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Abstract
Acinetobacter baylyi ADP1 has great potential applications to synthetic biology in comparison to other model organisms such as E.coli due to its ease of handling, natural competency and wide range of carbon sources it can metabolise. However, the characterisation of the organism in comparison to E.coli still has far to progress and to enable successful design, construction and modelling of synthetic systems in A.baylyi ADP1, a comprehensive understanding of the bacteria is needed. This thesis is a study of Synthetic Biology applications of Acinetobacter baylyi ADP1 by characterisation as a chassis and applications to biosensors.
Characterisation of A,baylyi ADP1 was carried out investigating the phosphate accumulation pathway. Polyphosphate is involved in genetic regulation and A.baylyi ADP1 has been recognised as a phosphate accumulator organism (PAO). Characterising this strain as a potential chassis for phosphate removal would be beneficial to address the phosphate problem in wastewater whereby accumulation leads to eutrophication downstream incurring high costs for treatment. Characterisation of polyphosphate accumulation in A.baylyi ADP1 was carried out by creating novel knockout mutations of the putative polyphosphate associated genes relA and ppK. These were investigated using growth, biofilm and settling assays, and confocal microscopy to characterise the phenotypes of these mutants. This work shows that both mutations have a negative effect on biofilm formation, ∆relA settles from solution less and that the mutants appear to aggregate more than form a true biofilm, with reduced biofilm formation at the air-liquid interface. 
The application of A.baylyi ADP1 as a chassis organism for a biosensor to detect pathogens in water was investigated, specifically Vibrio cholerae. V.cholerae is a waterborne pathogen that causes the acute diarrhoeal disease cholera which is prevalent in the developing world. Current detection methods are lab based, with a timescale of hours to days, using fluorescent labelled antibodies or PCR to detect V.cholerae outer membrane proteins and DNA respectively. The principles of synthetic biology have been applied to design assembly methods for fast, simple, sensitive, mobile surveillance system that can be used in the field. The basis of the biosensor design is to detect chemicals involved in quorum sensing, the process by which bacteria communicate using secreted chemical signalling molecules to assess their population density. The biosensor consists of a reporter component, and a sensor component made up of the pathogens own intracellular quorum sensing signalling pathway genes whose proteins will detect the chemical molecule CAI-1 in a water sample and drive expression of reporter genes under control of the pathogens promoter. Here we present two designs for biosensor assembly, one a “bespoke” system where each part can be altered and another “off the shelf” method using multiple cloning sites to direct insertion of parts without needing detailed genetic knowledge to assemble.
Further characterisation of A.baylyi ADP1 as a chassis was carried out by investigating intracellular networks and A.baylyi ADP1 interaction with the environment to allow the better design and development of synthetic systems in A.baylyi ADP1 in the future. The ability of A.baylyi ADP1 to interact with its environment was investigated by production of a novel knockout mutation in the putative quorum sensing transcription regulator gene from the LuxR family (YP_045866), characterisation of the transcription regulator gene using biofilm assays indicated this mutation has a negative effect on the ability to form a biofilm. Investigation into muropeptide detection in relation to antibiotic resistance gene expression control signalling networks within A.baylyi ADP1 was carried out using qPCR with additions of the muropeptides mDAP and LYS, ampicillin and lysozyme which showed that A.baylyi ADP1 can detect muropeptides in the environment and respond by change in gene expression of ampC and 1855 antibiotic resistance genes. A significant increase in expression of these genes was observed when a muropeptide not found in its own peptidoglycan structure (LYS) was applied, indicating a response to external stimuli and ability to respond to other bacteria in the environment. B.subtilis 168 was also investigated to determine if this gene regulation could be targeted for development of a beta-lactamase biosensor.
This thesis successfully progressed characterisation of A.baylyi ADP1 by creating new knockout mutations for analysis, investigating A.baylyi ADP1 interaction with the environment and polyphosphate accumulation genes, and developing new constructs and plasmid designs for use in synthetic biology, specifically here for the detection of quorum sensing signalling molecules in a water environment.
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	Tracheal Cytotoxin
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[bookmark: _Toc448230212][bookmark: _Toc512957188]Literature Review
Pathogens are microorganisms that can cause disease. Their detection is important to ensure harmful biological contaminants don’t spread through the population. Table 2‑1 shows the top 15 human pathogens across the globe and the most common transmission avenues.
[bookmark: _Ref448225660][bookmark: _Toc448230182][bookmark: _Toc514917692]Table 2‑1 List of Top 15 bacterial human pathogens
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Prevention of disease spread in water is important. More than 2,400 people die from waterborne diseases every day, making these the main cause of disease and death  (Ustün et al. 2014)    . This is mainly due to poor water treatment processes and the consumption of contaminated water. 
Developed countries have high standards set in place which need to be met for water to be sanctioned suitable for consumption based on WHO guidelines. In the UK we follow the Drinking Water Directive 1998 which is set for Europe and national standards  (DWI 2010; Statutory Instruments 2007)         . The World Health Organisation (WHO) defines drinking water as water that it is suitable for all household uses including drinking, washing and preparing food. This means that when preparing and treating water, standards set out by WHO need to be met to ensure that it is safe and healthy for one to use tap water for these processes and also take into account the different sensitivities of people for example the young and the elderly (WHO 2nd edition). In the UK, our water industries were privatised in 1989, with boundaries separated across the country for companies to have a monopoly in each area. Currently we have 10 regional companies which supply water and sewerage services and 9 providing water services only  (Ofwat 2015). Adherence of the water industry is monitored by the Drinking Water Inspectorate (DWI), and in the UK this is at 99.9% compliance (Dawson & Sartory 2000). Despite the high quality of water we have in developed countries such as the UK, outbreaks of disease have been reported due to poor water treatment and regulation, weather contributions and contamination routes throughout the distribution system  (Nichols et al. 2009; Smith et al. 2006; Chalmers et al. 2010)          . 
Methods for detecting pathogens are broad but typically include detection of microbes or biochemical using techniques such as cell culturing, colony count and PCR methods (Leonard et al., 2003). These have been improved over the years and can be specific, quantitative and qualitative and cheap, however these can be very time consuming taking up to 16 days to receive a result.
[bookmark: _Toc448230213][bookmark: _Toc512957189]Water Treatment
One of the earliest methods for the treatment of drinking water was filtration. This was employed in the early 20th century to reduce the turbidity of the water and in doing so it reduced the incidence of contamination. Contamination was not eradicated however, as bacteria could still pass through the filters that were used. Chlorination was later discovered in 1910 to be a great disinfectant and also cheap and widely available (Madigan et al., 2003). Treatment of water in this manner spread quickly and dramatically reduced the prevalence of waterborne disease; this is a method still used in water treatment today.
In the UK there are 10 regional water treatment plants that have the facilities to process both sewage and industrial waste water (and 9 that focus solely on water treatment) to produce clean drinking water for distribution. These aim to reduce levels of toxic compounds such as heavy metals and to kill/remove microorganisms from the water. To do this they carry out a multistep process as outlined in Figure 2‑1.
[image: water treatment process]
[bookmark: _Ref448225907][bookmark: _Toc448230194][bookmark: _Toc514917720]Figure 2‑1 Water Treatment Process. (SA Water, 2013)
The water is first treated by sedimentation whereby the water, either from processed waste water or from a natural source such as a lake, is pumped into a basin where the large particles in the water will settle, with which products such as fertiliser can be produced (Chemviron & Carobon, 2003). Anionic polymers are present in this tank which, when the water is transferred to a clarifier, allows flocculation to occur (Bratby, 2006; Patil et al., 2011). This is where flocs settle to the bottom of the tank taking any remaining matter and microorganisms with it, the water is then filtered through sand and ionic filtration media to make it contaminant free. This the moves to biological treatment by use of activated sludge. Microorganisms present in the sludge extract troublesome compounds and material from the water. This is then moved to a settling tank to remove this sludge from the water before progressing to later treatment stages. This finally goes through a disinfection step whereby the water is treated with disinfectants such as chlorine and the water then travels through a distribution network of pipes to the point of use (Madigan et al., 2003).
[bookmark: _Toc512957190]Waste Water
In wastewater, phosphate accumulation is a problem due to downstream eutrophication of surface water if left unmanaged or allowed to accumulate. The increase in fertiliser and industrial high phosphate discharge has led to recent increases in phosphate levels in water leading to downstream problems. This results in water requiring treatment which can become expensive. This is managed either chemically, by use of lime or ferric chloride for example which can be costly, or biologically using sludge. Here bacteria accumulate phosphate from the water and the sludge is removed. This is cheaper, however slower and so this is a potential route for synthetic biology to be applied in order to improve phosphate accumulation in strains. 
Phosphate is required in large amounts by the food industry, and in fertilisers in the agricultural industry. As we produce large amounts of phosphate as waste, our wastewater is a potential source for recycling phosphate back into these avenues if extraction was optimised  (Tarayre et al. 2016)    . Currently phosphate is removed using biological sludge containing Phosphate Accumulating Organisms (PAOs). The ability to harvest this sludge would be valuable due to the high concentration of phosphate in the form of polyphosphate present. Attempts to isolate PAOs from sludge samples have had mixed success, with individual strains showing PAO characteristics but generally small effect in the process. Understanding of the regulation of polyP accumulation both as a single strain or cell, and as a multispecies culture is needed.
In anaerobic conditions PAOs are under stress which leads to accumulation and storage of carbon sources. The main carbon source in wastewater is acetate which is converted to acetyl-coA in the cell . As this reaction requires energy and so the release of a phosphate group from ATP -> ADP, this leads to the release of phosphate into the environment  (Oehmen et al. 2007)    . Inversely, in aerobic conditions the PAOs slake phosphate from the environment and store this as polyphosphate  (Abdulsada 2014)     . 
To address this, aerobic tanks are used for phosphate removal involving air or oxygen being pumped into the liquor (waste water and biological sludge) to create an aerobic environment. When this has been treated sufficiently, the mixture is moved to a settling tank where the biological material is tapped off for reuse or waste, and the water is taken on for further treatment.
[image: Image result for wastewater sludge and settling tank]
[bookmark: _Toc514917721]Figure 2‑2 Active sludge and settling tank in wastewater treatment (sswm, 2016)
Polyphosphate consists of many phosphate monomers (Pi) called orthophosphates joined together in long chains by high energy phosphoanhydride bonds, such as those in ATP, a common energy carrying molecule in cells. These chains can be hundreds of Pi long and reside in every cell throughout nature, from bacterial to human (Figure 2‑3). 
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[bookmark: _Ref471227206][bookmark: _Toc514917722]Figure 2‑3 Structure of polyphosphate (Kornberg et al, 1999)
These polyP chains can act as an energy source in place of ATP for short periods of time but mainly provides a stable source of phosphate for the cell during stationary phase in this context and as a phosphate donor for gene regulation and protein phosphorylation (Achbergerová & Nahálka 2011)    . Polyphosphate plays an important role in adaptation of bacteria to extreme environments including but not limited to: pH, UV radiation and nutrient deficiency (Seufferheld & Alvarez 2008)    . It has also been shown to be required for virulence, biofilm formation and quorum sensing in a number of organisms  (Rashid et al. 2000)      
PolyP is a negatively charged molecule that forms associations with cations, including both inorganic metal ions, and organic ions such as proteins and polymerases (Kusano & Ishihama 1997; Zhang & Kuba 2014; Kornberg et al. 1956)    . These interactions have been associated with competency of bacteria and also stress responses (Castuma et al. 1995; Huang & Reusch 1995; Rao & Kornberg 1996). PolyP association with calcium cations leads to formation of protein independent ion channels through the membrane which has been suggested as a mechanism for DNA to transverse through during transformation (Castuma et al. 1995). Polyphosphate has been shown to interact with basic proteins, including those associated with DNA such as histones and polymerases. These interactions are suggested to lead to direct effect on DNA expression in response to, not just as an indicator of, stress (Tsutsumi et al. 2000)     .
In bacteria, synthesis of this polymer is attributed to polyphosphate kinases (PPKs) and the degredation is associated with exopolyphosphatases (PPX). The pathways are shown in Figure 2‑4 The reaction pathways of PPK and PPX enzymes (Stubbe et al. 2005)
[image: Image result for ppx ppk polyphosphate]
[bookmark: _Ref471227181][bookmark: _Toc514917723]Figure 2‑4 The reaction pathways of PPK and PPX enzymes (Stubbe et al. 2005)
PPX is a dimer located in the inner membrane of the cell. It is a phosphatase enzyme that hydrolyses inorganic polyphosphate. This activity releases polyphosphate monomers called orthophosphates from the ends of polyphosphate chains sequentially, catalysing the degradation of polyphosphate chains from their ends. Its structure and resulting binding to polyP allows 50 hydrolysis reactions to occur before release of the polymer (Bolesch & Keasling 2000). This has high specificity for long chain polyphosphates and so doesn’t act on ATP as other phosphatases are reported to do (Kornberg et al, 1999).
PPK is a tetramer kinase located on the outer membrane of the cell (Geißdörfer et al. 1998; Akiyama et al. 1992). Its activity is the reversible transfer of a Pi from ATP to polyP chains (Stubbe et al. 2005). This has preference for ATP but will also (de)phosphorylate other nucleotides. In the case of GDP, phosphorylation utilising polyP as a phosphate source is performed by another protein, RelA. This favours conversion of GDP towards pppGpp, rather than GTP. 
The alarmone pppGpp acts as an intracellular signal of phosphate starvation amongst other stress responses and signals a stringent response as a result (Traxler et al. 2008)    . When in nutrient, amino acid or nitrogen etc starvation, the pppGpp signals a change in gene expression from growth and replication, to biosynthesis including amino acid production (Hauryliuk et al. 2015). This response is essential to subsist in long stationary phase and stressful environments. When the availability of amino acids is low, the subsequent stalling of the ribosome leads to activation of the RelA enzyme and so increase in cellular pppGpp. This acts as a PPX inhibitor as the ratio of pppGpp:ppGpp indicates low polyP levels within the cell. This inhibition alters the balance of PPK and PPX enzymes and so increases the polyP synthesis. When pppGpp is high, RpoS (a sigma factor for RNA polymerase) which is responsible for stationary phase changes within the cell to allow survival during stress is induced. However, knockouts of PPK, in E.coli result in an inability to produce RpoS, leading to cells to die after only days in this phase  (Kornberg 1999). PPK maintains high homology throughout bacteria, however not all bacteria contain this gene despite accumulating polyphosphate indicating other mechanisms for polyphosphate synthesis.
It has been widely reported that in conditions that should favour biological phosphate removal in activated sludge tanks, phosphate removal performance has been low leading to insufficient phosphate removal, in some cases for prolonged periods of time. For this reason investigations into the pathways and mechanisms of phosphate removal in different relevant bacteria is essential to understand these fluctuations and potentially engineer strains to optimise phosphate removal  (Oehmen et al. 2007)    .  Acinetobacter have been identified as a phosphate accumulators involved in phosphate removal in active sludge  (Oehmen et al. 2007)   . Acinetobacter baylyi ADP1 has been isolated from wastewater and is a genetically modifiable organism. Synthetic biology applications to this strain could be beneficial for future wastewater applications in this area.
[bookmark: _Toc448230214][bookmark: _Toc512957191]Bacterial Contamination of Drinking Water
It is commonly reported that chlorine has been added to drinking water since 1908 (Calomiris & Christman, 1998; Water Quality and Health Council, 2014). It was added to kill pathogenic contaminants which can lead to disease such as cholera caused by Vibrio cholerae, and is still used today amongst other disinfectants such as ozone and UV light  (Heidelberg et al. 2000; Higgins et al. 2007; Peeters et al. 1989). It can be added in different forms such as chlorine gas, sodium hypochlorite or solid calcium hypochlorite which, upon addition to water, form free chlorine. This forms compounds such as hypochlorous acid and hypochlorite ions which oxidise microorganisms, breaking down their cell walls and intracellular structures, thereby killing them  (Kim et al. 2002). It also has other useful functions in drinking water such as reducing the amount of slime bacteria (Myxobacteria) and algae and reacts with compounds which can cause bad smells and tastes in the water. The addition of chlorine also produces a residual upon disinfection and can be easily measured allowing its use as an indication of bacterial oxidation  (Fawell & Nieuwenhuijsen 2003). This is then dechlorinated to a level that is suitable for consumption using sodium thiosulphate to approximately 0.55 mg/L in the UK.
The effects of adding compounds to water are monitored to ensure that biproducts aren’t formed that may be harmful when consumed. In the early 1970s, years after chlorination was introduced, a group of compounds called trihalomethanes (THMs), which includes chloroform, were found to be a biproduct of this disinfection process  (Lawrence & Cappelli 1977; Iszatt et al. 2013)    . Despite no harm coming to consumers, the regulatory water board put limits on the concentrations of these compounds that could be present in water after treatment (WHO, 2004). Haloacetic acids (HAAs) are another disinfection biproduct (DBPs) and, despite being regulated in Europe, the UK has no limit to the levels of these compounds in water. Water distribution companies are looking into other chlorination methods, which reduce the amount of DBPs; one potential alternative is the use of monochloramination which results in lower amounts of THMs and HAAs than chlorination methods used currently  (Bougeard et al. 2010)    .
Water is essential for life. Every human being needs water in order to survive and this means that it has the potential to be a catastrophic reservoir for disease spread. This can be observed throughout history where diarrheal diseases such as Typhoid and cholera, borne by the pathogens Salmonella typhi and Vibrio cholerae, caused many deaths during the 19th century in Europe (Olsvik et al., 1993; Colwell, 1996; Madema et al., 2003). These are still causes of disease in areas without adequate water treatment facilities and considering typhoid fever, there are still over 21 million cases every year globally (Centres of disease Control and Prevention, 2013). With the increase in travel across the world, the risk of reintroducing this disease into the UK and other developed countries is increased  (Fawell & Nieuwenhuijsen 2003)      . As mentioned previously, in developed countries there are strict water standards which need to be met and so disease spread due to drinking water is comparatively low. However, contamination can occur due to a fall in the quality of the treatment, or through contamination during the transport of the water in the distribution network.
The WHO Guidelines for Drinking Water Quality are the basis for the national standards in the UK set out by the DWI, which cover water safety from water treatment to the consumer  (Statutory Instruments 2007)    WHO, 2011). The treatment of water is a multifaceted approach where the quality of the water has to be maintained throughout its journey from source to tap. This means that the water needs to be sourced appropriately, treated and safely transported to the consumer. Factors that need to be addressed are that contaminants that may be harmful to the consumer such as pathogens and heavy metals are not present in water, but also that the water is pleasant to drink and treatment doesn’t alter the taste or look of the water.
Drinking water comes from two main sources: surface water and groundwater. Surface water includes sources such as rivers and lakes, and can become contaminated through many routes such as from sewage waste and from improper disposal of industrial waste. Run off from land is also a key point of contamination of surface water, for example agricultural land which brings animal waste into water, particularly bad in areas with intensive farming, and hard land such as roads can bring various chemicals and pollution into the water  (Fawell & Nieuwenhuijsen 2003). When these contaminants flow into water, particularly fairly stagnant or slow moving sources, it can allow microorganisms such as slime bacteria and algae to grow leading to possible routes of infection and also affects the flavour of the water. Ground water is not as exposed to run offs as surface water, however it can become contaminated by manure and fertilizer used in agriculture, waste water, below ground septic tanks and landfills over time by contaminants moving down through soil and ultimately reaching the water (Scandura & Sobsey, 1996;  (Fawell & Nieuwenhuijsen 2003)          . 
Arguably the most famous of water pathogens are V.cholerae and Legionella pneumophilia, which cause Cholera and Legionnaire’s disease. These were common afflictions in the past, now less prevalent in developed countries because the water treatment processes keep them at bay. However, there are recorded outbreaks of water diseases and studies that have shown a variety of pathogens present in drinking water and distribution systems. One such outbreak was of the bacteria Cryptosporidium parvum, which causes severe diarrhoeal disease and to which we have no specific cure (MacKenzie et al., 1994; Hunter et al., 1997; MacKenzie et al., 1995). There are still an estimated 21 million cases of Salmonella typhi per year and waterborne disease is endemic in many developing countries (Centres of disease Control and Prevention, 2013). As we now have frequent global travel, the potential for the reintroduction of waterborne pathogens in developed countries is a threat.
When our water treatment processes fail, pathogens can take opportunity and disease can spread. This was illustrated in America where outbreaks of food pathogens Campylobacter and E.coli occurred, in some cases being fatal, because they didn’t chlorinate the water and other water processes weren’t up to standard (Hunter et al., 1997). Some cases have been reported where chlorination and routine treatment of water hasn’t been enough to ward off disease spread and it has been shown that if concentrations of chlorine used in water are too low it can select for antibiotic resistant strains. Pseudomonas aeruginosa strains resistant to antibiotics survived and were selected for when low levels of chlorine were added to water, but if chlorine was present at the concentrations needed to meet the WHO standards then all were killed  (Shrivastava et al. 2004; Ridgway & Olson 1982). Chlorination methods and chlorine concentrations that are sanctioned acceptable for distribution in the UK still provide an environment in which bacteria can grow as was shown by Stewart et al.  (Stewart et al. 2001; Ridgway & Olson 1982) . Stewart showed that bacteria located within a biofilm compared to planktonic cells were much more protected from the harsh environments of water pipes. P.aeruginosa and Klebsiella pneumonia were shown to be at undetectable levels after just one minute of chlorine addition when in planktonic state but after an hour in a biofilm there were still measurable levels of viable cells  (LeChevallier & Cawthon 1988). This shows that constant monitoring of drinking water needs to be carried out to ensure disease doesn’t spread.
Microbiological tests need to be carried out to determine if drinking water is contaminated to ensure that water quality is kept to a high enough standard. In an ideal world we would test the water for the presence of each individual pathogen but this is impractical with regards to both time and money. Instead, drinking water is tested in two ways: indirect for the presence of indicator organisms and compounds and then a direct approach to identify specific contaminants.
[bookmark: _Toc512957192]Indirect
There are a range of indirect methods employed to detect contamination in drinking water, the simplest of which are heterotrophic plate counts (HPC). This method detects heterotrophic organisms, which include bacteria and funghi that require organic carbon to survive. HPC plates consist of agar with organic carbon supplemented, further supplements produce different types of plates which can select for growth of different organisms. This is good as an indicator of how the sample diverges from its normal microbial flora and also as a screening tool used to detect indicator organisms, mainly coliforms. This is useful as it can be difficult to grow pathogens, particularly from drinking water samples as the amount present is low.
Coliforms are a group of bacteria that are usually present in the intestinal tracts of humans and animals, vegetation and soil and so detection of these bacteria in water indicate a route of contamination along the water treatment/distribution process, or poor treatment initially. The coliform group is defined in the water treatment industry as “aerobic and facultatively aerobic, gram negative, nonspore-forming, rod-shaped bacteria that ferment lactose with gas formation within 48h at 35-37⁰C”  (Cabral 2010)  1, 4, 6, 57, 84 (Madigan et al., 2003) and contains a range of different bacteria including, but not limited to, Escherichia coli, Pseudomonas aeruginosa, Aeromonas spp., Clostridium perfringens, Enterococci and Streptococci; bacteria commonly found in animal gut flora. Coliforms are detected using a membrane filter (MF) method or spread plate (eg HPC). The spread plate method entails making serial dilutions of a water sample, spreading these onto plates with R2A agar and counting the colonies, indicating the level of biological contaminants in the sample. In the MF method, a sample of water is passed through a filter which removes bacteria and is then applied to a plate containing eosin-methylene blue media that selects for lactose fermenting bacteria (coliforms). The colonies that grow indicate the levels of coliform bacteria in the drinking water and so state of contamination and whether it is likely that pathogens will be present. Despite colony counts not being enforced by the EU directive we still carry out these tests in UK as it is considered useful for early identification of a fall in water quality before indicator strains are detected, for example coliforms and other indicator bacteria such as E.coli  (Startory 2004)          Standing Committee of Analysts, 2002a). 
There is dispute as to whether coliforms are the best indicator for detecting the presence of pathogens  (Leclerc et al. 2001; Allen et al. 2003)    . Some of the main features that a good indicator requires are to survive for at least as long as pathogens do through the disinfection process, to be easily detected in the lab and be consistently found from a faecal source to ensure that faecal contamination is represented, to which coliforms have been shown to not reach these targets (Hurst et al., 2002). There are pathogens, such as the Cryptosporidium species, which are resistant to chlorine, those such as E.coli O157:H7 which can change their morphology to survive in different environments making them difficult to culture, and human viruses present in the water which coliforms can’t represent the presence of  (Peeters et al. 1989; Korich et al. 1990; Matthews et al. 2010). 
Detection of coliforms is cheap and easy as it mainly involves culturing of bacteria, however as a result it can take days to get a result. Another method used to detect the presence of microbes in drinking water is to test for molecules associated with actively growing microorganisms. One such molecule is adenosyl triphosphate (ATP) which is used to indicate the concentration of living microorganisms present in drinking water  (Deininger & Lee 2001)    . ATP is measured by the amount of luminescence produced from a sample from the association of ATP with a luciferase enzyme, however many constituents of drinking water can interfere with this reaction so it is not a quantifiable test but an indicator  (Deininger & Lee 2001).
[bookmark: _Toc512957193]Direct
If a positive result is found using indirect screening methods then further investigation is needed to determine if/what pathogens are present in the drinking water.  There are many different techniques highlighted in Figure 2‑5.
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[bookmark: _Ref448227904][bookmark: _Toc448230195][bookmark: _Toc514917724]Figure 2‑5 A selection of techniques used to identify pathogens. (Zourob et al., 2008).
Initially the sample is purified and the pathogens are separated from a sample of the drinking water. This can be with chemical techniques such as various chromatography methods, flow cytometry and filtration. Once purified, the sample is analysed with a range of methods for specific pathogen detection. Some are still reasonably broad range such as using microscopic techniques to detect morphology of pathogens and culture method which involve changing culture conditions to select for different organisms. These have proven successful for a range of water-borne pathogens but for many, such as E.coli O157:H7, it is very difficult to select for the pathogenic strain over non-pathogenic strains of the same species. It can also prove difficult to culture many organisms that are slow growing such as Legionella species as these can be out competed by other fast growing bacteria (1998 Workshop on Emerging Drinking Water Contaminants, National Research Council, 1999). For these organisms, other methods are used which are more specific techniques such as immunological and enzyme assays. These use proteins that target specific antigens of an organism in a sample. This can also be used to capture organisms out of solution for further analysis by genetic techniques such as DNA hybridization and PCR which select for specific nucleic acids for a species or strain  (Toze 1999).
