3, measured by GFP levels, was 3- to 4-fold greater in planktonic cells compared with patches on nutrient agar and 
10. Using 6-well plates, expression of yhjH_3 was only 1.2-fold lower in biofilm compared to planktonic cells.

[bookmark: _Toc4505954]Chapter 6: General discussion, final thoughts and future work
     River biofilms develop on wet benthic surfaces and are mainly composed of various microorganisms, including bacteria embedded within a self-produced matrix of extracellular polymers (Villanueva et al., 2011). Biofilms in such places primarily consist of allochthonous microorganisms, but under contamination conditions, pathogenic bacteria can interact with biofilms (Balzer et al., 2010). Thus, epilithic biofilms can act as a reservoir for bacterial pathogens in polluted rivers; however, these pathogens can be released due to storm and precipitation events and become resuspended, resulting in a rapid increase in pathogen loads in the water phase which increases risk of human disease during recreational activities (Balzer et al., 2010). 

     The work described here was undertaken to isolate and identify biofilm-associated bacteria from river-stones from the Porter Brook, Sheffield, using morphological, biochemical and molecular characteristics to assess the presence of potentially pathogenic bacteria in the biofilms. Environmental sampling, bacterial isolation and 16S rRNA gene sequencing analysis identified 22 bacterial species present within biofilms, among them were 10 gram-negative potentially pathogenic bacteria (Table 3.2), establishing that potential human pathogens were present within the biofilms attached to stones in such a location. The majority of the isolated pathogens belonged to the family Enterobacteriaceae which contains some members that can be used as indicators of the faecal pollution in the aquatic ecosystem, confirming the introduction of pollutants into these habitats (Paulse et al., 2012; Lin and Ganesh, 2013). Faecal indicator bacteria are part of the normal gut flora, but they can include some opportunistic pathogens which cause human infections (Balzer et al., 2010). Similar findings were observed by Paulse et al. (2012) who determined the occurrence of pathogenic bacteria, including fecal indicators in epilithic biofilms recovered from Berg and Plankenburg Rivers, South Africa. Epilithic biofilms retrieved from Ruhr river stones, Germany had a higher concentration of E. coli compared to the flowing water (Mackowiak et al., 2018). In addition to E. coli, Ruhr, Moersbach, Anrathskanal rivers biofilms showed the occurrence of other members of Enterobacteriaceae, such as Klebsiella pneumoniae, Klebsiella oxytoca, Citrobacter spp, and Pantoea spp as the family contains a large number of genera that are part of the intestinal flora of humans and animals (Kallen et al., 2013). However, 10 gram-negative potentially pathogenic strains selected from the 22 isolates were screened for the production of biofilm. Amongst them, K. pneumoniae MBB9 isolate showed by far the highest ability to form a biofilm in the microtiter plate assay (Figure 3.7).

     In environments such as rivers, where there is a continuous flow of water, attachment of microbes to surfaces prevents cells being washed out of a suitable habitat; however, biofilms in such sources can be exposed to a wide range of hydrodynamic conditions, which affect the biofilm matrix and structure by changing nutrient and oxygen supply and causing shear forces that affect the cells attachment to surfaces (Lembre et al., 2012; Gomes et al., 2014). In addition to hydrodynamic conditions, the formation of microbial biofilm can be influenced by various environmental factors, including temperature, pH, ionic strength and nutrient levels which control attachment and formation of biofilm and impact the ability of bacteria to grow and survive within the biofilm (Bjergbæk et al., 2006; Agarwal et al., 2011). The possible effects of shear forces and environmental conditions were investigated to understand whether these factors would significantly influence K. pneumoniae MBB9 biofilm using crystal violet and resazurin assays in microtiter plates. The hypothesis was that biofilm cells detachment rates would increase with increasing fluid velocity due to shear stress. Unexpectedly, shear forces applied had no significant effect on K. pneumoniae MBB9 biofilm, suggesting that shear forces might not be sufficient to disperse biofilm, or the adhesion is adequate for cells to resist shear stress (Figure 4.1). However, biofilm formation by K. pneumoniae MBB9 was found to be significantly affected by other factors. For example, the density of K. pneumoniae MBB9 biofilm increased dramatically with increasing incubation time and only required a short contact time (6 h) to adhere to microtiter plates (Figure 4.1). A similar pattern was observed by Maldonado, (2007) showing that K. pneumoniae formed a biofilm on microtiter plates surface within the 6 h of incubation and biofilm increased over the time until 24 h. 