These methods are more specific than culture methods; however these detect fragments of organisms in water and so will detect pathogens whether they are alive or dead. This can lead to a positive result without viable bacteria present in the water and despite the increased specificity of the techniques, it can still be difficult to select preferentially for pathogens over other members of the species using these methods  (Rompré et al. 2002). Immunological assays can also need higher concentrations of pathogens in water than are likely to be found and so sample enriching needs to be carried out prior to testing. For this reason, these methods are usually used in conjunction with each other to create a clearer picture of the bacterial environment in the water (1998 Workshop on Emerging Drinking Water Contaminants, National Research Council, 1999). These processes take time, sometimes taking days to produce a result, and so these methods are reserved for when coliform levels in water are beyond a threshold, indicating a contamination route into the drinking water  (Girones et al. 2010).
New methods are needed to increase the speed, reliability and specificity of water quality monitoring methods to provide quick and specific results for the standard of drinking water. A relatively new research area that could be applied to tackle this is Synthetic Biology, an area combining fields of biology and engineering to tackle problems across healthcare, energy, healthcare and the environment  (Clarke 2012)    . 
[bookmark: _Toc448230215][bookmark: _Toc512957194]Synthetic Biology
The Royal Academy of Engineering states that “Synthetic biology aims to design and engineer biologically based parts, novel devices and systems as well as redesigning existing, natural biological systems” (Royal Academy of Engineering, 2009). This is not definitive as a consensus has yet to be made on precisely what Synthetic Biology is, however it can be loosely described as the design and creation of biological systems using engineering principles. This can be engineering bacteria such as Escherichia coli to carry out tasks that it wouldn’t do naturally such as synthesise and secrete a drug or fluoresce, or it could be the synthetic production of life itself  (Domaille et al. 2008; Ro et al. 2006; Khalil & Collins 2010). The engineering of life to do what we require is the target for synthetic biology.
Throughout the history of Synthetic Biology there have been disputes about how this practice is different or novel in relation to practices which have been in practice for decades such as genetic or metabolic engineering. Synthetic Biology is a natural progression from these areas of biotechnology and the approach is where the groups differ  (Heinemann & Panke 2006)    . Generally speaking, each time a new product needs to be made, design starts afresh; each product is made in an ad hoc manor which takes time and, inevitably, money with knowledge gained in the production of the product not being communicated across different research groups  (Heinemann & Panke 2006)    . This means that one product made in one lab at one institution will not likely be the same as another designed for the same purpose. The difference in the approach of Synthetic Biology is that it develops on previous ideas and products as engineers produce products: using standardised parts from catalogues such as RS Components for electrical engineers containing data sheets. These hold information on the functions of the products inside allowing for informative choosing of parts and computational models which are created to map and plan how a system will function. This allows fast and efficient product design and development into larger systems. Other engineering groups have a similar mentality whether it is civil, electrical or mechanical. Now Synthetic Biology is adopting this approach to make engineering new systems quicker and easier using the work flow shown in Figure 2‑6.
[image: A diagram of the engineering cycle as an approach for synthetic biology]
[bookmark: _Ref448227924][bookmark: _Toc448230196][bookmark: _Toc514917725]Figure 2‑6 Synthetic Biology work flow (Chappell & Freemont, 2011).
Here a flow diagram showing the Engineering cycle used in Synthetic biology. First (1) the specifications of the system to be made are defined, whether this is the concentration of a molecule to be detected or the product to be produced. A design (2) is then made by planning what system to base the construct on and what parts will be used to make the system. This is then put through a model (3) to see if the design will work and which can then be fed back into the design of the system. This design is then put together (4) and checked to ensure it meets the initial specifications outlined for the product.
The main challenge of transferring these concepts into a biological setting is that biological systems are complex with many different pathways interacting in sometimes unpredictable ways, as response is often context dependent, and also there are large gaps in our understanding and knowledge of systems in biology, making standardisation difficult. 
Synthetic Biology has two main approaches to producing products and that is top down and bottom up. Bottom up is the most ‘simple’ of approaches and involves using the most basic life form with the minimum amount of genetic information and adding genetic constructs to make it perform a desired function  (Andrianantoandro et al. 2006)    . This hasn’t yet been achieved; however Craig Ventor came close when he made minimal mycoplasma (Fraser et al., 1995) and later produced Cynthia, an organism that successfully lived and replicated itself using only synthetic DNA  (Gibson et al. 2010)    . More recently, a synthetic yeast genome has been produced for Saccharomyces cerevisiae, reducing the size of the genome, but still not creating a fully minimal yeast genome yet  (Annaluru et al. 2014; Gibson & Venter 2014)    . Bottom up would arguably be the best way to circumvent the issues of unpredictable biological interactions within the cell as there are only a limited number of pathways present, all of which are known which would make modelling in silico simpler and more accurate. However, this is a target for the future and current approaches mainly involve using model organisms such as E.coli. Model organisms are the preferred approach because there is a large bank of information and experience of using them. This means it is easier to predict effects using modelling as there is more information on the cell environment and so engineering the organism is easier as we have many molecular tools available.
Standardisation has been an important parameter throughout the history of engineering. By creating parts which are universally standard, it allows different researchers and manufacturers across the world to create the same product and allows easy development of a previous idea or product enabling a much smoother and easier development and redesign process  (Müller & Arndt 2012)    . An example of this would be the process of manufacturing screws which have standard features across all production. There have been attempts to take this standardisation approach into synthetic biology, the most successful of which is arguably the production of Biobricks by MIT (BioBricks Foundation 2013). Each BioBrick can be found in a central repository of standardised DNA sequences with known structure and function that follow a predetermined standard and accompanying experimental data showing previous use of the parts. These parts can be taken, pieced together and consist of genetic elements such as promoters, ribosome binding sites and terminators along with the coding sequence of a gene to form a system (Endy, 2005; http://partsregistry.org). This makes the production of functional systems easier, without the need for complex manipulation of the genetic components as the parts can be interchanged and joined to other components by use of restriction sites on the flank of each part as shown in Figure 2‑7.
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[bookmark: _Ref448227943][bookmark: _Toc448230197][bookmark: _Toc514917726]Figure 2‑7 BioBrick Assembly
 (A) An example of a restriction digest, (B) list of restriction sites used for BioBricks where XbaI and SpeI give the same sticky ends and (C) BioBrick Assembly.
This process has been likened to Lego where different genetic pieces can be clipped together in an order the user chooses and can be requested from an online repository. Most of the BioBrick parts have been uploaded by participants of the iGEM (international genetically engineered machine) competition (https://www.igem.org/Main_Page). This is a competition that requires undergraduate students to design and create their own synthetic device. The students have to present not only their idea, but carry out lab work and do research to investigate what the public opinion of their project ideas  (Smolke 2009)    . 
As mentioned previously, data sheets are used listing a biological part’s properties and function, such as its tolerance to different environments, any requirements for the part to work properly, and how the part behaves. This enables the designer to choose a part to meet their requirements quickly and with confidence that it will work in the system they are designing. An example of what a biological data sheet might look like has been produced by the Endy lab group, meeting many of the same points that data sheets from other areas of engineering have, which can be seen in Figure 2‑8.  (Canton et al. 2008)    .
[image: Unfortunately we are unable to provide accessible alternative text for this. If you require assistance to access this image, or to obtain a text description, please contact npg@nature.com]
[bookmark: _Ref448227962][bookmark: _Toc448230198][bookmark: _Toc514917727]Figure 2‑8 BioBrick Datasheet (Reproduced from  (Canton et al. 2008)   ).
Here is a prototype data sheet designed for a BioBrick part that detects the quorum sensing signalling molecule 3OC6HSL. It contains many of the properties of the part that an actual data sheet would contain, such as a description of the device and its performance, including concentrations of HSL that it detects and the maximum output of the reporter component, to enable easier reuse of the part. However, this is very limited as it doesn’t cover a lot of areas that someone wanting to use the part may require such as how it performs in other strains of E.coli or other organisms, how it interacts with other Acyl Homoserine Lactones (AHLs) and whether each cell had the same performance or if it varied throughout the culture etc (Arkin 2008)    . It would be difficult to make a data sheet detailed enough for biological purposes but this group have paved the way (Arkin 2008)    .
[bookmark: _Toc512957195]Chassis Organisms 
In Synthetic Biology, a chassis organism is the cell that receives and maintains the DNA constructs engineered for a function and express the genes within this construct  (Kim et al. 2016)   . It is the vehicle for the engineering of biology to take place. Model organisms are often used, sometimes engineered themselves, to perform their function better. The classic chassis organisms are Escherichia coli, yeast, Arabidopsis, algae and Drosophila to name a few. These all have different attributes that make them model organisms, whether it be for the study of multicellular organisms and plants for Drosophila and Arabidopsis, study of Eukaryotes in yeast, or as a gram negative bacterial workhorse.
E.coli is the most commonly used chassis as it is a bacteria that is relatively easy to grow and handle with a huge suite of methods and toolkits to use with it. This is due to its history and wide use in microbiology and genetic engineering. This is a widely used organism with a large amount of research data into how the bacteria reacts and interacts in different environments. As its genome has been sequenced and a large amount of genomics, proteomics, and transcriptomics investigations have been carried out on this bacteria, it is relatively well understood  (Blattner et al. 1997; Soufi et al. 2015; Yung et al. 2016)     . This allows a synthetic biologist to use this as a chassis and be able to predict relatively well how a system will act in E.coli and also how best to engineer it for a certain purpose. Many different E.coli strains have been engineered to do different tasks, examples include BL21 membrane protein expression strain and the DH5a storage strain which allow the selection and use of the bacteria to be tailored to the needs of the researcher  (Blattner et al. 1997; Zhang et al. 2015; Kostylev et al. 2015)    .
Acinetobacter baylyi ADP1 is another gram negative bacteria that for over 3 decades has been used in molecular biology. Despite this period of time, it has only relatively recently been used as a powerful tool in Synthetic Biology and considered a potential rival to E.coli as an environmental chassis. This organism is a non-motile coccoid, originally isolated from soil but found in a range of environments including wastewater  (Brzoska et al. 2013)  . As with E.coli, its circular genome has been sequenced (3.7Mb) and has much in common with E.coli allowing many of the tools available for E.coli to be used with A.baylyi ADP1 (Metzgar et al., 2004). 
A.baylyi ADP1 is naturally competent and has been used as a model organism to study natural competency for many years  (Gerischer 2008)   . Its ability to incorporate linear DNA into its genome and be transformed simply by normal growth with DNA makes it a powerful chassis and so the use and study of the bacteria, comparably easy. A.baylyi can be incubated with linear PCR products containing homologous regions to its genome at either end and it will naturally incorporate this into its chromosome. In comparison, E.coli must be treated extensively prior to transformation to make it competent and then must be either chemically transformed or electroporated. For homologous transformation and incorporation into the genome, it must have extra tools used to enable this to occur. A.baylyi in comparison is a lot easier and doesn’t require a -80⁰C freezer, centrifuge heat block or electroporator as transformation of E.coli does (Murin et al., 2012). As transformation and recombination are standard techniques used in synthetic biology, using a naturally competent bacteria for cloning is a great advantage.
The toolkit available for use with A.bayilyi in synthetic biology has increased over the last few years with new strains being produced such as ADP1-ISx that is evolutionary stable and more competent (Suarez et al., 2017). A lot of the toolkits available to E.coli such as promotoers and genes including GFP and other biobricks have been used successfully in A.baylyi making this an easy transition between bacteria. New plasmids have been developed for use in A.baylyi ADP1 which allow for insertion of DNA into non-essential parts of the chromosome and also for BioBrick incorporation into the plasmid, increasing the applications of A.baylyi in synthetic biology  (Murin et al. 2012)   . 
Despite the tools available to A.baylyi, they aren’t nearly as extensive as those for E.coli. This is an established strain with not only parts, vectors and engineered strains available to order, but a history of techniques and methods for handling in research groups across the globe. Further understanding and characterisation of A.baylyi is needed to enable the suite of skills and tools to be developed to the level they are for E.coli. Developments in the characterisation of A.baylyi have come far, including the production of single-gene deletion mutants which have been used to create a metabolic model of the organism (Elliot and Neidle, 2011; deBerardinis et al., 2008). This created a predicted model of predicted genes and phenotypes and from this, the activity of the predicted genes are being characterised, increasing the understanding of the processes within A.baylyi  (de Berardinis et al., 2009). 
The use of A.baylyi as a chassis organism in synthetic biology has increased over the last decade. Bioreporters and Biosensors have been developed to detect things from contaminated soils and oil spills (Jiang et al., 2015; Zhang et al., 2013). The applications for product production have developed due to its versatile metabolism. It has been the focus of research for triacylglycerol and wax esther production as an alternative to plant extraction. As well has having a versatile metabolism, it can produce triacylglycerol naturally and engineered mutants with increased production have been produced after analysis of the process (Santala et al., 2011). 
A.baylyi’s natural competency has been investigated and associated with the Type IV pilus genes (Leong et al., 2017). Research into other bacteria has shown that polyphosphate is involved in many process within the cell including motility, quorum sensing and stress response. In Pseudomonas aeruginosa it was shown that a polyphosphate kinase mutant was deficient in type IV-mediated twitching (Rashid & Kornberg, 2000). Polyphosphate has also been associated with DNA uptake and natural competency in other bacteria, such as in C.jejuni, where a ppK mutant had decreased competency and increased sensitivity to antimicrobials ( Gangaiah et al., 2009). 
A.baylyi has great applications to synthetic biology due to it’s easy handling, versatility, natural competency and environmental applications. It is well characterised, however more characterisation and development of tool kits are needed for A.baylyi ADP1 to compete with E.coli for wider use in Synthetic Biology applications. 
[bookmark: _Toc448230216][bookmark: _Toc512957196]Corner Stone Creations
Synthetic biology has been around for many years but not always going by this name, previously being included under the umbrella of genetic and metabolomic engineering, the similarities and differences have been discussed in the previous section. There have been many advances over the last few decades, mainly due to discoveries such as sequencing of whole genomes for many organisms and the development of techniques such as PCR which have allowed us to manipulate DNA much more easily and cheaply than it could previously.
One of the biggest success stories in synthetic biology was the production of the anti-malarial drug, Artemisinin from yeast  (Ro et al. 2006)    . This was a big milestone because the alternative methods of production were to extract the drug from the plant Artemisia annua which proved expensive and so not affordable to those that needed it. As it was produced from a plant, the amount and cost of the drug also varied on the crop yield that year which could vary if there was a drought period meaning there would be low availability and so the drug price increased. By producing Artemisinic acid using microorganisms (and a final chemical reaction to produce artemisinin), it reduces the cost and also, as it is grown in incubators where the environment is maintained at optimal levels for drug production, the price and availability of the product is consistent  (Ro et al. 2006)    .
[bookmark: _Toc448230217][bookmark: _Toc512957197]Biosensors
Synthetic biology has the potential to develop products to combat challenges in areas such as energy, medicine or the environment amongst other areas by developing microbial fuel cells, alternative treatments and biosensors to detect various chemicals in the environment.
As with synthetic biology as a whole, biosensors try to solve problems using what is in nature already and engineering it for our own uses. Biosensors in general have two parts, a sensor and a response module  (Su et al. 2011)    . The aim is to produce a signal, whether this is optical or digital, in response to a stimulant that is more advantageous (eg quicker, cheaper and easier) to carry out than methods currently in use or can be achieved without synthetic biology. There are many examples of biosensors and these can range from a fundamental molecule to whole cell biosensors.
Single molecule biosensors can be made of DNA and proteins such as enzymes and antibodies which are widely used because they are highly specific which means the biosensor will have a high specificity. Arguably the most famous examples of protein biosensors, and biosensors in general, are the pregnancy test and the blood glucose monitor that was designed for diabetics. The Figure 2‑9 and Figure 2‑10 show the mechanism of how these biosensors work.
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[bookmark: _Ref448228019][bookmark: _Toc448230199][bookmark: _Toc514917728]Figure 2‑9 Pregnancy Test Biosensor (Adapted from  (Su et al. 2011) Su et al., 2013). Urine sample is applied to the stick (1) and antibodies bid hCG pregnancy hormone (2). Immobilised antibodies bind the hormone (3), trapping the hCG between the two antibodies and colour is emitted upon binding. A control band is located up stream which immobilised unbound free antibody, also leading to a colour to form (Chard, 1992; Su et al., 2013).
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[bookmark: _Ref448228053][bookmark: _Toc448230200][bookmark: _Toc514917729]Figure 2‑10 Blood Glucose Biosensor (Adapted from Tonyushkina & Nichols, 2009). Blue diamonds glucose. Orange shapes glucose oxidase. Red arrows, transfer of electrons. Oxidation of glucose by the enzyme glucose oxidase causes the transfer of electrons to an electrode. This is translated into an electric current which is relative to the concentration of glucose in the blood (Tonyushkina & Nichols, 2009).
Both biosensors consist of proteins that are found in nature, antibodies associated with a pigment (Figure 2‑9) and glucose oxidase enzyme (Figure 2‑10) to produce a signal, which is a pigment colour line or digital quantification of blood glucose concentration respectively. Another example would be the use of a DNA probe. This is a length of single stranded DNA fixed to a piezoelectric quartz crystal which, when the DNA probe hybridises with a specific piece of DNA, for example a piece of DNA of a specific pathogen. The resonance of the crystal can be correlated with the binding of the DNA (Lazerges et al., 2006; Chomean et al., 2010).
Whole Cell Biosensor
One main advantage of whole cell biosensors over in vitro biosensors is the cost. Where antibodies and proteins need to be produced and purified which can become costly, whole cells can be cultured in media fairly easily and cheaply and can prove to be more stable than proteins and other single molecules are in harsh environments. The timeframe of response is low, minutes/hours and the range of material that whole cells can detect is broad, enabling a variety of potential targets both biological and inorganic. The range of outputs it can use as a response are increased as well because proteins such as fluorescent proteins can be expressed in response to detection of a species and have the benefit of not needing substrates added to the system to produce a signal. Whole operons such as that for bioluminescence can be used as a response and so the potential signals that can be used is larger than that for the other types of biosensor.
An E.coli light sensor has been created by adding a phytochrome from a cyanobacterium which is a transmembrane protein complex that reacts to light by a conformational change with a transcription factor. Addition of light inhibits phosphorylation of the transcription factor and so the expression of LacZ protein which catalyses the synthesis of a black substance from S-gal (3,4-cyclohexenosculetin-D-galactopyranoside). This means that when the bacteria are exposed to light they appear light, and if they are in the dark they are dark (Levskaya et al., 2005). 
Another example of a whole cell biosensor is the arsenic biosensor produced to detect arsenic in drinking water. Previous biosensors had been made to detect other heavy metals such as cadmium and lead but these were unable to detect arsenic as it was too toxic, so a biosensor specifically for arsenic was developed. This biosensor contained a sensor component and a reporter component. Expression of the reporter protein, GFP, is repressed until arsenic is present. When the arsenic binds a repressor protein (sensor component) it frees the promoter to enable expression of the reporter protein (reporter component; Stocker et al., 2003; Fawell and Nieuwenhuijsen, 2003).
In 2006, a whole organism biosensor that can target tumours was developed (Anderson et al., 2006). E.coli was transformed with a gene from Yersinia pseudotuberculosis called invasin which, when expressed, allowed the E.coli to bind and invade the mammalian cells and this was demonstrated in various cancerous cell lines. The benefit of this was seen: if they could also express a drug from this E.coli then treatment could be targeted and only affect those specific cancer cells. To do this, the integrin expression was put under the control of Vibrio fischeri quorum sensing pathway. The environment around tumours is hypoxic with low presence of the immune system and so this is targeted by various pathogens (and non-pathogens) as it is beneficial to their viability. When bacterial cell density is high, the expression of the integrin will be activated at the site of the tumour (Anderson et al., 2006). By linking drug expression with E.coli cell population density, it ensures that drug production only occurs when there are enough E.coli at the tumour to produce a high enough dose to have an effect.
There are biosensors which have been developed which use quorum sensing for similar purposes. Another arsenic biosensor was developed which uses a quorum sensing strategy to coordinate cells in a culture to act together (Prindle et al., 2011). Another example is of a biosensor that can detect quorum sensing signalling molecules and uses optical response by β-galactosidase. They put this biosensor onto paper strips, and tested samples of patient’s saliva and detected AHL molecules at concentrations as low as 1 x 10-8 M, indicating the presence of pathogens in the samples (Struss et al., 2010). Biosensors have been used to detect quorum sensing signalling molecules produced by Pseudomonas from urinary tracts (Kumar et al., 2011).
In order to apply Synthetic biology to improve drinking water monitoring, a target needs to be chosen to detect pathogens in drinking water; quorum sensing is a potential route for this.
[bookmark: _Toc448230218][bookmark: _Toc512957198]Pathogens in Drinking Water: Biofilms and Quorum Sensing
The environment within the water distribution network is harsh, with sheer forces and disinfectants making it difficult for microorganisms to remain viable, killing most bacteria. Biofilms have been shown to create an environment which allows bacteria to survive and grow in harsh conditions such as water pipes. Biofilm formation in hospitals has been shown to increase the concentrations of antibiotics and disinfectants needed to kill bacteria and similar results have been shown in drinking water pipes where bacteria are more resistant to oxidation by chlorine (Brackman, G., 2011; Steed & Falkinham, 2006; Cooper & Hanlon, 2010). In order for pathogens to successfully infect a host, an infectious dose needs to be consumed. This is the number of an organism that is needed to infect a host and in the context of drinking water contamination; it is the number of waterborne bacteria that need to be ingested to cause infection and so disease. The numbers of cells that are needed ranges widely between different organisms but can change depending on the environment they are in. For example Shigella requires only 10 organisms to cause infection whereas in contrast V.cholerae needs approximately 106 organisms and Madigan (et al., 2000) showed that when antacids were taken, which raise the stomach pH, the infectious dose actually falls to about 104 (Leggett et al., 2012; Madigan et al, 2000; Mara & Horan, 2003).
The environment in drinking water pipes makes it difficult for pathogens with a high infectious dose to successfully infect because their number will be dilute in the drinking water (Leggett et al., 2012; Schmid-Hempel & Frank, 2007). Additionally, the environment in water pipes with sheer force and pressure doesn’t present ideal growth conditions for planktonic organisms. How bacteria manage to increase their cell number is by the development of biofilms.
A biofilm is a collection of bacteria and other organisms, such as yeast, that communicate with each other to produce a complex film made up of extracellular polymeric substances (EPS), which consist of polysaccharides, proteins and some DNA by a process shown in Figure 2‑11 (O’Toole et al., 2000; Whitchurch et al., 2002).
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[bookmark: _Ref448228121][bookmark: _Toc448230201][bookmark: _Toc514917730]Figure 2‑11 Biofilm development process. (Reproduced from Sauer, 2003). There are many steps of biofilm formation. First a seed bacteria, the first of the biofilm, adheres (1) to a surface by the use of Van de Waals forces and hydrogen bonds. These then grow (2) until the cell population is high enough for the biofilm to be produced. The bacteria then express the biofilm constituents such as EPS (3) and these grow, causing the biofilm to increase in size (4) until the biofilm, or parts of it, burst (5) releasing some of the bacteria within (Lasa, 2006).
One of the final steps in the biofilm development involves the bursting of part of the biofilm. This bursting is one of the problems with respect to diseases from waterborne pathogens as a high number of organisms are released into the water environment which increases the cell count. This means the infectious dose of a pathogen is more likely to be reached upon consumption and allows the potential for further biofilms to be created in the system. The way in which bacteria communicate to ensure there is a high enough number of bacteria in the same place in order to make the biofilm, as in step 2 in Figure 2‑11, is called quorum sensing (Lasa, 2006).
[bookmark: _Toc448230219][bookmark: _Toc512957199]Quorum Sensing
Quorum sensing is a form of communication between living things based on population density and can be observed in a wide range of organisms. It is used by insects, seen in ants and honey bees to choose the location for a new nest. A few ants will leave to find a new location and upon finding one, will go back to the original nest to recruit other ants to judge it. Eventually the number of ants at the nest will reach a quorum and the rest of the hive will relocate. By sensing quorum molecules, ants which haven’t previously been to the site can navigate to it carrying the queen, larva and other nest constituents (Pratt, 2004; Seeley & Visscher, 2004).
Bacteria are similar to insects in the sense that quorum sensing molecules are detected and action, or a change, is carried out when the concentration of the molecules reaches a threshold. Rather than a decision on where to build a nest, quorum sensing in bacteria controls expression of genes which, when expressed in a low population, would be of little use and a waste of energy and resources (Henke & Bassler 2004; Bassler 1999).
The changes that occur in bacteria are via a change in expression of certain quorum sensing regulated genes in relation to population cell density. Quorum sensing molecules, termed autoinducers, are constitutively expressed. When the bacteria are at a low population cell density, diffusion and the low number and density of bacteria producing autoinducers mean the probability of detecting quorum sensing molecules is low, as shown in the Figure 2‑12 (Waters & Bassler, 2005).
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[bookmark: _Ref448228301][bookmark: _Toc448230202][bookmark: _Toc514917731]Figure 2‑12 An illustration of Quorum Sensing in bacteria. In low population cell density (a) there is a low concentration of quorum signalling molecules in the environment and few bacteria to produce them, meaning that the likelihood of detecting the signalling molecule is low. In high population cell density (b) there are many bacteria producing the signalling molecule and so a higher concentration in the environment and so a high probability of binding signalling molecules and leading to change in gene expression.
When the bacteria reach a high population cell density the area they occupy is more concentrated (Figure 2‑12b.), there’s less space for the molecules to diffuse away and more bacteria present constitutively expressing the signalling molecules, and so the concentration of the molecule is higher meaning a high probability that the molecules will be detected.
When a quorum sensing receptor binds to a signalling molecule a change in behaviour of the cell occurs by a change in gene expression. Examples of results of this are the production of a pigment, expression of virulence genes to infect a host, antibiotic resistance or biofilm production (Whiteley et al., 1999).
The first quorum sensing system discovered was in the organism Vibrio fischeri (Eberhand et al., 1981). This is a species of bacteria which lives inside the light organ of the Hawaiian bobtail squid Euprymna scolopes. These exist in a symbiotic relationship whereby the bacteria produce luminescence in the light organ to disguise the fish from predators and the fish in turn supplies nutrients for the bacteria to grow. As mentioned previously, quorum sensing allows the expression of certain genes within the cell under preferential conditions. In V.fischeri, bioluminescence genes are expressed when cell population density is above a certain threshold; this ensures that energy and resources aren’t wasted producing bioluminescence when there aren’t enough bacteria to produce a visible light source (Lupp & Ruby, 2011; Galloway et al., 2011). The process of quorum sensing was initially thought to be unique to V.fischeri but has since been found to be a common form of communication used by bacteria to control gene expression, cell behaviour and detect other bacteria in the environment.
The V. fischeri intracellular network shown in Figure 2‑13 is conserved over Acyl Homoserine Lactone (AHL) quorum sensing signalling pathways.
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[bookmark: _Ref448228380][bookmark: _Toc448230203][bookmark: _Toc514917732]Figure 2‑13 AHL signalling pathway in V.fischeri (Reproduced from Galloway et al., 2011). A figure showing the intracellular quorum sensing system in Vibrio fischeri, a model for gram negative bacteria which detect AHL signalling molecules. LuxI (red) synthesises the AHL signalling molecules “N-3-oxohexanoylhomoserine lactones” (OHHL) and exit to the extracellular environment. These are then diffuse through a bacteria cell membrane and bind to LuxR (blue), the receptor. This leads to expression of quorum regulated genes, including the lux luciferase genes.
In Figure 2‑13, luxI is expressed at a low level constitutively within the cell and produces the LuxI protein, an OHHL (N-3-oxohexanoylhomoserine lactone) synthase (Lupp & Ruby, 2005). The OHHL signalling molecules produced by LuxI diffuse across the cell membrane and upon entering the cell, bind to the LuxR receptor protein. The LuxR protein has a high degradation rate unless it is bound to an OHHL molecule and so concentrations of OHHL need to be above a certain threshold to ensure these two associate with each other (Manefield et al., 2002). Once bound, the LuxR:OHHL complex leads to increased expression of LuxI, creating  positive feedback with more OHHL being produced as it is detected, and expression of the lux operon leading to luminescence (Stevens & Greenberg, 1997). This pathway is common to Gram negative bacteria that produce AHL signalling molecules and the terms “LuxI-type” and “LuxR-type” proteins have been assigned to the AHL synthase and receptor respectively as they contain conserved sequence and structure (Gray & Garey, 2001). 
There are two main groups of autoinducers: AI-1 and AI-2, which allow for specific strain to strain communication but also allow for cross talk across species. Gram negative bacteria tend to produce and detect AHL molecules which are AI-1, however this is not always the case as some bacteria such as Vibrio cholerae and Legionella pneumoniae produce organic molecules lacking a lactone ring as shown in the Figure 2‑14 (Galloway et al., 2011).
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[bookmark: _Ref448228399][bookmark: _Toc448230204][bookmark: _Toc514917733]Figure 2‑14 Quorum sensing signalling molecule structures (Reproduced from Galloway et al., 2011). Signalling molecules found to date have conserved structures and come in 3 main groups: AI-1 Gram negative which are small molecules, Gram positive which are peptides and AI-2 signalling molecules for cross species communication.
It appears that bacteria can produce a quorum sensing signalling molecule unique to that strain and so this allows bacteria to distinguish the proportion of self and non-self in an environment or community and respond accordingly. The differences between the AHL signalling molecules appear small with simple changes of one or two carbons of the length carbon chain, or different groups such as acyl groups, attached at varying points on the molecules determining if the receptor will bind the molecule and illicit a reaction or not (Ng et al., 2010; Kelly et al., 2009). 
This can be very sensitive with small changes to structure having a large effect on the activity of the signalling molecule. This was shown by a study in which approximately 90 AHL homologues were compared to find AHL agonists and antagonists and the effect of changes in structure on activity. Geske (et al., 2007) found that although there were broad spectrum antagonists which bound the AHL receptors, agonists were few and small changes in the placement of the acyl side group lead to huge variance in activity, in one instance changing it from being an antagonist to becoming a super-activator (Geske et al., 2007).
Gram positive bacteria also produce AI-1 molecules but rather than small organic molecules, they produce peptides (Harvarstein et al., 1995). The intracellular signalling pathway for Gram positive bacteria differs from the classic LuxI/LuxR Gram negative pathway as the peptides can’t diffuse across the cell membrane and so, similar to α hydroxyl ketone (AHK) signalling molecules in Gram negative bacteria, they have a trans-membrane protein receptor and control gene expression using a two component system (Autret et al., 2003; Ohtani et al., 2009). Figure 2‑15 shows the basic difference between the different signalling pathways.
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[bookmark: _Ref448228417][bookmark: _Toc448230205][bookmark: _Toc514917734]Figure 2‑15 Different Intracellular Quorum Sensing systems (Reproduced from Rutherford & Bassler, 2012). A and B are systems found in Gram positive bacteria and C and D found in Gram negative bacteria. AIP=AutoInducing peptide, AHL=Acyl homoserine lactone, AI=Autoinducer.
Upon binding peptide signalling molecules (Figure 2‑15 A and B), the receptor undergoes a conformational change, causing the intracellular domain to phosphorylate downstream proteins, initiating a phosphorylation cascade. This ultimately leads to the phosphorylation of a transcription factor which results in changes in expression of quorum sensing regulated genes due to the change in activation of the transcription factor by phosphorylation (Gove et al., 2004; Rutherford & Bassler, 2012).
After the discovery of signalling molecules in V.fischeri, another signalling molecule was found in the marine Gram negative bacterium, Vibrio harveyi which is now termed autoinducer-2 (AI-2) molecule (Bassler et al., 1993; 1994). In contrast to AI-1 signalling molecules which are specific to species, AI-2 molecules are produced by many different types of organisms and are thought to act as a universal communication molecule. The structures of AI-2 molecules are also different to other signalling molecules. By observing the crystal structure of the molecule bound to its receptor, LuxP, the first structure was shown to be a furanosyl borate diester shown in Figure 2‑14, much different to the AHLs and peptides produced as AI-1 molecules (Chen et al., 2002). LuxS, the synthase that produces the AI-2 molecule, is conserved across both Gram negative and positive bacteria, the discovery of which has fuelled the idea that these molecules allow for inter-species communication (Surette et al., 1999). A second class of AI-2 molecules has since been found which lacks boron, R-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran (R-THMF), which was discovered in a crystal structure bound to a second AI-2 receptor, LsrB (Miller et al., 2004). These two classes of AI-2 signalling molecules are both products of a reaction that uses DPD (4,5-dihydroxy-2,3-pentanedione) as a substrate and the isomers of these products are found in equal amounts within the cell, allowing the theory inter-species communication to still have potential (Miller et al., 2004; Meijler et al., 2004; Pereira et al., 2012).
Pseudomonas aeruginosa
Pseudomonas aeruginosa PAO1 is a water associated pathogen, found predominantly in taps, hot tubs and water sources, and is a particular problem in hospitals. P.aeruginosa causes a range of infections, leading to illnesses in immunocompromised patients in hospitals, opportunistic pathogen in burns and wounds, causes keratitis in patients with contact lenses acquired from taps and can also lead to ear infections when patient has been in contact with contaminated water. This pathogen is a particular problem in hospitals and has been found to be transmitted by taps and pipes. It is generally found in biofilms here and hasn’t been shown to be particularly resistant to disinfection techniques used in drinking water treatment (Mena & Gerba, 2009).
There are two quorum sensing systems in Pseudomonas aeruginosa, LasR-LasI and RhlR-RhlI which regulate the expression of more than 300 genes in coordination with cell density (Kiratisin et al., 2002; Schuster et al., 2004). LasI produces 3-oxo-C12-AHL (C12-AHL; Figure 2‑16a) and is secreted from the cell. This then enters P.aeruginosa cells and upon binding to LasR, the transcription factor:autoinducer complex regulates the expression of quorum sensing regulated genes including virulence and biofilm genes and proteases such as elastase (Figure 2‑16b; Kiratisin et al., 2002; Schuster et al., 2004). In the second system, RhlI produces C4-AHL (Figure 2‑16a) which forms complex with RhlR and promotes expression of sets of genes overlapping LasR regulated genes including cyanide poison production (Figure 2‑16b; Medina et al., 2003; Wang et al., 2015).
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[bookmark: _Ref448228520][bookmark: _Toc448230206][bookmark: _Toc514917735]Figure 2‑16 AHL structure and detection in Pseudomonas aeruginosa. (Pearson et al., 1993; Jimenez et al., 2012)
Initially it was thought that, contrary to V.fischeri system, LasR bound C12-HSL irreversibly (Schuster and Greenberg, 2006). It has since been shown that when P.aeruginosa is transferred from an environment with a high concentration of autoinducer, to a low concentration, expression of quorum regulated genes rapidly falls back to basal levels after 20 min. This indicates LasR binding of PAI-1 is reversible. Bound LasR is more stable than unbound, however a pool of unbound LasR can remain in the cell for 20 min ready to bind PAI-1 and carry out it’s DNA binding function (Sappington et al., 2011). In absence of AI, the LasR protein N terminus blocks the DNA binding domain (DBD) located at the C-terminus of the protein, inhibiting DNA binding and so gene expression. When AI is bound at the N terminus, LasR-LasR dimers form, freeing the DBD of the protein allowing DNA binding (Figure 2‑17a & b; Schuster and Greenberg, 2006).
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[bookmark: _Ref448228596][bookmark: _Toc448230207][bookmark: _Toc514917736]Figure 2‑17 Protein structure of LasR and DNA binding of LasR and RhlR  (a) LasR-LasR Autoinducer complex and zoomed in (b) of the amino acid to autoinducer interactions. DNA sequences (C) where LasR and rhlR bind (Bottomley et al., 2004; Schuster et al., 2004)
Expression of QS regulated genes is promoted by interaction of the LasR-LasR dimers with the promoter sequence which, unlike RhlR binding sites, does not have dyad symmetry (Figure 2‑17c). LasR dimers in complex with PAI-1 bind to DNA at LasR-box sequences as in Figure 2‑17c and recruit RNA polymerase for gene expression.
It has been shown that the RhlR quorum sensing pathway can compromise cheats in a culture. Where P.aeruginosa expresses proteases such as casein to utilise different carbon sources, an action that benefits the whole population, RhlR system promotes expression of cyanide in conjunction with cyanide resistance gene which can compromise cheats in the system (Wang et al., 2015). 
[bookmark: _Toc362001925][bookmark: _Toc368922649]There are, as is quite common in science, exceptions to the rules of quorum sensing, of which Xanthomonas oryzae is an example. This is a gram negative bacteria, however it produces a peptide which acts as a quorum sensing molecule rather than an AHL as in P.aeruginosa (Han et al., 2011). V.cholerae and L.pneumoniae are also Gram negative bacteria which produce α-hydroxyketones (AHKs) rather than AHL molecules. These cannot diffuse across the membrane and so, much like Gram positive bacteria, they have a trans-membrane receptor which elicits a response by phosphorylation of downstream proteins (Wei et al, 2012; Tiaden & Hilbi, 2012). 
Vibrio cholerae
In Vibrio cholerae, there are 3 signalling systems: AI-1, AI-2 and a third pathway that isn’t well characterised (Henke et al., 2004). AI-1 and AI-2 quorum sensing pathways detect different signalling molecules but converge into one pathway in the cytoplasm Figure 2‑18.
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[bookmark: _Ref448228687][bookmark: _Toc448230208][bookmark: _Toc514917737]Figure 2‑18 Quorum sensing signalling pathways is V.cholerae.(Adapted from Strivastava & Waters, 2012 and Hammer & Bassler, 2007).
The actual expression of virulence and protease genes are not directly controlled by LuxO but is mediated by sRNAs and Hfq. Phosphorylation/dephosphorylation of LuxU and LuxO controls quorum sensing gene expression. Here population cell density is low and so is the concentration of signalling molecules. This means the CqsS receptor protein has kinase activity and so phosphorylation of downstream proteins occurs, LuxO transcription factor is in its active state and Qrr (quorum regulated) sRNAs are expressed. These associate with RNA chaperone Hfq to stabilise the RNA-RNA complex which destabilises the HapR mRNA inhibiting its translation. This allows expression of virulence genes to be activated in the absence of HapR protein (Bardill et al., 2011).
In the AI-1 pathway, the CqsA protein synthesises Ea-CAI-1 (2,3-aminotridec-2-en-4-one) which is later converted to CAI-1 (1,(s)-3-hydroxytridecan-4-one) and secreted from the cell (Kelly et al., 2009). This molecule is secreted into the environment and then detected by the CqsS transmembrane CAI-1 receptor protein. 
Vibrio cholerae, as mentioned previously, is contrary to the standard Gram negative quorum sensing model pathway because it produces AHK signalling molecules rather than AHLs, but it also responds to quorum sensing molecules differently to other bacteria as virulence factor genes are expressed at low population cell density. The CqsS CAI-1 transmembrane receptor has 6 transmembrane helices on which residues exposed on the extracellular side of the membrane bind CAI-1 as shown in Figure 2‑19 (Ng et al., 2010).
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[bookmark: _Ref448228721][bookmark: _Toc448230209][bookmark: _Toc514917738]Figure 2‑19 The structure of CqsS. (Adapted from Ng et al., 2010). There are 6 transmembrane helices which bind the quorum sensing signalling molecule outside the cell.
The intracellular domain is a kinase/phosphatase switch (Ng et al., 2010). When the concentration of CAI-1 is below threshold in an environment where the population is low, the CqsS CAI-1 transmembrane receptor protein has strong kinase activity and phosphorylates the downstream protein LuxU which in turn phosphorylates LuxO leading ultimately to expression of virulence genes. In contrast, when the concentration of CAI-1 is above binding threshold and so the population cell density is high, the receptor binds CAI-1 which causes the protein to undergo a conformational change. This repositions the residue His-194 away from the active site leading to inhibition of autophosphorylation of this residue. This means that the intracellular domain of CqsS has predominantly phosphatase activity, as phosphorylation of proteins are inhibited, which dephosphorylates downstream proteins and so leads to inhibition of virulence factor gene expression mediated by HapR (Wei et al., 2012). The sRNAs Qrr1-4, are expressed under low CAI-1 concentrations and form a complex, stabilised by Hfq, which inhibits the translation of the HapR mRNA. At high CAI-1 concentrations the mRNA is unbound and so translation occurs. The HapR protein inhibits expression of virulence genes and promotes expression of a protease gene which allows the V.cholerae to exit its host and infect other cells when the population is large enough to spread successfully (Bardill et al., 2011). 
As mentioned previously, V.cholerae reacts to autoinducer detection differently to some other gram negative bacteria and this is because, in response to high autoinducer concentrations, the virulence genes are switched off. This is managed through the transcription factor protein LuxO, a protein which is a member of the family of proteins NtrC (Zhu et al., 2001). These are two component transcription factors which contain DNA binding, ATP binding, and sigma-54 binding domains. 
In the presence of low autoinducer concentrations, the two component response regulator, LuxO, is phosphorylated leading to conformational changes in the LuxO protein structure, allowing successful interaction with DNA polymerase which allows expression of genes (Figure 2‑18; Sveningsen et al., 2008). In the case of LuxO, these genes encode Qrr (Quorum Response Regulatory) RNA which interact with downstream HapR mRNA and with the help of Hfq, destabilise the HapR mRNA inhibiting translation and so inhibiting expression of virulence genes as shown in Figure 2‑20 (Henke & Bassler, 2004; Sveningsen, et al., 2008).
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[bookmark: _Ref448228790][bookmark: _Toc448230210][bookmark: _Toc514917739]Figure 2‑20 Quorum Sensing in Vibrio cholerae (Reproduced from Sveningsen et al., 2008).
At low cell density LuxO is phosphorylated and is active. LuxO interacts with sigma factor 54 and Fis to recruit RNA polymerase leading to expression of genes qrr1-4. The qrr sRNAs interact with and destabilise hapR mRNA with the aid of Hfq. At high cell density CqsS has phosphatase activity, ultimately leading to dephosphorylation of LuxO. This leads to a conformational change that inhibits LuxO activity and so expression of LuxO regulated genes is inhibited.
LuxO is highly conserved amongst Vibrionaceae. The domains include a glycine-rich nucleotide binding domain which allows isomerisation to form an open complex, a helix-turn-helix domain and it is active upon phosphorylation (Dongre et al., 2011).
It was shown in the paper by Freeman et al (1999) that in addition to phosphorylation of the LuxO protein, dimerization/oligomerisation is needed for the LuxO to be active. They also hypothesised that when phosphorylation occurs, the conformational change leads to the DNA binding domain being exposed and vice versa, dephosphorylation allows the response regulator domain to block the DNA binding domain, inhibiting DNA expression. When comparing this to the family of transcription factors LuxO belongs to, NtrC proteins, this makes sense (Lilley & Bassler, 2000). Phosphorylation of NtrC proteins leads to a conformational change that allows oligomerisation of the NtrC dimers which in turn allows DNA binding and ATPase activity for the energy to activate transcription (Kern, 1999; Hwang et al., 1999). Oligomerisation without phosphorylation doesn’t lead to DNA melting and so both are needed for NtrC activity (Hwang et al., 1999). 
LuxO relies on activity by phosphorylation at low cell density by LuxU which occurs at the Aspartate residue 47. Different variants of the LuxO protein have been found in different strains of V.cholerae and produced by gene mutations on the LuxO in V.harveyi, showing inactive (unphosphorylated) or hyperactive (phosphorylated) phenotypes (Vance et al., 2003; Freeman & Bassler, 1999). Substitutions at residue D47 with Leucine, Alanine and Asparagine and substitution of Leucine 97 with Alanine leads to proteins with inactivated function and substitutions of D47 with glutamate and phenylalanine 94 with tryptophan giving a switched on and constitutively active function in V.harveyi. These mutations give different repression and activation changes with some being more or less active than others. These mutations indicate that D47 as an essential residue for LuxO activation/deactivation as the D47E mutation produced a constitutively active protein (Freeman & Bassler, 1999). 
LuxO has been shown to bind irrespective of its phosphorylation state and application of LuxO inhibitors didn’t affect DNA binding (Tu et al., 2010; Rippe, 1998; Ng et al., 2012). This means that LuxO is bound to DNA and phosphorylation when bound allows LuxO to have Sigma-54 promoter activity and allow transcription of qrr genes to occur. In the context of other NtrC family of sigma-54 promoters, these too bind DNA when unphosphorylated but at a lower efficiency than when phosphorylated. Upon phosphorylation oligomerization occurs which stabilises the NtrC protein to the DNA and allows it to have ATPase activity (Fielder & Weiss, 1995; Mettke et al., 1995; Hwang et al., 1999). This would imply that there is potential for LuxO to act similarly to other proteins in the NtrC promoter family and bind but with a lower efficiency when unphosphorylated but this hasn’t been shown and so further research would be needed to investigate this further. 
LuxO is regulated by two negative feedback loops in Vibrio harveyi (Tu et al., 2010). Firstly, LuxO is self-regulating, binding -35 upstream of the luxO gene and so competing for binding with RNAP. This binding of DNA and inhibition of transcription occurs irrespective of LuxO’s phosphorylated state (Tu et al., 2010). Secondly, the LuxO mRNA contains a qrr binding site which, once bound to the 5’ UTR, qrr sRNA destabilises LuxO mRNA and inhibits translation (Liu et al., 2013). In terms of binding LuxO mRNA, all Qrr sRNAs in both V.cholerae and V.harveyi are equally effective at this (Shao & Bassler, 2012). These two negative regulation steps allow tight control over quorum sensing within the cell which is essential at LuxO as this is the common point of convergence for three quorum sensing pathways within V. harveyi. It has been shown that when these two feedback loops are knocked out, the amount of LuxO-P increases within the cell and ultimately effects the point at which the cell detects it’s at quorum. This means that the concentration of autoinducer that needs to be present in the environment to stimulate expression of quorum regulated genes increases when the feedback loops aren’t present (Tu et al., 2010). 
The interaction of Fis in this process allows the bending of the DNA in consort with sigma-54 and LuxO-P to activate transcription (Dongre et al 2008; Dorman & Deighan, 2003; Pan et al, 1996). Fis is a protein found in a wide range of prokaryotes which bends DNA at a 40-90 degree angle allowing the α-subunit of the DNA polymerase to interact with the DNA (Bokal et al., 1997; Finkel & Johnson, 1992). This leads to expression of qrr genes in V.cholerae, with qrr4 small RNA being expressed the most and binding the qrr1 promoter least efficiently (Lenz & Bassler, 2007). The hyperactive LuxO mutant D47E is active even in the absence of Fis and LuxO-P leads to expression in Fis knockout mutants (Lenz & Bassler, 2007). This shows that the Fis protein is not an essential requirement for successful expression of qrr genes.
V.cholerae can also detect the first class of AI-2 signalling molecules, furanosyl borate diesters, which potentially allows the bacteria to communicate with other species. The AI-2 intracellular signalling pathway converges with the AI-1 pathway in V.cholerae at LuxU as seen in Figure 2‑18. 
The CAI-1 signalling molecule is produced in V.cholerae by the CqsA synthase protein. This process is illustrated in Figure 2‑21.
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[bookmark: _Ref448228939][bookmark: _Toc448230211][bookmark: _Toc514917740]Figure 2‑21 CAI-1 synthesis by CqsS (Adapted from Wei et al., 2011).
CqsA is an acyl-CoA transferase protein that produces amino-CAI-1 using the substrates SAB and dCpA. This amino-CAI-1 then undergoes a reaction independent of CqsA by the protein VC1059, and four homologues at lower rates. These are dehydrogenase enzymes which utilised NADPH2 to reduce the intermediate DK-CAI-1. It is unknown how Ea-CAI-1 is converted into DK-CAI-1, although evidence suggests that this could be independent of an enzyme and rather occurs through acid-catalysed hydrolysis. A response can be induced in V.cholerae using any of Ea-CAI-1, DK-CAI-1 and CAI-1 with increasing sensitivity to CAI-1 (Wei et al., 2011). V.harveyi, another member of the vibrio species, uses an amino-autoinducer, Ea-HAI-1, as its preferred signalling molecule, which suggests that the conversion of Ea-CAI-1 to CAI-1 in V.cholerae is not necessarily essential for quorum sensing.
The signalling molecules that V.cholerae and V.harveyi produce and can detect were studied to see how specific these different strains were to quorum sensing signalling molecules within the same Vibrio species (Ng et al., 2011). It was observed that V.harveyi has strong specificity to its own signalling molecule but V.cholerae is more promiscuous and can detect 3 different signalling molecules that it makes itself, however it had significantly higher response to CAI-1.
Legionella pneumophilia produces an AHK signalling molecule that is homologous to CAI-1 named LAI-1 (Legionella autoinducer-1). The length of the acyl tail of CAI-1 and LAI-1 is where these molecules differ at C-10 and C-12 respectively. This small difference allows the cells to differentiate between the two molecules and so to each pathogen, much like small changes in AHL molecules decide their specificity, and so it is the structure of the molecules as a whole are what dictates their function (Perez et al., 2012).
[bookmark: _Toc512957200]Peptidoglycan Signalling
Another type of signalling performed by cells is by detection of peptidoglycan fragments called muropeptides. Peptidoglycan is the polymer that Hans Christian Gram successfully observed using the Gram stain coined after him. This involved staining bacteria with crystal violet and the retention is indicative of the presence of a cell wall.
Peptidoglycan (PG) consists of sugars and amino acids which form a protective layer around cells. In Gram positive bacteria this is a thick layer outside of the cell membrane whereas in Gram negative bacteria, there is a thin PG layer between the inner and outer membrane. The sugars N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) are joined by a β-(1,4)-glycosidic bond in an alternating linear pattern and these chains are cross-linked together by amino acids, forming a crystal lattice structure in the cell wall (Figure 2‑22).
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[bookmark: _Ref471227508][bookmark: _Toc514917741]Figure 2‑22 The structure of peptidoglycan (Zeng & Lin 2013)
The peptides are linked by amide bonds to the carboxyl group on the NAM sugars. The amino acids vary between bacterial species, however a general composition is depicted in Figure 2‑22. Gram negative bacteria usually consist of four amino acids: L-alanine, D-glutamic acid, meso-diaminopimelic (mDAP) acid and D-alanine. 
The role of PG is predominantly as a shield, much as our skin does for us, protecting the cell from stress; the sacculus protects the cell from osmotic stress by size limitation. It also plays a structural role as a scaffold for other cell associated species such as proteins and is involved in the cell growth/division process (Vollmer & Blanot 2008)    . It was shown that signals for cell division can be passed through generations in Staphylococcus aureus by ridges dictating the plane in which division occurred leading to clusters of cells forming. The PG’s role as a structural support means that cell division needs to occur, the cell needs to break down its own PG; it has been shown that E.coli degrades almost half of its PG every generation (Cloud-Hansen et al. 2006)     .
Disaccharide muropeptides (NAG-NAM) are formed intracellularly and then transported to the periplasm in Gram negative cells and added to the end of the glycan chain by glycosyltransferases  (Heijenoort 2001; van Heijenoort 2001)    . The peptides are then added to the NAM sugar and crosslinked to adjacent peptide chains by transpeptidases, also known as penicillin binding proteins (PBPs) (Sauvage et al. 2008; Glauner et al. 1988; Zeng & in microbiology 2013)    . 
This is a dynamic structure where, as mentioned previously, it is in a constant state of synthesis and destruction to enable the cells natural life cycle including growth and replication, to occur. The enzymes that enable this are lystic transglycosylases and lysozymes. Tripeptide monomoers (muro-tri-peptides) are metabolites of the lytic transglycosylases and carboxypeptidases that break down the cell wall. These monomers are transported into the cell through membrane proteins (AmpG) to be recycled back into the PG.
Research surrounding PG monomers has shown that the PG is not limited to a role of structure and defence. It’s involvement in virulence being well established. Eukaryotic cells detect PG fragments as an indication of infection which initiates host immune response. It has also been shown that pathogens can use their PG muropeptides to enable infection. A muropeptide named “tracheal cytotoxin” (TCT) consisting of a pentapeptide NAG-NAM-L-ala-glutamic acid, mDAP-Dala-Dala has been found to be cytotoxic. The TCT muropeptide is usually recycled within Gram negative bacteria transported intracellularly through the AmpG transmembrane protein. In pathogens such as B.pertussis this is not recycled but released into the environment, and is expressed constitutively  (Mattoo & Cherry 2005)     . This muropeptide is responsible for a range of host interactions and virulence of the pathogen working in partnership with the B. pertussis endotoxin to destroy ciliated respiratory epithelial cells which results in the typical airway damage and pathology of whooping cough that this pathogen causes (Flak & Goldman 1999)    . In analogues of this muropeptide which lack DAP, the toxicity has been reduced implying structural dependence. TCT has since been blamed for the shedding of the fallopian tube cells by N.gonorrhoeae. Muropeptides are transferred into host cells by the pathogen from Helicobacter pylori and used by Shigella flexneri which subsequently leads to NOD-1 stimulation leading to inflammation  (Girardin et al. 2003; Viala et al. 2004; Cloud-Hansen et al. 2006)    .
Microbe-microbe interactions have been shown to be facilitated by muropeptides also. In symbiotic relationships PG has been shown to facilitate these relationships in such cases as Vibrio fischeri muropeptides being required for colonisation of the squid Euprymna scolopes (Koropatnick et al. 2004; Cloud-Hansen et al. 2006)    . During antibiotic attack on cells, muropeptides have been shown to act as signalling molecules indicating the presence of β-lactam antibiotics and induce a counter-response. 
Antibiotics of the β-lactam family (including penicillin) target this PG structure impeding its development leading to cell lysis and death. Β-lactam antibiotics inhibit PBPs, which are bacteria extracellular proteins involved in the biosynthesis of the PG. Specifically, these transpeptidase enzymes catalyse the formation of the amide bond between the amino acid side chains of the PG, inhibition of which results in disruption of PG biosynthesis. Muropeptides are a metabolite of β-lactam antibiotic inhibition of synthesis of bacteria PG due to the disruption in balance of synthesis and degradation of the PG. These muropeptides have been shown to promote expression of β-lactamase genes in the absence of antibiotics  (Zeng & in microbiology 2013)    . Β-lactamases are enzymes that inactivate β-lactam antibiotics by hydrolysis of the biologically active part of the antibiotic: the β-lactam ring. 
Location of these genes vary species to species with some in the genome and some on plasmids. Some are expressed constitutively and some are inducible. The mechanism of induction has only been uncovered relatively recently with most research investigating potential targets of this mechanism for disruption of the antibiotic resistance response, 
The specific muropeptides involved in this induction vary depending on Gram negative vs Gram positive bacteria but also within these categories. As the PG structure varies slightly between bacteria, so their muropeptides vary. What does seem consistent is that although it has been shown that the anhNAM-tripeptide formation has been shown to induce a response by transport into the cell and the anhMurNAc-dipeptide eliciting a response intracellularly after conversion by NagZ (Dworkin 2014; Jacobs et al. 1994)   . The most general difference observed between Gram negative and Gram positive muropeptide signalling fragments here is the difference of mDAP and LYS incorporation in the amide tail on the NAM (Figure 2‑23). The sequence generally consists of: L-ala – D-gultamine/isoglutamine – mDAP/LYS. 
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[bookmark: _Ref471231103][bookmark: _Toc514917742]Figure 2‑23 Structure of LYS and mDAP type PGN (Humann & Lenz 2008)
This is comparable to TCT, in the case of mDAP with the loss of the D-ala terminal amino acids. The lysine residue is often observed in coccoid gram positive organisms and mDAP is seen in Gram negative and many rod shaped Gram positive organisms (Humann & Lenz 2008; Jacobs et al. 1994)      .
AmpR is a transcription factor that is required for ampC β-lactamase gene expression. This is inhibited by the UDP-MurNAc-pentapeptide under normal conditions, and it is thought that upon presence of β-lactam antibiotics, the increase in anh-MurNAc-oligopeptides competitively binds and facilitates a comformational change of the TF, leading to induction of ampC expression (Jacobs et al. 1997)    . The AmpR transcription factor has been shown to not only regulate β-lactamase expression in P.aeruginosa but also virulence genes and quorum sensing which is interesting for cell-cell communication  (Kong et al. 2005; Balasubramanian & Kong 2011; Zeng & in microbiology 2013)    .