     Increased in carbon concentration is known to increase the rate and extent of bacterial biofilm (Rochex and Lebeault, 2007). Rising levels of glucose to 0.5 g L-1 were found to significantly reduce K. pneumoniae MBB9 biofilm (Figure 4.2), suggesting that glucose might be beneficial for biofilm formation by K. pneumoniae MBB9 up to a certain limit. In bacteria, such as P. putida, the amount of biofilm increased with increasing glucose concentration up to 0.5 g L-1 (Rochex and Lebeault, 2007). However, biofilm biomass by K. pneumoniae MBB9 increased significantly with increasing the concentration of nitrogen sources, such as peptone and yeast extract (Figure 4.4 and 4.6), indicating that higher levels of these sources may be useful for biofilm formation by K. pneumoniae MBB9 in microtiter plates (Figure 4.4 and 4.6). Peptone was found to enhance the formation of biofilm in bacteria, including E. coli, Lactobacillus rhamnosus and Mycobacterium avium (Carter et al., 2003; Emanuel et al., 2010; Gomes, 2012). In addition to carbon and nitrogen sources, the formation of K. pneumoniae MBB9 biofilm was significantly affected by pH and temperature. Klebsiella pneumoniae isolates have been shown to form biofilm on polystyrene material under acidic conditions pH 4.5 and more biofilm was obtained at 40°C than at 35°C (Nicolau et al., 2013). Interestingly, biofilm by K. pneumoniae MBB9 was maximal at pH 4.5 then decreased significantly with increasing pH (Figure 4.8), suggesting that the alkaline environment can inhibit biofilm formation by K. pneumoniae MBB9. Alkaline environments were found to reduce biofilm in some bacteria, including S. epidermidis and S. aureus on 96-well culture plates (Chaieb et al., 2007; Zmantar et al., 2010). However, biofilm by K. pneumoniae MBB9 was maximal at 40°C (Figure 4.10), and more extreme temperatures (50°C) were found to have an adverse effect on biofilm formation by inhibiting growth. Higher temperatures were shown to affect the cell viability and mechanical properties of biofilm by S. epidermidis which can weaken the integrity of the biofilm (Rühs et al., 2013; Pavlovsky et al., 2015). Higher NaCl concentrations significantly reduced the biofilm by K. pneumoniae MBB9 (Figure 4.14); however, high concentration of NaCl was found to inhibit biofilms by Salmonella and Sinorhizobium meliloti (Rinaudi et al., 2006; Karaca et al., 2013). In addition to NaCl, K. pneumoniae MBB9 biofilm reduced significantly under anaerobic conditions (Figure 4.12). Some facultative anaerobes, such as E. coli clinical strains and P. aeruginosa were able to form biofilm under anaerobic environments (Worlitzsch et al., 2002; Bjergbk et al., 2006). However, resazurin assay showed the activity of K. pneumoniae MBB9 biofilm cells under tested conditions, but some of the crystal violet assay results were not correlated with those of resazurin assay. This was interpreted as suggesting that culture medium used might impact the fluorescence values and thus the resazurin assay outcome (Riviere, 2009; Lai, 2012).

     In many bacteria, the second messenger c-di-GMP, an intracellular signalling molecule, plays a key role in the lifestyle changes and controls the transition between the motile planktonic and sessile biofilm lifestyles (Romling et al., 2013). Proteins with GGDEF and EAL/HD-GYP are known to regulate the intracellular levels of c-di-GMP (Sisti et al., 2013). Such proteins are found in gram-negative and gram-positive bacteria genomes, but they are more copious in gram-negative species (Castiglione et al., 2011). The work described here was carried out to better understand the interaction of c-di-GMP in K. pneumoniae MBB9. The hypothesis was based on the observation that bacterial genomes, especially in gram-negative species, often encode numerous GGDEF and EAL proteins and most of these domains are linked to input signal domains, including PAS, BluF, Cache, CHASE and MASE domains, suggesting that various environmental and internal signals can be integrated into the c-di-GMP network. Klebsiella pneumoniae MBB9 possessed multiple copies of GGDEF and EAL domain encoding genes, suggesting that the existence of various proteins is indicative of a complex c-di-GMP network in K. pneumoniae MBB9. Most of the GGDEF domains had a conserved A site, suggesting that they are catalytically active, whereas, in hybrid GGDEF-EAL proteins, such as CsrD, YfgF_1 and YfgF_2, degenerate GGDEF A sites were found, suggesting that they are inactive and do not directly synthesize or degrade c-di-GMP but might have different functions; however, all of the EAL domains except BluF_2 and YahA are likely to possess c-di-GMP PDE activity. Several studies have shown that various microbes can have both GGDEF and EAL domain proteins with degenerate catalytic motifs for some of them; thus, one of these domains might be catalytically inactive (Tchigvintsev et al., 2010). The presence of I site in such domains is not surprising as many DGCs can be subjected to allosteric inhibition that involves binding of c-di-GMP to the I site characterized by the RxxD motif (Cruz et al., 2012). The I sites were found to be absent of the hybrid GDDEF-EAL proteins. In general, I sites are less common in catalytically active DGC hybrid proteins, implying that these proteins might have lower activities compared to single-domain DGCs proteins (Cruz et al., 2012). A previous study by Cruz et al. (2012) has shown that in K. pneumoniae isolates, 80% of the identified GGDEF-containing proteins had an intact conserved A site whereas 34% had the conserved I site motif (RxxD) which was present only in single-domain GGDEF proteins. Besides, the majority of the GGDEF and EAL-containing proteins contained sensor domains which were found to be unique or shared between such domains. The multiplicity of GGDEF and EAL domains and their association with various sensor domains might suggest the signalling integration of environmental and internal signals into the c-di-GMP network in K. pneumoniae MBB9.