Summary
Acinetobacter baylyi ADP1 has great potential applications to synthetic biology in comparison to other model organisms such as E.coli due to its ease of handling, natural competency and versatility. The research into A.baylyi ADP1 over the past few years has progressed significantly, the genome has been sequenced, a library of knockout mutants have been made and DNA vectors have been engineered for use in A.baylyi ADP1 including a Biobrick forming plasmid. However, the characterisation of the organism in comparison to E.coli still has far to progress and to enable successful modelling of synthetic systems in A.baylyi ADP1 and potential new applications of synthetic biology in this organism, a comprehensive understanding of the bacteria is needed. The area of communication and gene control is not well understood in A.baylyi ADP1, thus far quorum sensing system hasn’t been characterised and the genetic control of other processes such as regulation of its antibiotic resistance gene haven’t been investigated. The investigation of this would enable future systems to be better modelled in this organism due to a better understanding of how A.baylyi ADP1 interacts with its environment.
As A.baylyi ADP1 was has been found in the water system, and is an environmental isolate as a whole, this organism has great application in the water and wastewater sector. It is a polyphosphate accumulating organism and so has great application to harvesting phosphate out of wastewater which is currently a problem for wastewater treatment companies and the environment. The intracellular processes aren’t characterised in A.baylyi ADP1 yet, and so an understanding of the role of potential polyphosphate associated genes would be invaluable. In drinking water there is a great application for a biosensor using A.baylyi ADP1 to enable better detection methods for pathogens in the system. Quorum sensing is a method of communication of bacteria with some biosensors being constructed which are able to detect specific organisms by their specific quorum sensing signalling molecule. What is lacking is the ability to modularly and easily create a biosensor for different organism quorum sensing signalling molecules. The design of new molecular systems and tools for A.baylyi ADP1 would be invaluable, not just for biosensor development but for other cloning work in the future.
Aims and Objectives
The aim of this work is to characterise A.baylyi ADP1 as a chassis for synthetic biology applications, specifically in relation to cell signalling and for use in the water environment by characterising phosphate accumulation in A.baylyi ADP1 and developing quorum sensing signalling molecule biosensor assembly strategies to detect pathogens in drinking water. The aims of this thesis are as follows: 
1. Characterise polyphosphate accumulation in A.baylyi ADP1 for applications in the wastewater industry to capture phosphate.
Characterisation of the polyphosphate accumulating intracellular system will be carried out by creating knockout mutants of putative polyphosphate associated genes relA, ppK and ppX in A.baylyi ADP1 and investigating the phenotypic differences here using growth and biofilm assays, settling assays and confocal microscope to visualise biofilm formation. Polyphosphate accumulation will be investigated using DAPI based assay to quantify intracellular polyphosphate.
2. The application of A.baylyi ADP1 as a chassis organism for a biosensor to detect pathogens in water will be investigated by development of an assembly method for a quorum sensing signalling molecule biosensor to detect pathogens in drinking water.
Assembly methods for biosensor constructs to detect quorum sensing signalling molecules in drinking water will be developed. These will be carried out using molecular techniques and A.baylyi ADP1 will be investigated for its applicability to a drinking water environment. We will design assembly methods for biosensor construction for quorum sensing signalling molecule detection in A.baylyi ADP1, outlining design of new constructs and vectors, increasing the toolkit available for easy assembly of constructs in this bacteria using Synthetic Biology principles. This will be designed for detection of two bacteria, Vibrio cholerae and Pseudomonas aeruginosa for use in A.baylyi ADP1 and the chassis will be tested for its persistence in a drinking water environment by investigating its resistance to free chlorine. The biosensor will need to persist in the presence of chlorine to enable the biosensor to function in a drinking water environment.
3. Characterise A.baylyi ADP1 as a chassis for synthetic biology by investigating its interaction with the environment, namely through quorum sensing and muropeptide detection. Characterising A.baylyi ADP1 interaction with its environment to allow better modelling and synthetic system design within this chassis organism.
The ability of A.baylyi ADP1 to interact with its environment will be investigated by production of knockout mutations in putative quorum sensing genes and investigating muropeptide detection in relation to antibiotic resistance gene expression control. Investigation into these signalling networks within A.baylyi ADP1, including quorum sensing and peptidoglycan muropeptide detection, will determine if it can detect other bacteria in its environment. This understanding of intracellular networks will allow the better design, development and application of synthetic systems in A.baylyi ADP1 in the future. In order to investigate this, knockout mutants will be made in putative quorum sensing genes and these will be analysed for phenotypic differences using biofilm assays. Expression control of antibiotic resistance genes will be investigated using qPCR to determine if other muropeptides can elicit a response by determining any expression changes in response to muropeptides added to the environment, or detection of self by addition of lysozyme or ampicillin.
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[bookmark: _Toc380484849][bookmark: _Toc368922656][bookmark: _Toc448231163][bookmark: _Toc512957202][bookmark: _Toc363565199]Strains, Plasmids and Primers
The following are lists of organisms and vectors used.
[bookmark: _Ref468985856][bookmark: _Toc448231124][bookmark: _Toc514917693]Table 3‑1 Bacterial strains used.
	Organism
	Temperature 

	Acinetobacter baylyi ADP1
	30°C (Donated by Dr. Paul Davison)

	Escherichia coli DH5α containing pTrc99A
	37°C (Donated by Prof. Bonnie Bassler, Princeton University USA)

	Escherichia coli DH5αlasR::lasI’::luxCDABE containing pSB1142 
	37°C (Donated by Prof. Paul Williams, Nottingham University, UK)

	Pseudomonas Aeruginosa PAO1
	37°C 

	Vibrio Harveyi BB170
	30°C (Donated by Prof. Bonnie Bassler, Princeton University, USA)

	Chromobacterium violaceum
	30°C 

	Chromobacterium violacium CV026
	30°C

	Staphylococcus epidermidis
	37°C (Donated by Dr. Graham Stafford at the University of Sheffield)

	Bacillus subtilis 168
	37°C (Donated by Prof. Anne Moir at the University of Sheffield)



[bookmark: _Toc448231125][bookmark: _Toc514917694]Table 3‑2 Plasmids used including organism, selection and origin.
	Plasmid
	Organism
	Antibiotic Resistance
	Where it’s from

	pBAD24
	E.coli
	Ampicillin
	Lab Strain

	PWH1274
	A.baylyi and E.coli
	Kanamycin
	Dr. Paul Davison, University of Sheffield

	pWH1274-TetR
	A.baylyi and E.coli
	Tetracycline
	Dr. Paul Davison, University of Sheffield

	pIM1441
	A.baylyi and E.coli
	Kanamycin
	Murin et al., 2012. AddGene

	pIM1463
	A.baylyi and E.coli
	Ampicillin and Spectinomycin
	Murin et al., 2012. AddGene

	pRSF-Duet1
	E.coli
	Kanamycin
	Lab strain


[bookmark: _Toc448231126][bookmark: _Toc514917695]Table 3‑3 Antibiotic concentrations used for selection
	Antibiotic
	Concentration (µg/ml)

	Ampicillin
	100

	Spectinomycin
	50

	Kanamycin
	50

	Tetracycline
	25 or 10


[bookmark: _Ref512780494][bookmark: _Toc380484850][bookmark: _Toc368922657][bookmark: _Toc363565200][bookmark: _Toc448231164]
Primers were designed either by hand, using Primer3 online software or using SnapGene software (Untergrasser et al., 2012; Koressaar & Remm, 2007). These were purchased from Eurofins Operon. A list of primers used can be found in the appendix 1.
[bookmark: _Ref514912223][bookmark: _Toc514917696]Table 3‑4  Primers used in Chapter 4
	Primer No.
	Primer Name
	Primer 5'->3' sequence

	1
	relaR2
	ccgcattttggtgtttgtggtggttgta

	2
	RelA 800 f
	gagctggcaatgggcga

	3
	PstI-RelA up f
	CTGCAGgagctggcaatgggcga

	4
	relaKANF2
	taggcatgcagcgctcttccgcttcctcgctcactgactcaccattctcctatggtgttg

	5
	RelA/GFP 800bp up r
	tccagtgaaaagttcttctcctttacgcataccattctcctatggtgttgtaactcatg

	6
	relaKANF3
	accattctcctatggtgttgtaactcatgtttttaatcg

	7
	GFP/RelA 800bp dwn f
	gggattacacatggcatggatgaactatacaaataataatcaacatatgtcagcctgcaattgcag

	8
	relaKANR2
	aaaagtgccacttgcggagacccggtcgtcagcttgtcgtagatctgttttatgacttat

	9
	relaKANR3
	cgattaaaaacatgagttacaacaccataggagaatggttagatctgttttatgacttat

	10
	NotI- RelA down r
	GCGGCCGCaggtcaaggcattggcgc

	11
	RelA60 800 r
	aggtcaaggcattggcgc

	12
	relaKF
	gcatatcgggttaagcttaaaggcgttt

	13
	ppxAR
	tggtcagatagataaaaggagtgtgta

	14
	PstI-ppx up f
	ctgcagaatatgtgaaacaatttctgttgccga

	15
	ppx 800 f
	gtgaaacaatttctgttgccgagc

	16
	PpxKANF2
	taggcatgcagcgctcttccgcttcctcgctcactgactcTATTGATATAAACCTTTATAAAATTCACGCTAAGATTAAT

	17
	ppxKANF3
	tattgatataaacctttataaaattcacgctaagattaat

	18
	GFP/ppx up r
	tccagtgaaaagttcttctcctttacgcattattgatataaacctttataaaattcacgctaag

	19
	RFP/ppx up r
	tttgataacgtcttcggaggaagccattattgatataaacctttataaaattcacgctaag

	20
	RFP/ppx down f
	taacgctgatagtgctagtgtagatcgcctcgatttggttaatttagggataatgctc

	21
	GFP/ppx dwn f
	ggattacacatggcatggatgaactatacaaataataactcgatttggttaatttagggataatgctc

	22
	ppxKANR2
	aaaagtgccacttgcggagacccggtcgtcagcttgtcgtctcgatttggttaatttagg

	23
	ppxKANR3
	attaatcttagcgtgaattttataaaggtttatatcaatatctcgatttggttaatttag

	24
	NotI - ppx r
	gcggccgcgttcatctgcatccatagcaag

	25
	ppx60 800 r
	gttcatctgcatccatagcaagca

	26
	ppxAF
	tttgaacaaacactccccatgcc

	27
	ppkAF
	gctatgcttttgttatacatggataagatttcgattagct

	28
	PstI-ppk up f
	ctgcagtggcatgaaaagatttattgttcgcg

	29
	pk60 800 f
	tggcatgaaaagatttattgttcgcg

	30
	ppkKANR2
	aaaagtgccacttgcggagacccggtcgtcagcttgtcgtgcgctaaccctatcctatga

	31
	ppkKANR3
	ttgattaaattttatgttcagaatgaaaaaaggatgcgctaaccctatcctatgatgcaa

	32
	GFP/ppk up r
	ccagtgaaaagttcttctcctttacgcatgcgctaaccctatcctatgatgcaa

	33
	BFP/ppk up r
	ctctttgatcagttcgctcatgcgctaaccctatcctatgatgcaa

	34
	ppkKanF2
	taggcatgcagcgctcttccgcttcctcgctcactgactctccttttttcattctgaaca

	35
	ppkKANF3
	tccttttttcattctgaacataaaatttaatcaatgtaga

	36
	GFP/ppk down f
	gcatggatgaactatacaaataataataccaaaataatatgacaaaaaaaggagtctttaaagactcc

	37
	BFP/ppk down f
	cctagcaagctgggtcataaactgaattaataataccaaaataatatgacaaaaaaaggagtctttaaagactcc

	38
	NotI-ppk dwn r
	gcggccgccctcttggggaacaagtggtag

	39
	ppk60 800 r
	cctcttggggaacaagtggtagc

	40
	ppkAR
	tcatcactttagatcataagcactaggacatt

	41
	KanR F
	gagtcagtgagcgaggaagcggaagagcgctgcatgccta

	42
	KanR R
	acgacaagctgacgaccgggtctccgcaagtggcactttt

	43
	rela seq 1 
	ctggattcaaacaacgatcgg

	44
	rela seq 2 
	gcttatgcagagcagcttc

	45
	ppk seq 1 
	gaaatggttcagcagttcatagc

	46
	ppk seq 2 
	gcgatgaagatggtatcattaacc

	47
	pWHseq1
	GAGACACAACGTGGCTTTC

	48
	pWHseq4
	GAAGGAGCTGACTGGGTTG

	49
	RFP/ppx f
	cttagcgtgaattttataaaggtttatatcaataatggcttcctccgaagacgttatcaaa

	50
	RFP/ppx r
	gagcattatccctaaattaaccaaatcgagttattaagcaccggtggagtgacgac

	51
	BFP/ppk f
	ttgcatcataggatagggttagcgcatgagcgaactgatcaaagagaacatgc

	52
	BFP/ppk r
	ggagtctttaaagactcctttttttgtcatattattttggtattattaattcagtttatgacccagcttgctagg

	53
	GFP/RelA f
	catgagttacaacaccataggagaatggtatgcgtaaaggagaagaacttttcactgga

	54
	GFP/ppx f
	cttagcgtgaattttataaaggtttatatcaataatgcgtaaaggagaagaacttttcactgga

	55
	GFP/ppk f
	ttgcatcataggatagggttagcgcatgcgtaaaggagaagaacttttcactgg

	56
	GFP/RelA r
	ctgcaattgcaggctgacatatgttgattattatttgtatagttcatccatgccatgtgtaatccc

	57
	GFP/ppx r
	gagcattatccctaaattaaccaaatcgagttattatttgtatagttcatccatgccatgtgtaatcc

	58
	GFP/ppk r
	ggagtctttaaagactcctttttttgtcatattattttggtattattatttgtatagttcatccatgccatgtgtaatcc



[bookmark: _Ref514894113][bookmark: _Toc514917697]Table 3‑5 Primers used in Chapter 5
	Primer No.
	Primer Name
	Primer 5'->3' sequence

	1
	YP_047090-SR F
	TAAAAATAAAGGGATGATAGAGGTTTTTGCCGACTACCTTGGTGA

	2
	YP_047090-SR R
	TTTTCTTAAAATAATTCTCACTTAAATGAGGGAAGCGGTGATCGC

	3
	YP_045866-TR F
	GTGCAAAAATTCGATCTGAAACATGATGAAATCTAACAATGCGCTCATCG

	4
	YP_045866-TR R
	TGTCCAAACTATCAAAAGTTGATTCTCAGGTCGAGGTGGCCCGGC

	5
	TetR-TCR f
	GTGCAAAAATTCGATCTGAAACATGATGAAATCTAACAATGCGCTCATCG

	6
	TetR-TCR r
	TCAGGTCGAGGTGGCCCGGCTGTCCAAACTATCAAAAGTTGATTC 

	7
	SpnR-TR f
	TAAAAATAAAGGGATGATAGAGGTTtttgccgactaccttggtga

	8
	SpnR-TR r
	TTTTCTTAAAATAATTCTCACTTAAatgagggaagcggtgatcgc

	9
	qPCR 16S rRNA forward 1
	TCCAGGTGTAGCGGTGAAAT

	10
	qPCR 16S rRNA reverse 1
	CTGTTTGCTCCCCATGCTTT

	11
	qPCR 16S rRNA forward 2
	CGGAATCGCTAGTAATCGCG

	12
	qPCR 16S rRNA forward 2
	CGGAATCGCTAGTAATCGCG

	13
	qPCR 16S rRNA reverse 2
	TGGTGCAACAAACTCCCATG

	14
	qPCR TR forward 1
	TGTGGTCGTTGAATTTGCTCA

	15
	qPCR TR reverse 1
	CAATTCTTCTTTTGCCATGCGG

	16
	qPCR TR forward 2
	TGAACGAGGTGAGGAGAGTG

	17
	qPCR TR reverse 2
	AAAATCTGCGCCAAGGTCTG

	18
	RT-PCR 16S forward 1
	TACAGAGGGTGCAAGCGTTA

	19
	RT-PCR 16S reverse 1
	GTAAGGTTCTTCGCGTTGCA

	20
	RT-PCR 16S forward 2
	CGTAGGCGGCCAATTAAGTC

	21
	RT-PCR 16S reverse 2
	TGTCAAGGCCAGGTAAGGTT

	22
	RT-PCR TR forward 1
	CCGCATGGCAAAGAAGAATTG

	23
	RT-PCR TR reverse 1
	CCACTGCCGTCCACTTTAAA

	24
	RT-PCR TR forward 2
	TTATTTGTAGTATTGCGCCGC

	25
	RT-PCR TR reverse 2
	ATTGTTTGCGCCCCACTG

	26
	EcoRI-Ptet
	GAATTCTCATGTTTGACAGCTTATCATCGATA

	27
	Ptet-RBSNdeI
	cattgtatatctcctGGGATATCCCGCAAGAGG

	28
	NdeI-CqsS
	GCCATatgattgtttcgatggacg

	29
	CqsS-PvuIHIII
	AAGCTTCGATCGttattacacccaagcagcaa

	30
	PvuI-RBS-NdeI-ATG LuxO f
	CGATCGaggagatatacatatgatgcaacacaaccaaagcct

	31
	LuxO-SacI-HindIII
	AAGCTTGAGCTCttattagcgctctttttctttttctttc

	32
	SacI-RBS-NdeI-ATG LuxU f
	AGGAGATATACATatgcgcgaatggattaatca

	33
	LuxU-x-P-PacI-StuI-BmgBI-HindIII
	aagcttGACGTGaggcctTTAATTAActgcagTCTAGAttattagcgcaagcttttattaatgg

	34
	EcoRI-PacI-Pqrr1
	gcGAATTCttaattaaTCTGCAAAGATTGATTATGTtgcatagc

	35
	Pqrr1-RBS-NdeI-ATG
	catatgtatatctcctatGTAATCAAGCACATATCGTGCcaactc

	36
	CAT-ATG Qrr1 gene
	CATatgtgcttgattactactgaccc

	37
	Qrr1-XbaI-PstI-StuI-BmgBI-HindIII
	AAGCTTgtgcagAGGCCTctgcagTCTAGAttattaaaaaaatagccaatagaatgagtctattgg

	38
	EcoRI-StuI-Ptet
	GAATTCAGGCCTTTGACAGCTTATCATCGATAAGCTTTAAT

	39
	Ptet-NdeI r
	cattgtataGGGATATCCCGCAAGAGG

	40
	21del Qrr QGFP f
	ggcacgatatgtgcttgattactgttgcagtcaaccgatccactatgcgtaaaggagaagaac

	41
	21del Qrr QGFP r
	gttcttctcctttacgcatgtaatcaagcacatatcgtgcc

	42
	22nQrr QGFP f
	ggcacgatatgtgcttgattactgttgcagtcaaccgatccactatgcgtaaaggagaagaac

	43
	22nQrr QGFP r
	gttcttctcctttacgcatagtggatcggttgactgcaacagtaatcaagcacatatcgtgcc

	44
	NdeI-GFP
	catATGCGTAAAGGAGAAGAACTTTTCACTGGAG

	45
	HindIII-BmgBI-PstI-Xba-GFP r
	AAGCTTgacgtgCTGCAGtctagaTGAGATCTGCAGCGGCCGCTA

	46
	BsaI Backbone FWD
	CTACCTCGGTCTCCaggctgaggCGAACGACA

	47
	BsaI Backbone REV
	CTACCTCGGTCTCCcactgactgCCTCAGCGAGATAC

	48
	BsaI P100 1 f
	TAGGTCCGGTCTCCTCACttgacggctagctcagtc

	49
	BsaI P100 1 r
	TAGGTCCGGTCTCCaatcatgctagcactgtacctagg

	50
	BsaI CqsS with RBS f
	TAGGTCCGGTCTCGgattaAGGAGAaaAGCTGatgattgtttcgatggacgtg

	51
	BsaI CqsS rev
	TAGGTCCGGTCTCGacccttattacacccaagcagcaac

	52
	BsaI LuxU w RBS f
	TAGGTCCGGTCTCGcgaaaAGGAGAaaAGCTGatgcgcgaatggattaatcag

	53
	BsaI LuxU rev
	TAGGTCCGGTCTCGAgcgcttattaatggaccagatcggaatagc

	54
	BsaI LuxO with RBS f
	TAGGTCCGGTCTCGgggtaAGGAGAaaAGCTGatgcaacacaaccaaagc

	55
	BsaI LuxO r
	TAGGTCCGGTCTCGttcgcgcatttattagcgctctttttctttttc

	56
	BsaI Term 1 f
	TAGGTCCGGTCTCCcgcTAATAAtcacactggctcaccttc

	57
	BsaI Term 1 r
	TAGGTCCGGTCTCCataataaaaaagccggattaataatctggc

	58
	BsaI Pqrr1 f
	TAGGTCCGGTCTCCttatttTCTGCAAAGATTGATTATGTTGC

	59
	BsaI Pqrr1 r
	TAGGTCCGGTCTCCtGTAATCAAGCACATATCGTGC

	60
	BsaI Qrr1 f
	TAGGTCCGGTCTCCTACatgtgcttgattactactgacc

	61
	BsaI Qrr1 r
	TAGGTCCGGTCTCCccagtgtgattattaaaaaaatagccaatagaatgagt

	62
	BsaI Term 2 f
	TAGGTCCGGTCTCGctggctcaccttcgggtg

	63
	BsaI Term 2 r
	TAGGTCCGGTCTCGcgtcaaaaataataaaaaagccggattaataatctgg

	64
	BsaI P100 2 f
	TAGGTCCGGTCTCGgacggctagctcagtcct

	65
	BsaI P100 2 b r
	TAGGTCCGGTCTCGCCTCTTTCTCgctagcactgtacctaggactgagc

	66
	EcoRI BS for qrr1 site and ADP1 RBS f
	gcatgaattcTGCAAAGGAGAATGGCTAGGCTatgcgtaaaggagaagaac

	67
	BS for qrr1 and RBS for cholera f
	gcatgaattcTGCAAAATAATATGGCTAGGCTatgcgtaaaggagaagaac

	68
	PstI GFP
	gccggactgcagcggccgcta

	69
	BsaI ADP1 GFP f
	TAGGTCCGGTCTCCGAGGATGCAAAGGAGAATGGCTAGG

	70
	BsaI CV GFP f
	TAGGTCCGGTCTCCGAGGATGCAAAATAATATGGCTAGGCT

	71
	BsaI GFP r
	taggtccggtctcctacttattatttgtatagttcatccatgcc

	72
	BsaI Terminator 3 f
	TAGGTCCGGTCTCTAGTAtcacactggctcaccttc

	73
	BsaI Terminator 3 r
	TAGGTCCGGTCTCGtcttaaataataaaaaagccggattaataatct

	74
	Backbone FWD
	CTTCCGTGGTCTCGtctagctaggctgaggCGAACGA

	75
	Backbone REV
	CTTCCGTGGTCTCGctgactgCCTCAGCGAGATAC

	76
	Ptet BBa FWD
	CTTCCGTGGTCTCGtcagtgttgacggctagct

	77
	Ptet BBa REV
	CTTCCGTGGTCTCGacggagctagcactgtacc

	78
	LasR FWD
	CTTCCGTGGTCTCCccgtccgAGGAGATCAGCTGa

	79
	LasR REV
	CTTCCGTGGTCTCCgcttttatcagagagtaataagaccca

	80
	Terminator 1 FWD
	CTTCCGTGGTCTCGaagcaagctcacactggctcac

	81
	Terminator 1 REV
	CTTCCGTGGTCTCGatacgtacgaaataataaaaaagccgga

	82
	BbsI PlasB f
	gctatcgaagacatcctaagatgcccctcgctgag

	83
	BbsI PlasB r
	atctaggaagacggcgatCtgctctgatcttttcgg

	84
	GFP FWD
	CTTCCGTGGTCTCCtggttggaggagatATGCGTAAA

	85
	GFP REV
	CTTCCGTGGTCTCCttgcttgcTTATTATTTGTATAGTTCATCCA

	86
	Terminator 2 FWD
	CTTCCGTGGTCTCGgcaatcacactggctcac

	87
	Terminator 2 REV
	tagaaataataaaaaagccggattaataatctggc

	88
	nt.BbvCI KanR for
	tagaccattgatcctcagcTTAGAAAAACTCATCGAGCATC

	89
	nt.BbvCI KanR rev
	tattgatggctgaggAAAGCCACGTTGTGTCT

	90
	nt.BbvCI pWH ori for
	atagaatgtcgacctcagcGATCGTAGAAATATCTATGATTATCTTGAA

	91
	nt/BbvCI pWH ori rev
	gagatagaggctgaggGGATTTTAACATTTTGCGTTGTT

	92
	nt.BbvCI pUC forward
	aactcgatagtatcctcagcTTTCCATAGGCTCCGCC

	93
	nt.BbvCI pUC rev
	cataactacgctgaggTTGAGATCCTTTTTTTCTGCG

	94
	nt.BbvCI LacZ f 2
	gtcaggcttatccGAATTCtcagcaGTCTTCGAGACCtttacagctagctcagtcctag