     The expression profiles of genes coding for GGDEF and EAL proteins in K. pneumoniae MBB9 planktonic and biofilms states showed that the expression of the DGC encoding genes vdcA_2, yeaP_1 and yfiN was up-regulated, presumably resulting in increased intracellular c-di-GMP concentration. In contrast, only bluF_2 of the genes encoding EAL domain proteins was up-regulated and bluF_2 likely lacks PDE activity and might have a role as an effector protein. It has been reported that GGDEF/EAL domain proteins can regulate the formation through protein-protein interactions (Ahmad et al., 2017). For example, GdpS, a GGDEF domain protein in S. aureus and S. epidermidis and a BLUF-EAL domain protein YcgF in E. coli do not display DGC and PDE activity, but GdpS but is required for biofilm formation and expression of the extracellular matrix polysaccharide PAG (poly N-acetyl glucosamine), whereas YcgF contributes to expression of colonic acid and repression of curli fimbriae (Ahmad et al., 2017). Many bacteria possess GGDEF/EAL hybrid proteins, but often these only have DGC or PDE activity, not both. Interestingly, KPI_01662 and KPI_02530, which code for both GGDEF/EAL hybrid proteins were up-regulated in K. pneumoniae MBB9 biofilm compared to planktonic cells and these proteins are predicted to possess both DGC and PDE activity. This suggests that these hybrid proteins might switch from PDE activity during planktonic growth to DGC activity during biofilm growth by sensing signals through their transmembrane (KPI_01662) or PAS (KPI_02530) domains. The expression studies suggest that the enhanced level of intracellular c-di-GMP associated with biofilms is generated by up regulation of a sub-set of DGCs (vdcA_2, yeaP_1 and yfiN) combined with up-regulation and activity switching of hybrid GGDEF/EAL proteins (KPI_01662 and KPI_02530). These possibilities could form the basis for further experiments to explore the c-di-GMP signaling network of K. pneumoniae MBB9.

     During the experimental performance of this work, there was a need to collect more information on the topic addressed in this dissertation. Hence, the following topics are proposed for short-term achievement:

· Using only culture-based methods for microbial isolation here limits the analysis to viable bacteria only as various microbes can be in a viable but non-culturable state (VBNC) and likely underestimates the actual diversity present in the Porter Brook, however, culture-independent techniques for detection of biofilm-associated microbial communities can be used, including 16S rRNA gene-directed PCR and denaturing gradient gel electrophoresis (DGGE) (Hoefel et al., 2005).

· Using a closed (batch culture) system, such as microtiter plates for studying microbial biofilm in vitro is suitable for the evaluation of K. pneumoniae MBB9 biofilm growth under different environmental conditions, but the environment might change during the experiments, nutrients can be depleted and metabolic waste products can be accumulated. However, using the high-throughput method, such as open (continuous culture) system where the medium is continuously added, pumped through the chamber and waste products are continuously discarded would enable better control of growth parameters and dynamics.

· The applied shear forces (horizontal orbital shaker; diameter of 25 mm at 150 rpm) had no effect on K. pneumoniae MBB9 biofilm formation and insufficient to disperse biofilm, however, a speed of 300, 500 rpm might be considered in the future work along with the orbital shaking diameter which has been reported to have a greater impact on liquid motion than the shaking frequency. For example, at the same shaking frequency (300 rpm) and working volume (260 µL), a shaking diameter of 50 mm resulted in a threefold higher oxygen transfer rate (OTR) in comparison to a shaking diameter of 25 mm (Duetz and Witholt, 2004).

· The XTT assay can be used in place of the resazurin method to determine the metabolic activity of biofilm cells (Kuhn et al., 2003). 

· Quantification of overall growth (biofilm and planktonic) using a microtiter-plate reader.
· Determination and comparison of MIC and MBEC assay for in vitro antimicrobial susceptibility testing in K. pneumoniae MBB9 using microtitre broth dilution method is proposed for short-term achievement.

· YhjH-like PDE MrkJ in K. pneumoniae is an important factor in the regulation of type 3 fimbriae expression, which mediates the biofilm formation (Guilhen et al., 2016), however, gene deletion yhjH mutants of K. pneumoniae MBB9 and assessment of biofilm using a microtiter plate assay can be performed to understand the role of type 3 fimbriae in K. pneumoniae MBB9 biofilm formation.
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[bookmark: _GoBack]Figure A1: Assessment of SPAdes file. Reads were first assembled into contigs using the program SPAdes through the Galaxy interface and then the quality of the Fasta file containing the contigs assembled by SPAdes was then assessed using Quast program (http://quast.bioinf.spbau.ru).



Table A1: Oligonucleotides used to amplify YhjH_3 gene coding in in K. pneumoniae MBB9.

	Gene
	Forward 5---3
	Reverse 5---3
	Product length

	
YhjH_3
	
TACTCTGGTCGCGGTGGAAT
	
TCGAAATGGACGCAGGTCAG
	
255
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