	95
	nt.BbvCI LacZ r 
	tgtatctcgctgagggaattcgtcttcGAGACCgagagcgttcaccgac

	96
	LacZ-ADP1 ori linker
	tcagcgagatacaatagaatgtcgacc

	97
	ADP1 ori - pUC ori linker
	tcagcctctatctcaactcgatagtatcc

	98
	pUC ori - KanR linker
	tcagcgtagttatgtagaccattgatcc

	99
	KanrR - LacZ linker
	tcagccatcaatagtcaggcttatcc

	100
	LacZ-EcoRI-BsaI-BbsI for
	gaattcGAGACCGTCTTCttgacggctagctcagt

	101
	LacZ - BbsI-BsaI-SphI rev
	gcatgcGAGACCGAGACCgtcttcgagagcgttcaccgac

	102
	pWH PstI BsaI BbsI insert
	gctctcGGTCTCgaagaccaattcctgcagGATCGTAGAAATATCTATGATTATCTTGAAG

	103
	KanR insert EcoRI BsaI BbsI
	tgtaaaGGTCTCTGTGAGAAGACtgctgaGAATTCAAAGCCACGTTGTGTCTCA




[bookmark: _Ref514913016][bookmark: _Toc514917698]Table 3‑6 Primers used in Chapter 6
	Primer No.
	Primer Name
	Primer 5'->3' sequence

	1
	ampC qPCR r
	agcttactcaccgaacccaa

	2
	ampC 1PCR f
	cggtcagcataaatgggcaa

	3
	qPCR RpoB f
	ggcggaaactgacaacttgt

	4
	qPCR RpoB r
	cccaatgctgatacacgacg

	5
	1855 qPCR r
	cagtaacggcatggtaagcc

	6
	1855 qPCR f
	ccagaatacggcgtgaatgg

	7
	sigA qPCR f
	CGGTATGTCGGACGCGGTATG

	8
	sigA qPCR r
	GCCTGTCTGATCCACCACGTAGC

	9
	penP qPCR f
	aactctgcgattcctggtga

	10
	penP qPCR r
	catgcgtttgtcagtcgtga

	11
	ybxI qPCR f
	tcgctcacaatatctccgct

	12
	ybsI qPCR r
	atcccatatcagtcaggcgg



[bookmark: _Toc512957203]Media
[bookmark: _Toc380484851][bookmark: _Toc368922658][bookmark: _Toc363565201][bookmark: _Toc448231165][bookmark: _Toc512957204]Luria-Bertani (LB) Broth
LB Broth was made using a ready mix powder from Sigma Cat# L3022-1KG. This consists of: 10 g/L Tryptone; 5 g/L Yeast Extract; 5 g/L NaCl made up with ultrapure water. For LB agar has an additional 15 g/L Agar added. Both of these are autoclaved to sterilise.
[bookmark: _Toc380484852][bookmark: _Toc368922659][bookmark: _Toc363565203][bookmark: _Toc448231166][bookmark: _Toc512957205]R2A Broth
R2A Broth was made using a ready mixed powder from LABM Cat# LAB203. It consists of: 0.05% Yeast Extract (0.5 g/L); 0.05% Proteose Peptone#3 (0.5 g/L); 0.05% Casamino Acids (0.5 g/L); 0.05% Dextrose (0.5 g/L); 0.05% Soluble Starch (0.05 g/L); 0.03% Sodium Pyruvate (0.3 g/L); 0.03% Dipotassium Phosphate (0.3 g/L); 0.005% Magnesium Sulphate (0.05 g/L) made up with ultrapure water.
[bookmark: _Toc380484853][bookmark: _Toc368922660][bookmark: _Toc448231167][bookmark: _Toc512957206]SOC Broth (Super Optimal Catabolite) repression medium
SOC Broth was made by adding the following in ultrapure water: 2% Bactotryptone; 0.5% Bacto yeast extract; 10 mM NaCl; 2.5 mM KCl; 10 mM MgCl2; 10 mM MgSO4; 20 mM Glucose. Sterilise by autoclave (Dower et al., 1988).
[bookmark: _Toc512957207]Minimal Media MA
To make MA minimal media the following was added to water up to 1L: 31 mM Na2HPO4; 25 mM KH2PO4;18 mM NH4Cl; 41mM nitrilotriacetic acid; 3µM FeCl3; 1µM MnCl2; 1µM ZnCl2; 0.3µM (CrCl3, H3BO3, CoCl2, CuCl2, NiCl2, Na2MoO2, Na2SeO3); 25 mM glycerol; 1 mM of the appropriate amino acid compound. This was autoclaved to sterilise and filter sterilised 2 mM MgSO4 and 0.45 mM CaCl2 were added to media (Sorci et al., 2010).
[bookmark: _Toc380484855][bookmark: _Toc368922662][bookmark: _Toc448231169][bookmark: _Toc512957208]M9 Media
5 x M9 was made using the following up to 1 L of water: 64 g Na2HPO4-4H2O; 15 g KH2PO4; 2.5 g NaCl. 1 X M9 was made by adding into up to 1 L of water: 200 ml of 5 x M9; 2 ml 1M MgSO4; 20 ml 20% glucose/0.4% Glycerol; 100 µl 1M CaCl2.
[bookmark: _Toc380484856][bookmark: _Toc368922663][bookmark: _Toc448231170][bookmark: _Toc512957209]AB (Autoinducer Bioassay) Media
AB medium contained: 0.3 M NaC1; 0.05 M MgSO4; 0.2% vitamin-free casamino acids (Difco) and pH was adjusted to 7.5 with KOH. This was sterilized by autoclaving and then 1 ml of 1 M potassium phosphate (pH 7.0), I ml of 0.1 M L-arginine (free-base) and 2ml of 50% glycerol were added per 100 ml of AB medium (Greenberg et al., 1979).
[bookmark: _Toc512957210]Nutrient Broth
Nutrient broth was made using a ready mixed powder from DIFCO BD™ 231000. It consists of: Beef extract 3g/L, Peptone 5g/L
Nutrient Agar was made using a ready mixed powder from DIFCO BD™ 212000. It consists of: Beef extract 3g/L, Peptone 5g/L, Agar 15g/L
[bookmark: _Toc448231171][bookmark: _Toc512957211]Synthetic Waste Water (SWWa)
Synthetic waste water (SWWa) was defined and communicated in person by Dr. Esther Karunakaran in our research group at the University of Sheffield to mimic waste water conditions (unpublished). This consists of the following per Litre dH2O:
0.81 ml acetic acid; 0.0245 g K2HPO4; 0.014 g KH2PO4; 0.16 g NH 4Cl; 0.6 g MgSO4.7H2O; 0.07 g CaCl2.2H2O; 0.01 g EDTA; 2 ML Trace mineral.
Trace mineral amounts per litre: 1.5 g FeCl3.6H2O; 0.15 g H3BO3; 0.03 g CuSO4.5H2O; 0.03 g KI; 0.12 g MnCL2.4H2O; 0.06 Na2MoI4.2H2O; 0.12 ZnSO4.7H2O; 0.15 g CoCl2.6H2O
[bookmark: _Toc380484857][bookmark: _Toc368922664][bookmark: _Toc448231172][bookmark: _Toc512957212]Growth and Storage of Organisms
Bacterial cells were grown at their appropriate temperatures outlined in Table 3‑1, with shaking at 150 rpm. Unless otherwise stated, starter cultures were made with 5 ml of media in a 50 ml Falcon tube incubated for up to 16 hours overnight (8-16 h). Bacteria were kept on agar plates at 4°C and kept for long term storage at -80°C with 15% glycerol.
[bookmark: _Toc380484858][bookmark: _Toc368922665][bookmark: _Toc448231173][bookmark: _Toc512957213]Measurement of Growth
The optical density was measured using a JENWAY 6305 spectrophotometer at an optical density of 600 nm. If readings went above 1 the solutions were diluted.
[bookmark: _Toc380484859][bookmark: _Toc368922666][bookmark: _Toc448231174][bookmark: _Toc512957214]CAI-1 expression and Isolation
Extraction method as outlined in  (Higgins et al. 2007)    . An overnight M9 starter culture of DH5α E.coli pTrc99A cells was grown at 37°C. This was used to inoculate 2.4 L of M9 and was incubated overnight at 22°C with agitation overnight. The culture was induced with 0.5 mM IPTG for 16 hours and the supernatant was then harvested by centrifugation at 10,000 x g for 60 sec and sterile filtration through a 0.22 µm filter. This was then extracted with 60% (v/v) dichloromethane in a separatory funnel. The organic phase was isolated and this was evaporated. CAI-1 activity was assayed with V.cholerae MM920. The fractions were resuspended at 5% in water:acetonitrile 2:1 mixture. This was added at 2% volume to the MM920 reporter strain. Starter cultures of the MM920 reporter strain was grown overnight for 8-16 hours. This was diluted 1:1000 in AB medium and incubated for 24 hours at 30⁰C with shaking recording luminescence using a TECAN 96 well plate reader.
[bookmark: _Toc380484860][bookmark: _Toc368922667][bookmark: _Toc448231175][bookmark: _Toc512957215]Solutions
[bookmark: _Toc380484861][bookmark: _Toc368922668][bookmark: _Toc448231176][bookmark: _Toc512957216]50 X TAE – 500 ml
50 x TAE was made up with: 121 g Tris Base (Trizma); 28.55 gl acetic acid; 9.3 g EDTA made up in 500 ml ultrapure water. 1 x TAE was made by diluting 10 ml in 500 ml water.
[bookmark: _Toc380484862][bookmark: _Toc448231177][bookmark: _Toc512957217]1000 x Calcium Hypochlorite
1 g/L Free chlorine solution was made by adding 1.47 g up to 1 L of ultrapure water.
[bookmark: _Toc380484863][bookmark: _Toc448231178][bookmark: _Toc512957218]1000 x Sodium Disulphite
A 1000 x solution of Sodium Disulphite was made to take 1 g/L of free chlorine from solution by adding 0.603 g up to 1L of ultrapure water. 
[bookmark: _Toc380484865][bookmark: _Toc368922670][bookmark: _Toc448231180][bookmark: _Toc512957220]Transformation
[bookmark: _Toc380484866][bookmark: _Toc368922671][bookmark: _Toc448231181][bookmark: _Ref512780795][bookmark: _Ref512780800][bookmark: _Ref512780824][bookmark: _Toc512957221]Transformation of Acinetobacter by culture
A 5 ml A.baylyi ADP1 culture was made in a 50 ml Falcon tube and usually left for 16 hours (8-16 hours) with shaking (150 rpm) at 30°C. 0.25 ml of this was used to inoculate 5 ml of fresh LB and agitated for 4 hours at 30°C. 5 µl of plasmid DNA was added to 1 ml of 4 hour grown ADP1 cells in a sterile 1.5 ml Eppendorf tube and continued shaking for 3 hours. 100 µl of this was spread onto agar plates with appropriate antibiotic selection and left overnight at 30°C without agitation. 
[bookmark: _Toc380484867][bookmark: _Toc368922672][bookmark: _Toc448231182][bookmark: _Toc512957222]Chemical Transformation
A 5 ml overnight of cells was made in a 50 ml Falcon tube and incubated overnight at the appropriate temperature with agitation (150 rpm). 1 ml of starter culture was used to inoculate 100 ml of LB broth and incubated at the appropriate temperature with agitation until the cell density reached mid-log growth phase (~0.6 OD600). This was then chilled on ice for 10 min. 
The cell suspension was spun for 5 min at 4,000xg at 4°C and the supernatant discarded. The cells were resuspended with 50 ml of 60mM calcium chloride and incubated on ice for 30 min. This was spun again and resuspended in 5 ml calcium chloride. 10-40 ng of DNA was added to 250 µl of competent cells and incubated on ice for 30 min. This was then incubated in a water bath at 42°C for 2 min and then back on ice for 5 min. 1 ml of SOC medium was added to the Eppendorf and this was incubated at 37°C for 1 hour with agitation. 100 µl was then spread on an agar plate with appropriate antibiotic and incubated overnight at the appropriate temperature. 
[bookmark: _Toc380484868][bookmark: _Toc368922673][bookmark: _Toc448231183][bookmark: _Toc512957223]Electroporation
A 5 ml overnight of cells was made in a 50 ml Falcon tube and incubated overnight at the correct temperature. Cultures were then diluted 1:100 with LB and grown to mid log phase (~0.6 OD600) and then chilled on ice for 20 min.
The cells were harvested by centrifugation at 4000 x g for 15 min. The pellet was resuspended with 50 ml H2O, and centrifuged. The pellet was resuspended with 25 ml H2O and centrifuged. The final resuspension was in 200 µl H2O (10% glycerol for storage at -80°C) and then kept on ice.
50 µl of competent cells were added to an Eppendorf containing 2 µl of DNA. These were mixed and transferred to a cuvette. These were electroporated with a pulse of 25 µFD, 200 Ω, 1.8 kV. Immediately 1 ml of LB was added to the cuvette, transferred to an Eppendorf and incubated at 30 °C with shaking for 1 hour. 100 µl was spread onto LB agar plates with the appropriate antibiotic and incubated overnight at 30 °C.
[bookmark: _Toc380484869][bookmark: _Toc368922674][bookmark: _Toc448231184][bookmark: _Ref512780828][bookmark: _Toc512957224]PCR
Specific PCR reaction varied depending on the polymerase used, and guidelines were followed from the suppliers. DNA polymerases used include Taq polymerase for colony screening and high fidelity polymerases such as Q5 High Fidelity Polymerase. PCR reactions were optimised for each reaction. An example of a set up can be seen below for Taq polymerase.
The following were mixed into 200 µl PCR Eppendorf tubes to a final volume of 50 µl


[bookmark: _Toc448231128][bookmark: _Toc514917699]Table 3‑7 PCR components.
	10 x CoralLoad PCR Buffer
	5 µl

	dNTP
	1 µl

	Primer A
	1 µl

	Primer B
	1 µl

	TaqPol
	0.25 µl

	RNAse free H2O
	Up to 50 µl

	DNA
	x µl                                                   ~200 ng (50-500)


PCR steps are shown below, unless stated this runs through 40 cycles.
[bookmark: _Toc448231129][bookmark: _Toc514917700]Table 3‑8 Steps involved in PCR cycle.
	94°C
	60 sec

	94°C
	30 sec

	Lowest primer Tm – 5 °C
	30-60 sec

	72°C
	30 sec/500 bp	

	Rep 30 (25-35 = 34 million-34 billion copies rep.)
	· 

	72 °C
	30 sec/500 bp

	Hold at 4 °C
	Days


The product was analysed with agarose gel electrophoresis. Usually a 1% gel (varied for sizes of amplicon) was made using 1 X TAE buffer with 0.2-0.5 µg/ml ethidium bromide. This was poured into a tray with comb and allowed to set for ~30 min. Once set, the gel was run at 100V in 1 X TAE buffer. Time depended on size of fragment, usually ~45-60 min. The gel was visualised with UV using UVP Biospectrum 410 Multispectral imaging system.
[bookmark: _Toc380484870][bookmark: _Toc368922675][bookmark: _Toc448231185][bookmark: _Toc512957225]qPCR 
[bookmark: _Toc368922676]RNA Extraction
The Bacterial Protect and “Qiagen RNeasy kit” was used according to manufacturer’s instructions for the extraction of RNA. Both lysozyme and proteinase K were used in the extraction protocols.
[bookmark: _Toc368922677]cDNA production
Applied Biosystems “High Capacity cDNA Reverse Transcription Kits” was used for cDNA formation according to manufacturers instructions:
[bookmark: _Toc448231130][bookmark: _Toc514917701]Table 3‑9 Components involved in reverse transcription in a 10 µl reaction.
	Component
	Volume/Reaction (µl)

	10x RT Buffer
	2

	25x dNTP Mix (100mM)
	0.8

	10x RT Random Primers
	2

	MultiscribeTM Reverse Transcriptase
	1

	RNase Inhibitor
	1

	Nuclease-free H2O
	3.2

	Total per Reaction
	10


[bookmark: _Toc368922678]qPCR
A 5 µM primer concentration was used for the qPCR. In each well of the 96 well plate the following was added:



[bookmark: _Toc448231131][bookmark: _Toc514917702]Table 3‑10 Components of qPCR in a 10 µl reaction.
	
	Per Well (µl)

	2x PowerSYBR Mix (Applied Biosystems)
	5

	Nuclease Free H2O
	3.5

	Primer mix (5µM)
	1

	cDNA (H2O for No Template Control)
	0.5


The plate was spun down, run for 1 min at 1000 x g to ensure all well constituents were at the bottom of the well. The equipment used was7900HT Fast Real-Time PCR System from Applied Biosciences. The thermal cycle was carried out as follows with a dissociation stage to ensure only one product is being formed by the qPCR experiment. Controls include no-reverse transcriptase controls and no cDNA controls to check for contamination and genomic DNA carry over. The conditions for qPCR are listed in Table 3‑11 below, repeated for 40 cycles. 
[bookmark: _Ref448229088][bookmark: _Toc448231132][bookmark: _Toc514917703]Table 3‑11 Reaction cycle of qPCR. This is repeated for 40 cycles.
	95 °C
	10 min

	95 °C
	15 sec

	60 °C
	1 min


Overlap Extension PCR
Overlap extension PCR was carried out using Q5 High Fidelity polymerase under suppliers instructions with annealing temperature and extension time optimisations for each product and primers set. The reactions were either carried out with two or three parts. Primers were designed with overhangs that overlapped onto the adjacent parts. First each part is amplified out by PCR and purified by gel extraction. The product of this are then added to a new PCR reaction in equimolar amounts in the absence of primers. This is run for 15 cycles. Primers were either added straight to this reaction mix or (more successfully) 5 ul of this reaction is used as template in a new PCR mix including primers at terminal ends of the anneal product desired. This is amplified for a further 20 cycles and purified using gel extraction.
[bookmark: _Toc512957226]Molecular Biology
Assembly of DNA parts was most commonly carried out as follows:
[bookmark: _Toc512957227]Plasmid Isolation
Plasmids were isolated using both Qiaprep Spin Miniprep Kit (Qiagen CAT#: 27104) and ISOLATE II Plasmid Mini Kit (Bioline CAT# BIO-52056) following product instructions. 
[bookmark: _Toc512957228]Restriction Digests
Restriction digestion and ligation are methods used to manipulate DNA and insert genes into vectors. Table 3‑12 below shows the standard method to carry out a restriction digest.
[bookmark: _Ref448229104][bookmark: _Toc448231133][bookmark: _Toc514917704]Table 3‑12 The constituents and conditions of the restriction digest.
	DNA
	1 µg

	10 x NEB Restriction Buffer
	5 µl

	Restriction Enzyme
	1 µl (10 units)

	H2O
	Up to 50 µl

	Incubation
	1 hour (temp depends on enzyme)

	Inactivation
	65/80 °C 20 min


[bookmark: _Toc368922680][bookmark: _Toc448231187][bookmark: _Ref512780838][bookmark: _Toc512957229]DNA Isolation from Agarose Gel
Isolation of the fragments was achieved using electrophoresis. Gels usually consisted of 1% agarose and 1XTAE buffer with 0.2-0.5 µg/ml Ethidium Bromide. This was poured into a tray with a comb and allowed to set. The gel is run at 100V for 45-60 min depending on the size of the DNA fragments. The gel is viewed with long wave UV to minimise DNA damage. The band of interest is extracted and transferred to an Eppendorf tube using a scalpel. Gel Extraction kit (Qiagen) is used according to the kit instructions.
[bookmark: _Toc368922681][bookmark: _Toc448231188][bookmark: _Toc512957230]Ligation Reaction
The gel extraction of the vector and the insert are then ligated together. This is done in a 20 µl volume reaction, the constituents are outlined below in Table 3‑13.
[bookmark: _Ref448229129][bookmark: _Toc448231134][bookmark: _Toc514917705]Table 3‑13 Constituents and conditions of the ligation reaction.
	Vector DNA
	50 ng

	Insert DNA
	50 ng

	10 x Ligase Buffer
	2 µl

	T4 DNA ligase
	1 µl

	Nuclease free H2O
	Up to 20 µl

	Incubation
	2 hours @ 25°C

	Inactivation
	No heat inactivation. Store -20°C/transform.


The ligated plasmid DNA was chilled on ice and 1-5 µl was used to transform 50 µl competent cells as described in section 2.8.
[bookmark: _Toc380484872][bookmark: _Toc368922682][bookmark: _Toc448231189][bookmark: _Toc512957231]Growth Curves
Growth curves were carried out to determine how A.baylyi ADP1 copes with conditions of varying chlorine concentrations. 
[bookmark: _Toc380484873][bookmark: _Toc368922683][bookmark: _Toc448231190][bookmark: _Toc512957232]Chlorination of media using 
Chlorination of media was carried out as it would in water treatment. The media was hypochlorinated to 1 mg/L free chlorine concentration using 1000 x dilution of Calcium hypochloite (section 2.4.2) and dechlorinated to the range of free chorine concentrations desired using 1000 x dilution of sodium disulphite (as in Section 2.4.3.) for the concentration of free chlorine that needs to be removed. For example, for a final free chlorine concentration of 0.3 mg/L, 0.7 mg/L needs to be removed and so to a 10 ml volume, 7 µl was added. 
[bookmark: _Toc380484874][bookmark: _Toc368922684][bookmark: _Toc448231191][bookmark: _Toc512957233]Free and Total Chlorine Assays
Free and Total chlorine assays were carried out to determine the concentration of free and total chlorine in the samples to ensure the correct concentrations of chlorine were being used. DPD Free Chlorine Reagent and DPD Total Chlorine Reagents (HACH Permachem Reagents, Cat#21055-28; Cat#21056.28 respectively) were used for this. The mechanism of this reaction is that the DPD indicator molecule (N,N-diethyl-p-phenylenediamine) is oxidised by chlorine and as a result forms a pink colour. In the case of total chlorine measurements, the combined chlorine present in solution will oxidise iodide present in the reagent and this will oxidise DPD giving a signal.
[bookmark: _Toc368922685][bookmark: _Toc448231192][bookmark: _Toc512957234]Free chlorine standard curve.
Eight 10 ml samples of ultrapure water were taken in 50 ml Falcon tubes. To this dilutions were made using chlorine standards (HACH product# 2630020). The dilutions were 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.1 and 1.3. To these samples, one pillow of DPD Free Chlorine Reagent (HACH) was added and immediately the OD530 measurement was taken and plotted on a graph. This was later used to determine what concentrations of chlorine were present in samples.
[bookmark: _Toc380484875][bookmark: _Toc368922686][bookmark: _Toc448231193][bookmark: _Toc512957235]Growth Curve Conditions
5 ml cultures were grown overnight in the desired media. The culture was diluted to an OD600 of 0.02 and 100 µl was added to each well to be used of a 96 well plate. Wells were loaded to allow 3 samples of ADP1 to be present for each chlorine concentration or change of condition. To these wells, 100 µl of media/chlorinated media was added to the culture (so total volume of 200 µl is achieved). This was inserted into the TECAN Genios 96 well plate at a temperature range of 28-32 °C with agitation and absorbance measured at 595 nm. This whole process was repeated 3 times for each condition, such as media type or chlorination method to ensure 3 technical repeats were carried out.
[bookmark: _Toc380484880][bookmark: _Toc368922691][bookmark: _Toc448231198][bookmark: _Toc512957236]CAI-1 Detection Fluorescence Assays
E.coli pTrc was grown as outlined previously. 20 µl of the supernatant and 180 µl of the biosensors were added to wells of a 96 well plate in triplicate. These were incubated either for 1 hour at 30°C with shaking and then fluorescence was measured using the TECAN Genios 96 well plate reader using 580nm emission and 340nm excitation filters, or the incubation and half hourly fluorescence measurements were carried out in conjunction in the TECAN plate reader over a 6 hour period under the same conditions.
[bookmark: _Toc448231199][bookmark: _Toc512957237]Biofilm assay
[bookmark: _Toc448231200][bookmark: _Toc512957238]96 well plate assay
The method published by  (O’Toole 2011)    .  The cultures are inoculated into 5 ml media and grown overnight. These are diluted to 0.1 OD600 with the same media. 200 µl of culture were added to each well of a 96 well plate and incubate for 24 hours at 30⁰C. Wells are then washed by emptying plates of fluid and then washed by submerging upright in ultrapure water, tap out excess mixture and repeating. Then, 300 µl 1% crystal violet is added to each well and incubated at room temperature for 20 min. Wells are washed by repeating previous wash steps, The plate is left upside down at room temperature overnight to dry. 300 µl 33% acetic acid is added to each well and incubated at room temperature for 5 min. Each well is re-suspended to make homogenous mixture and absorbance is measured at 595 nm using TECAN 96 well plate reader. 
[bookmark: _Toc512957239]Confocal Microscope
Starter cultures of A.baylyi ADP1 and mutants were grown overnight in the appropriate media at 30⁰C for 8-16 hours with shaking. The cultures were diluted to an 0.1 OD600 of A.baylyi ADP1 culture and 20 ml added to a Falcon tube. Glass slides were inserted into these Falcon tubes and the top of the liquid reached approximately half way up the glass slide enabling formation of air-liquid interface biofilms. The biofilm was grown on these glass slides in LB for 72 hours and SWWA for 48 hours at 30⁰C in static conditions.
The slides were removed from carefully remove from Falcon tubes places into petri dishes. These were stained with DAPI of a 50µg/ml final concentration for 10 minutes. The majority of the DAPI was removed by pipetting and water added to allow visualisation. The DAPI stained biofilm was imaged using the upright Leica SP2 (Leica microsystems) confocal laser scanning microscope using the 405 nm UV laser and X63 water immersion objective.
[bookmark: _Toc512957240]Polyphosphate Extraction and Detection
[bookmark: _Toc512957241]Polyphosphate extraction
Collect cells by centrifugation at 10,000 x g for 15 min and supernatants were disgarded. Pellets were resuspended in 50 µl of 1M H2SO4 and incubated for 5 min at room temperature. This was then neutralised with 50 ul of 2M NaOH and 100 µl of 1M Tris Buffer (pH7.5). Pellets were harvested by centrifuging at 10,000 x g for 20 min at 4 °C. Pellets were resuspended with 600 µl 6M NaI.
Solutions were added to QIAQuick PCR Purification column and wash twice with buffer (10mM Tris Buffer pH7.5, 50% ethanol, 1mM EDTA and 100mM NaCl). Polyphosphate was eluted in 50 µl H2O.  (Kulakova et al. 2011; de Almeida et al. 2015) 
[bookmark: _Toc512957242]DAPI Staining of Extracted PolyP
100 µl DAPI Assay buffer (150mM KCl, 20mM HEPES-KOH (pH&) and DAPI solution final conc 10uM) to 50 µl PolyP extract. This was incubated for 10 min at RT. Polyphosphate was measured using a TECAN plate reader at wavelengths ex405nm em530nm or a FLUOstar by BMG Labtech fluorescence plate reader at wavelengths ex410nm and em530nm.  (Kulakova et al. 2011) 
[bookmark: _Toc512957243]DAPI staining no extraction
Cell pellets were harvested by centrifugation at 10,000 x g for 15 min at 4°C. Cells were resuspended inn 50mM HEPES buffer (pH 7.5) and snap frozen in liquid nitrogen. Cells were left to thaw at room temperature (about 21°C). Pellets were resuspended in DAPI assay buffer and incubated for 10 min at room temperature. Polyphosphate was measured using a TECAN plate reader at wavelengths ex405nm em530nm or FLUOstar by BMG Labtech plate reader at ex410nm and em530nm. (Grillo-Puertas et al. 2012)     
[bookmark: _Toc512957244]Nitrocefin β-lactamase Assay
Nitrocefin was diluted in phosphate buffer to a 10mM 10x stock solution to be added to cultures. This is applied to liquid cultures (1 ul/1 ml, working concentration 50 ug/ml) in the microbial safety cabinet and colour change is then observed using a TECAN Genios 96 well plate reader at 490nm.



[bookmark: _Toc512957245]Results - Applications of Acinetobacter baylyi ADP1 to Synthetic Biology in Waste Water Treatment
Wastewater treatment typically involves the reduction of nitrogen and phosphorus content in the wastewater before release of the effluent water into surface water bodies such as rivers and lakes. Inadequate treatment of wastewater results in an increase in the nitrogen and phosphorus content of surface waters, which in turn leads to eutrophication. Eutrophication poses a severe risk to public health, is aesthetically unpleasant and results in reduction in the value of the site if used, for example, for recreational activities. Therefore the social and economic costs of wastewater treatment failure are high.
The presence of phosphate in water effluent has increased over recent years due to an increase in the use of detergents with high phosphate content from domestic and industrial sources. Large contributions also include agricultural runoff and untreated (or partially treated) urban wastewater. The current methods of maintaining low phosphate levels in water involve either chemical or biological methods. Chemical removal is by precipitation of phosphate using metal ions, commonly aluminium, iron and calcium in the form of lime. This process is highly efficient however, is expensive due to high costs and also poses a risk of discolouration of the water. The biological method – enhanced biological phosphorus removal (EBPR) - involves the use of phosphate accumulating organisms (PAOs) to extract the phosphate from the wastewater and store it as polyphosphate (polyP) within the cells. Changes in the intracellular levels of polyP has been linked to phenotypic effects such as biofilm formation, aggregation, motility and stress tolerance in Escherichia coli and Pseudomonas aeruginosa. 
Acinetobacter baylyi ADP1 is a natural phosphate accumulating organism, repeatedly isolated from many EBPR systems around the world. However, the optimal conditions required for phosphate uptake in A. baylyi ADP1 are as yet unknown as the polyP accumulation pathways are not well characterised in this organism. In addition, the phenotypic manifestations of changes in intracellular polyP levels have not yet been studied. This lack of understanding precludes the use of synthetic biology to create efficient phosphate accumulators and the effective design of EBPR systems and so characterisation of this in A.baylyi ADP1 would be invaluable.
[bookmark: _Toc512957246]Aims and Objectives
The aim of this chapter, was to investigate three genes of interest (GOI) suggested by sequence homology to function in polyP accumulation and degradation in A. baylyi ADP1. The three genes investigated in this chapter include:
· PpK: a polyphosphate kinase enzyme that catalyses the reversible transfer of a phosphate from ATP to form a long chain of phosphates called polyP  (Geißdörfer et al. 1998)    . 
· PPX: an exopolyphosphatase that catalyses the removal of sequential phosphate monomers from the end of polyP polymers  (Kornberg 1999)    . 
· RelA: uses polyP to synthesise guanosine 3’, 5’-bispyrophosphate (pppGpp) during amino acid starvation. This is a transcriptional regulator that is expressed under stress conditions, eg. amino acid starvation (Sugisaki et al. 2013)    .
The aim of this chapter will be achieved through the following objectives
1. Create loss of function mutants for the three GOI.
2. Investigate the phenotypes – growth, polyP accumulation, biofilm formation, biofilm confluence and morphology – of the loss of function mutants in two different media – LB and SWWA.
3. Create markerless mutants of the three GOI.
4. Create fluorescently labelled mutants to follow gene expression in situ in biofilms.
It is envisioned that the outcome of this investigation would provide the fundamental information necessary to design and develop an efficient phosphate accumulator using synthetic biology, which can be applied to novel EBPR systems.
[bookmark: _Toc512957247]Creation of polyphosphate related mutants using Kanamycin resistance selection
Loss of function mutants were attempted by replacing the relA, ppk and ppx genes with kanR, kanamycin resistance cassette. This was done by recombination of the KanR cassette with 800-1000bp homologous A.baylyi ADP1 genomic regions either side of the gene to be knocked out as previously outlined in Metzgar (et al. 2004).
The homologous ends were generated by PCR amplifying the sequences that flank the gene of interest (GOI) with overhangs on the 5’ end of the PCR primers which overlap with the fragment to insert, in this case a Kanamycin resistance cassette. These are then annealed together, overlap PCR is carried out to assemble the three fragments together to form a single linear DNA fragment that will be recombined into the A.baylyiADP1 genome in place of the GOI (Figure 4‑1).
[image: ]
[bookmark: _Ref470992255][bookmark: _Toc514917743]Figure 4‑1(A) Overlap Extention PCR for producing gene knockouts  (Heckman & Pease 2007)     
These linear fragments were constructed, consisting of upstream of GOI-KanR-downstream of GOT, they were transformed into A.baylyi ADP1 taking advantage of its natural competency and this is recombined into the genome.
First Escherichia coli DH5α cells containing pRSF-Duet1 were grown and a plasmid mini preparation was carried out using Bioline ISOLATE II Plasmid Mini Kit to harvest the vector containing the Kanamycin resistance cassette. This was used as the DNA template for a PCR reaction using Q5 high fidelity DNA polymerase to minimise mutations in the PCR product as the first part of a 3 part overlap extension PCR. This was done using primers 41 and 42 (Table 3‑4). A genomic extraction was carried out for A.baylyiADP1 using Bioline ISOLATE II Genomic DNA kit following kit instructions and this was used as the DNA template to amplify out the flanking regions of the GOIs using the overhangs. The overhang sequences go up to the start codon and finish at the stop codon of the coding sequence of the GOI. This allows the kanR gene to be inserted directly into the orientation of the GOI. These were amplified out using primers relA: 1+4, 8+12, ppx: 13+16, 22+26, ppk: 27+30, 34+40.
These were then joined together by overlap extension PCR using primers relA:1+12, ppX: 13+26, ppK: 27+40  to amplify out the final product as shown in Figure 4‑2.
[image: ]
[bookmark: _Ref466556996][bookmark: _Toc514917744]Figure 4‑2ppX-kanR construct formation. A shows the stages of assembly, first assembling two parts and then adding a third. Gels show each of the three parts B, C and D amplified out by PCR then overlap extension of the PPX-up and KanR in E, followed by assembly of the whole insert in F in a final overlap PCR. In each round the gel extracted PCR product was used as template. PCR primers used are relA:1+12, ppX: 13+26, ppK: 27+40 Table 3‑4.
Initially OEPs using all 3 parts in one reaction was attempted, however after multiple attempts a 2 step OEP of the 3 parts was carried out and proved successful as shown in Figure 4‑2. This means instead of attempting to join all three parts together in one OEP reaction, two parts were first joined together, run and extracted from an agarose gel using BiolineISOLATE II Gel and PCR kit and then this was used with the third part to make the final construct. These linear fragments were then transformed into A.baylyi ADP1 either by incubation or electroporation transformation methods. These both involve the linear construct being incorporated into A.baylyi ADP1 by homologous recombination; electroporation tends to give a higher yield.
Transformants were selected for on agar plates containing Kanamycin (Kan) and successful colonies of ∆relA::kanR, ∆ppK::kanR and ∆ppX::kanR were then checked for incorporation of the fragment. This was done by PCR, using primers 100bp further into genome than the homologs overlapping regions are in the linear fragments to ensure they have been inserted into the correct place. A PCR check using a forward and reverse genomic primers were used to discern between successfully incorporate knockout and wildtype. Primers were made ~100bp up stream of the primers used for creating the knockouts so location of the mutation in the genome can be observed. Primers to check for insertion were relA: 43+44, ppK: 45+46. These were also checked with a genomic primer and a KanR specific primer to show incorporation of the KanR cassette using (relA:41+44, ppK: 41+45). Positive colonies were selected and taken forward for experimental analysis.
[image: ]
[bookmark: _Toc514917745]Figure 4‑3  PCR check of ppk::kanR and relA::kanR mutants where (A)relA::kanR successful knockout expected size of 4099bp and wildtype 5340bp with genome forward and reverse primers (43+44). (B) ppK::kanR successful mutant 2924bp with kanR construct and 5340bp in wildtype with genome forward and reverse primers (43+44). (C) relA::kanR and ppk::kanR PCR checks using KanR forward and a genomic reverse (relA: 41+44, ppK: 41+45) giving relA:2502bp and ppK:2346bp giving no amplification in WT.
Mutants made using this method were ∆relA::kanR and ∆ppK::kanR. Despite numerous attempts and redesigning primers, a ppX mutant wasn’t successful.
[bookmark: _Toc512957248]Comparative Phenotypic Analysis of wildtype and polyP mutants
The phenotypic effects of the ppK and relA gene knockouts were analysed in two culture media that differed in their composition, 1) a typical high nutrient medium, LB and 2) a defined medium titled Synthetic wastewater (SWWA) with acetate as a carbon source. The SWWA was carefully designed to reflect typical nutrient availability and chemical characteristics (pH and salinity) of UK wastewater. The carbon:nitrogen:phosphorus ratio in the SWWA is set to be 100:5:1 which translates to a weight ratio of 800 mg/L COD: 40 mg/L ammonia-N: 8 mg/L inorganic phosphorus (Karunakaran, unpublished).   
[bookmark: _Toc512957249]Growth Analysis of wildtype, ΔrelA::kanR and Δppk::kanR
Growth assays were performed to investigate if the gene knockouts affected growth. A.baylyi ADP1 cells were grown overnight in the appropriate media. The optical density of the starter culture was measured and diluted in media to 0.1 OD600. 200 µl of these cultures were then added to 96 well plates and a growth curve was carried out in the TECAN plate reader at 30°C for 24 hours with shaking, the results of which can be using LB media (Figure 4‑4) and SWWA (Figure 4‑5), representing three replicates; maximum growth rates are shown in Table 4‑1.
[image: ]
[bookmark: _Ref470808266][bookmark: _Toc514917746]Figure 4‑4 Growth curves of wildtype (ADP1) and ∆relA::kanR and ∆ppK::kanR in LB medium. Error bars show standard deviation.
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[bookmark: _Ref470808289][bookmark: _Toc514917747]Figure 4‑5 Growth curves of wildtype (ADP1) and ∆relA::kanR and ∆ppK::kanR in SWWA medium. Error bars show standard deviation.




[bookmark: _Ref470954715][bookmark: _Toc514917706]Table 4‑1 Specific growth rates of A.baylyi wildtype and mutants
	A.baylyiADP1
	Figure 4‑4 specific growth rate in LB 
(hour-1)
	Figure 4‑5 specific growth rate in SWWA (hour-1)

	Wildtype
	0.44±0.02
	0.289±0.01

	ΔrelA::kanR
	0.44±0.01
	0.255±0.03

	ΔppK::kanR
	0.47±0.01
	0.304±0.07


±depicts standard deviation and statistical analysis was performed using one-way ANOVA.
Growth rates were calculated in the exponential phase of growth for each organism, to determine if the gene knockouts had an effect on growth. This was done by plotting the data in lnOD and the growth rate was calculated from two points in the linear portion of the curve by using r = (ln [OD2/OD1 ]) / (T2-T1). The rates were not statistically different when analysed with one-way ANOVA and visually the growth rates appear comparable.
[bookmark: _Toc512957250]Biofilm formation of wildtype, ΔrelA::kanR and Δppk::kanR
Biofilm development was then investigated to determine if this was affected by the gene knockouts. A detailed description of the biofilm assay used can be found in Materials and Methods. Briefly, 200 µl of 0.1 OD600 bacterial cultures were added toeach well of a 96 well plate. These were incubated at 30°C statically for 24 hours. These were then subsequently washed in ultrapure water twice and stained with crystal violet. These were then washed and left at room temperature until dry. Wells were then incubated in 300 µl of 33% acetic acid for 5 min, homogenised and analysed on the TECAN at a wavelength of 595nm. Results shown in Figure 4‑6Figure 4‑7 represent three replicates and 12 technical replicates per biological replicate. This is because the nature of the biofilm assay has high variability and increasing the number of technical repeats will reduce the variability of the assay and be more representive of the sample.


[image: ]
[bookmark: _Ref470898903][bookmark: _Toc514917748]Figure 4‑6 Bar chart showing crystal violet biofilm assay measurements of wildtype (ADP1) and mutants in LB media. Analysis ANOVA P<0.01. TTest *<0.05.
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[bookmark: _Ref470898906][bookmark: _Toc514917749]Figure 4‑7 Bar chart showing crystal violet biofilm assay measurements of wildtype (ADP1) and mutants in SWWA media. Analysis ANOVA P<0.01. TTest *<0.05.
Here it can be seen that both ∆relA::kanR and ∆ppK::kanR produced significantly lower OD595 measurements in SWWA, indicating less biofilm was formed by these mutants compared to with WT. Given that the growth rate is the same across the wildtype and mutants in SWWA, the reduction in the biofilm phenotype maybe due to changes in polyP mediated biological processes that mediate biofilm formation and not simply due to a difference in the growth rate. 
[bookmark: _Toc512957251]Polyphosphate Accumulation
The ability to accumulate polyphosphate was then investigated. The method was developed from previous papers and is outlined in detail in Materials and Methods section. Briefly this consisted of staining planktonic cells by initially harvesting cells by centrifugation at 10,000 x g for 15 min at 4⁰C. The pellets were then washed with HEPES buffer, snap frozen in liquid nitrogen and allowed to thaw at room temperature. Pellets were resuspended in DAPI assay buffer, incubated for 10 min. Fluorescence was measured using a TECAN 96 well plate reader at 405 nm excitation and 530nm emission.
The DAPI-PolP complex is excited at 415nm and emission is at 550nm. At these wavelengths free DAPI and DAPI-DNA complexes have low activity and so interference in the polyphosphate reporting from these are low (Diaz & Ingall 2010)    .  Initially a TECAN 96 well plate reader with ex 405 nm em 530 nm was used, the emission spectra is broad for DAPI-PolyP so it was thought these wavelengths would suffice for polyphosphate detection. However, the assay didn’t report any fluorescence higher than the background of the DAPI dye. When observing the samples under simple UV light, fluorescence could be seen indicating DAPI dye was working, in this environment fluorescing at all states including free and DAPI-DNA. It was thought that the lack of signal could be due to the wavelength being too far from 415 nm the excitation wavelength of the DAPI-polyphosphate complex. To investigate this this experiment was repeated using a FLUOstar by BMG Labtech plate reader which had a filter closer to the excitation wavelength at 410 nm and emission 535 nm.
The fluorescence readings were once again not significantly different to the background DAPI fluorescence. This could still be due to a difference in wavelength emission and excitation, however the possibility of the DAPI staining of the polyphosphate itself not being effective was a possibility investigated. To investigate this, polyP extraction was carried out. Briefly, planktonic cells underwent centrifugation at 10,000 x g for 15 min to pellet the cells. This was resuspended in sulphuric acid and neutralised with sodium hydroxide and Tris buffer. This was then centrifuged again and resuspended in sodium iodine. The polyphosphate was harvested on a QIAQuick PCR Purification column (Qiagen), treated with DNase and eluted in 100 µl of water. These are loaded into 96 well plates, along with polyphosphate standards, they were stained with DAPI assay buffer and measured using a FLUOstar by BMG Labtech plate reader.
Fluorescence levels of both the samples and positive controls were still no higher than the background DAPI levels. This implies that the staining or detection is the problem and another quantification method would need to be used when taking this work further.
[bookmark: _Toc512957252]Creation of Markerless Phosphate Related Mutants
To enable investigation of the mutants in real wastewater experiments markerless mutants would be needed as this would negate the need for kanamycin addition which may affect the natural consortia in the wastewater. Creating markerless mutants would also allow the formation of multiple gene knockout mutants to investigate combination effects. They would also allow the complementation using a marked plasmid to determine if phenotype can be reinstated by reintroducing the gene(s). These also ensure that the effect of the knockouts in the growth and biofilm studies carried out in this project were due to the effect of gene loss rather than possible polar effects, and so markerless mutants were developed.
DNA constructs were created using the same techniques used to create the kanR knockouts previously shown in Figure 4‑1 andFigure 4‑2. The difference here is rather than three fragments being annealed together (two flanking regions of the GOI and the kanR gene), only the flanking regions are adjoined. 
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[bookmark: _Toc514917750]Figure 4‑8 Schematic of overlap PCR for markerless mutations. Here a PCR overhang on one fragment matches the second fragment and this is used to primer the initial step of the overlap PCR reaction. This is then PCR amplified outwith PCR primers at each end of the construct.
These were made by overlap PCR and the PCR products were used were transformed into A.baylyi ADP1 mutants ∆relA::kanR and ∆ppK::kanR by electroporation and selected for by replica plating. These PCR fragments were inserted into the pWH1274 plasmid for storage. This was achieved by usingprimers with PstI and NotI on the ends of the primers (relA:3,  , ppK: 28, 38, ppX: 14, 24).
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[bookmark: _Toc514917751][bookmark: _Ref466558229]Figure 4‑9  PCR gel showing amplicification of pWH1274 containing relA (851bp), ppx (854bp) and ppK (871bp) markerless mutant fragments. These were amplified out with primers (relA:6+48, ppK: 31+48, ppX: 17+48), forward on pWH1274 backbone and reverse on the within the insert. This was run with Generuler 1kb DNA ladder. 

[bookmark: _Toc514917707]Table 4‑2 Knockouts of A.baylyi ADP1
	A.baylyi ADP1 Transformed
	Knockout Made
	Type of Knockout
	Selection

	WT
	∆relA::kanR
	Kanamycin Resistance
	Kan LB Agar Plate

	∆relA::kanR
	∆relA
	Markerless
	Replica Plate onto Kan LB Agar

	WT
	∆ppK::kanR
	Kanamycin Resistance
	Kan LB Agar Plate



[image: ]
[bookmark: _Ref466563677][bookmark: _Toc514917752]Figure 4‑10 ΔrelA mutant confirmation by PCR using primers 12+2, amplifying the insert. This produces a 4138bp fragment in WT and 1795 bp in ΔrelA mutant. These PCRs were not run at the same time but indicate insertion into the genome by sizes produced.
The transformants were diluted 1 in 100,000 and spread onto LB agar plates to ensure distinct colonies were formed after spreading and not a lawn. These were then replica plated onto kanamycin containing plates as shown in Figure 4‑10. Any colonies absent from the antibiotic plate after replica plating, indicates a successful recombination event, due to the Kanamycin resistance gene having been removed. These colonies from the first plate were re-streaked onto LB agar plates with and without Kanamycin to determine if these are truly not kanamycin resistant and then PCRs were carried out in the same fashion as checking the kanR knockouts to check validity. A successful mutant was created and checked using primers that bind 100bp outside of the region of recombination using primers 12+2, shown in Figure 4‑10..
Due to the nature of this method, not many cells out of the whole transformation mix can be screened for successful recombination of the linear fragments as this needs to be diluted in order to create distinct colonies to inspect rather than a lawn of bacteria. This is compared to direct selection of mutants on plates containing a selection such as Kanamycin, where only one successful colony out of the whole transformation needs to be present. Comparably fewer cells can be screened and so only these ∆relA mutant was successful here.
[bookmark: _Toc512957253]Growth analysis of ΔrelA::kanR and ΔrelA.
The phenotypic effects of the ΔrelA and ΔrelA::kanR gene knockouts were analysed in a comparative manner as with the previous analysis. This was to ensure the kanR expression wasn’t causing effects in the phenotypic analysis of the knockout mutants. LB and SWWA with acetate as a carbon source. Both wildtype and,∆relA and ∆relA::kanR mutants were grown overnight and growth assays were carried out as previously described, results show 3 replicates  (Figure 4‑11Figure 4‑12).  
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[bookmark: _Ref470872718][bookmark: _Toc514917753]Figure 4‑11 Growth curves of wildtype, ∆relA::kanR and ∆relA in LB media.
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[bookmark: _Ref470872727][bookmark: _Toc514917754]Figure 4‑12 Growth curves of wildtype, ∆relA::kanR and ∆relA in SWWA media.


[bookmark: _Toc514917708]Table 4‑3 Table 1-3 Specific growth rates of A.baylyi ∆relA::kanR and ∆relA
	A.baylyiADP1
	Figure 4‑11 specific growth rate in LB 
(hour-1)
	Figure 4‑12 Specific growth rate in SWWA 
(hour-1)

	ΔrelA::kanR
	0.437±0.01
	0.255±0.03

	ΔppK::kanR
	0.467±0.02
	0.321±0.06


±depicts standard deviation and statistical analysis was performed using one-way ANOVA.
The growth rate was determined by plotting the measurements on a log scale and taking two measurement points in the exponential growth phase, one (N) at t1 and another (N0) at t0 and inputting these measurements into the equation: µ=(lnN-lnN0)/(t1-t0). Growth rate was not affected by the markerless knockout in either LB undefined media, or the SWWA defined media with no statistical differences seen when analysed with one-way ANOVA. This indicates that in the ΔrelA::kanR mutant, the KanR did not introduce polar effects that might have affected the phenotypes.
[bookmark: _Toc512957254]Biofilm formation of ΔrelA::kanR and ΔrelA
It was investigated whether the kanamycin resistance gene introduced any significant polar effect on the results from the biofilm assays. These were carried out in LB and SWWA as described previously in this chapter.
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[bookmark: _Ref470810006][bookmark: _Toc514917755]Figure 4‑13 Bar chart showing biofilm comparison of wildtype, ∆relA::kanR and ∆relA in LB medium. No statistical differences seen when  using one-way ANOVA
[image: ]
[bookmark: _Ref470810009][bookmark: _Toc514917756]Figure 4‑14 Bar chart showing biofilm comparison of wildtype, ∆relA::kanR and ∆relA in SWWA medium. Statistical analysis with one-way ANOVA and TTest *p<0.05
As can be seen in Figure 4‑13Figure 4‑14, biofilm formation in ΔrelA was comparable and not statistically different to ΔrelA::kanR and so significantly different to ADP1 wildtype. This indicates that the kanamycin resistance cassette wasn’t causing the phenotypic differences observed and rather indicates that the decrease in biofilm formation is a result of the loss of the relA gene. 
[bookmark: _Toc512957255]Biofilm confluence and morphology
Biofilms formed by A.baylyi ADP1 and the knockout mutants were investigated using a confocal microscope. This allows the visualisation of the biofilm by staining cells with DAPI and an inspection of bacterial biofilm morphology. DAPI binds DNA and the resulting fluorescence is detected and imaged. To do this, cells were inoculated at 0.1 OD600 into Falcon tubes containing media and a microscope slide stood vertically, passing through the air-liquid interface where A.baylyi ADP1 biofilms form. These were incubated without shaking at 30°C for 72 hours in LB and 48 hours in SWWA. The difference in culture time was to allow biofilms to mature sufficiently in the different media. The slides were removed and stained with DAPI, then excess staining buffer was removed and water was added to visualise using the confocal microscope. The images represent 3 biological replicates, taking at least 2 images per biofilm analysed (Figure 4‑15Figure 4‑16).
Images were analysed using ImageJ software to assess the cell number difference by comparing average brightness of images relative to background. The background was measured by taking a minimum of 9 sample readings of the background of the image and subtracting this from the total brightness of the image, results can be seen in Figure 4‑17 Figure 4‑18.
[image: C:\Users\Elizabeth\Pictures\Confocal LB.png]
[bookmark: _Ref470996692][bookmark: _Toc514917757]Figure 4‑15 Comparison of the biofilm morphology of A.baylyi ADP1 (A) wildtype, (B) ∆ppK::kanR, (C) ∆relA::kanR and (D) ∆relA grown for 3 days in LB

[image: C:\Users\Elizabeth\Pictures\SWWa.png]
[bookmark: _Ref470996696][bookmark: _Toc514917758]Figure 4‑16 Comparison of the biofilm morphology of A.baylyi ADP1 (A) wildtype, (B) ∆ppK::kanR, (C) ∆relA::kanR and (D) ∆relA grown for 2 days in SWWA.
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[bookmark: _Ref470956289][bookmark: _Toc514917759]Figure 4‑17 Scatter plot of relative pixel brightness of A.baylyiADP1 in LB Black bars indicate mean, error bars show standard deviation. Statistically no difference using one way ANOVA
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[bookmark: _Ref470956292][bookmark: _Toc514917760]Figure 4‑18Scatter plot of relative pixel brightness of A.baylyi ADP1 in SWWa Black bars indicate mean, error bars show standard deviation. Statistically no difference using one way ANOVA
In the confocal images in figures Figure 4‑15 and Figure 4‑16, we can see visually that the wildtype A.baylyi ADP1 has a larger amount of biofilm on the glass slide surface than the mutants tested which agrees with the microtitre biofilm plate assays carried out in SWWa previously. This is interesting as this appears to confirm the findings found in the previous method and also, the material in the microtitre plate is hydrophilic plastic and the substrate here is hydrophilic glass and so a change of surface hasn’t appeared to have affected the biofilm forming ability. However, in the microtitre plate assays carried out in LB medium, there wasn’t statistical difference between the wildtype and mutants, but observationally in these images there appears to be difference. This could be that the material has an effect on formation when the biofilms are grown in rich media.
To quantify this observation, the images were analysed with ImageJ to calculate the image brightness which relates to the DAPI staining of the biofilm. Image  brightness readings there is no statistical difference in the biofilms formed between the wildtype and the mutants. However, as the measurements have a large range, a scatterplot has been shown of the readings taken to visualise spread with the mean and standard deviation represented by black bar and error bars respectively (Figure 4‑17Figure 4‑18). It can be seen that the cluster of results for ADP1 biofilms seem to produce brighter images on the confocal than the mutants with a few outliers causing the averages to increase. In SWWA all biofilms seem comparable apart from the ΔrelA::kanR mutant, which has the majority of the brightness readings at or near to 0, indicating a poor biofilm former. These observations of the scatter plots are not statistically relevant and so to support these observations further investigation would need to occur.
When carrying out the experiments it could be seen that biofilm formation in the ∆ppK::kanR, ∆relA::kanR and ∆relA mutants was not predominantly at the air-liquid interface as the wildtype A.baylyi ADP1 forms, but was rather at the bottom of the glass slides (images in appendix 1 for reference). When applying the stain and washing the slides for visualisation of the biofilms on the confocal microscope, many of these cell clumps were washed away from the slide. This was seen to be more apparent in the mutants compared to wildtype, with wildtype seeming having a stronger adherence of its biofilm.
To investigate the reason for the cell aggregation at the bottom of the glass slides rather than at the air-liquid interface which is where A.baylyi ADP1 would normally form biofilms, settling assays were carried out to discern if mutants settled in culture more than wildtype. Settling will be higher in strains that preferentially form aggregates. This would be a useful trait for the mutant to have for use in the context of settling or sceptic tanks where settling rather than surface accumulating would be more beneficial. In the settling assay, cells were grown in static conditions at 30°C for 3 days for LB and 2 days for synthetic wastewater in 50 ml FALCON tubes. Cell densities were measured by taking readings at OD600 using a spectrophotometer at the culture surface and then the culture was mixed by shaking to disperse aggregates. This was done by taking samples from the surface of the liquid without agitation and then homogenising the culture by gently inverting the tube. Percentage ratios were calculated from these readings with a 100% total OD600 value indicating a completely homogenous culture with no settling. The graph represents three biological replicates (Figure 4‑19Figure 4‑20).
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[bookmark: _Ref470957129][bookmark: _Toc514917761]Figure 4‑19 Comparison of relative percentage of OD600 at surface of culture compared to whole culture OD600 in LB. Error bars show standard deviation of replicates, *P<0.05 analysed by one-way ANOVA and TTest
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[bookmark: _Ref470957131][bookmark: _Toc514917762]Figure 4‑20 Comparison of relative percentage of OD600 at surface of culture compared to whole culture OD600 in SWWA.Error bars show standard deviation of replicates, ANOVA showed no significant differences.
It can be seen from these figures that in Figure 4‑19, ADP1 wildtype and the ΔppK::kanR mutant have the lowest fraction of cells at the surface of the culture in the settling assay, indicating that the majority of the cells were settled from the surface. This indicates that ΔrelA knockout mutants are in a more homogenous mixture within the culture and ADP1 and Δppk::kanR have settled more. Statistically the ∆relA gene knockout had the most homogenous culture with an average of 70% and ΔrelA::kanR 46.4% of the total cell OD600 being measured at the very cell surface in LB. When this is compared to growth in SWWA minimal media, all ADP1 WT and mutants have no statistical difference. 
[bookmark: _Toc512957256]Fluorescently labelled mutants
It is possible to visualise localised gene expression using the confocal laser scanning microscope (CLSM) by incorporation of fluorescence genes. This is possible as the confocal microscope can take Z-stacking images, the biofilm can be visualised through many different layers. This would be interesting to investigate because any localised gene expression within the biofilm could be determined by imaging of fluorescent gene expression. This would also allow visualisation of live cells, rather than live and dead. And allow gene expression to be followed in situ in biofilms.
To enable this, rather than a kanamycin resistance cassette being in place of the ppx, ppk or relA genes, a fluorescent gene can be inserted by the same method as described earlier in this chapter. This gene would be under the control of the native promoter and so expression of the fluorescent gene (and so the presence of fluorescence) would occur as induction of expression of ppx, ppk or relA would have in wildtype A.baylyi ADP1.  To this end, constructs were designed to produce knockouts with fluorescence; the following constructs were made using methods previously described in this chapter.




[bookmark: _Ref470957484][bookmark: _Ref470957445][bookmark: _Toc514917709]Table 4‑4 Fluorescent KO constructs
	GOI
	Fluorescence labels
	Primers Used

	relA
	GFP
	2,5,7,11, 53,56

	ppK
	GFP 
BFP
	29, 32, 36, 39, 55, 58
29,33,37,39, 51, 52

	ppX
	GFP
RFP
	15,18,21,25,54,57
15,19,20,25, 59, 50



The fluorescence genes were chosen as their emission spectra are spread so that minimal signal noise would be seen using the confocal microscope as their excitation and emission wavelengths dispersed. 
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[bookmark: _Toc514917763]Figure 4‑21 Gels of the successful overlap PCRs for the fluorescent gene constructs.These are relA-GFP-relA:2320bp, ,ppX-RFP-ppX: 2306 bp, ppX-GFP-ppX: 2320bp, ppK-GFP-ppK: 2320bp
The constructs for formation of these mutants have been constructed by overlap PCR, save for ppK-BFP-ppK, ready for continuation in future work from this project,

[bookmark: _Toc512957257]Discussion and Future Work
Within this chapter, knockout mutants of two polyphosphate associated genes have been produced and analysed for their growth, biofilm and settling capability. This is interesting in the context of waste water treatment plants as polyphosphate removal is located in sludge and so the ability to settle and form biofilms in comparison to wildtype ADP1 is of interest.
It has been observed that there was no effect on mutant growth detected over a period of 24 hours, however biofilm formation of the mutants was impacted when cultured in synthetic waste water observed in the crystal violet assays (Figure 4‑6Figure 4‑7). Biofilms are known to form as a response to stress, this can be seen in nutrient starvation both in the literature and in the experiments shown in this chapter  (Landini 2009; O’Toole & Stewart 2005)    . In Figure 4‑6Figure 4‑7, it can be seen that there was no difference in biofilm formation of the mutants and wildtype when grown in LB, however the amount of biofilm recorded as OD595 for A.baylyi ADP1 was on average more than the mutants in the SWWA minimal media in the crystal violet assays. 
In the case of the PPK mutant, it has been previously reported that knockouts of this gene in Escherichia coli have left the resulting mutant unable to withstand stationary phase for a long period of time due to an inability to cope with stress. This is due to their inability to express RpoS, the Sigma factor for RNA polymerase  (Kornberg 1999)   . The growth experiments carried out here were terminated after 24 hours, resulting in these experiments not being long enough for differences in the stationary/death phases of the mutants to be observed. However, the lack of biofilm formation compared to wildtype could be argued to be a result of the frailty of these cells caused by this, rather than necessarily an inability to form them. This would mean there are fewer cells present to initiate a biofilm.
It would be interesting to investigate if this characteristic of ppk mutants is observed in A.baylyiADP1 wildtype, as it has been reported in E.coli. This could be achieved by carrying out viability assays after culturing cells in stationary phase for varying lengths of time, both in shaking and static cultures. It would also be interesting to see if replacement of the gene gives back wildtype activity. This could be achieved by transforming a plasmid containing the PPK gene into Δppk::kanR mutants and observing the phenotype.
The relA mutants also produced significantly less biofilm than the wildtype. RelA has been shown to produce pppGpp signalling molecule which is associated with the induction of biofilm formation as a transition from growth phase, when limiting environments are reached, such as nutrient and amino acid deficiency  (Sugisaki et al. 2013)   . Therefore the outcome of a lack of relA expression, as there is in the relA knockout mutants produced here, would be for less biofilm recorded which was confirmed in the crystal violet biofilm assays.
Observing the biofilms using the confocal scanning laser microscope (CSLM) showed that ADP1 produced more biofilm with greater adhesive qualities, although these were not shown to be statistically more, only observationally. When extracting the glass slides from the cultures in order to wash and stain with DAPI to visualise on the CSLM, it could be seen that large amounts of cell material had formed on the glass from the mutants (appendix). This biomass was observed, not at the air liquid interface, but at the bottom of the glass slide. This is interesting as the A.baylyiADP1 wildtype forms biofilms at the air-liquid interface and so this was in contrast to WT. However, upon gentle washing, or even simply by applying the DAPI staining buffer, this biomass was quickly washed off. It was evident that these were aggregates rather than true biofilms. This could explain the difference in results across the crystal violet and CSLM methods for biofilm study, as the crystal violet method contains more vigorous washing steps than was used for sample preparation for the CSLM. Aggregates would not have been included in the crystal violet study, as these would be washed away in the washing steps. However due to the careful nature in which the glass slides needed to be handled, there is risk of aggregate carryover. 
To ensure that the difference in biofilm formation observed wasn’t due to a difference in material that the biofilms were being formed on, 6 well plates were loaded with cultures and incubated for 72 hours (LB) and 48 hours (SWWA). These produced similar results with respect to the biofilms being washed off and not being able to be visualised effectively using the CSLM.
PPK has been identified as essential for quorum sensing and biofilm formation in Pseudomonas aeruginosa  (Rashid et al. 2000)    . It was shown that knockout mutants of the ppk gene were unable to produce mature biofilms due to pili attachment being impaired. The development of the biofilm was immature, not containing cell clusters and water channels as the wildtype did, but rather appearing as a sheet over the surface. This was determined to be due to both an inhibition of adhesion by pili and also a lack of quorum sensing by the P.aeruginosa due to the knockout. Polyphosphate degradation has been shown to initiate biofilm formation in E.coli through the quorum sensing pathway (LuxS;  (Grillo-Puertas et al. 2012)   . As the ppK gene encodes for a polyphosphate kinase, the lack of PolyP accumulation in the cell would hamper the cell’s ability to quorum sense. In the confocal images here it can be seen that where biofilms were observed in the ppk mutant often sparse with some rod chains, compared to the wildtype which contained regions of what appeared to be multi-layered biofilm (Figure 4‑15Figure 4‑16). This offers an alternative explanation to the poor biofilm forming phenotype of the ppk mutant; firstly a disruption in the ability to perform the initial adherence by pili to the surface to initiate biofilm formation and secondly a potential disruption of quorum sensing ability leading to decreased biofilm maturity. This may explain why aggregates were observed but not a competent biofilm. Research into A.baylyi ADP1 quorum sensing is limited and currently not very well understood. Further research into this potential relationship of polyphosphate and an A.baylyi ADP1 quorum sensing network would be of great interest.
An interesting application of the CSLM mentioned here is the visualisation of biofilm by inserting fluorescent genes in the knockouts. This would enable live cell detection using the microscope, whereas here the DAPI binds to DNA and so indicates presence of cells without distinguishing between live and dead, for which constructs to produce these mutants have been created for this work to be carried forward. 
The expression of fluorescent genes under the native promoters of the polyphosphate GOIs would also allow localised gene expression to be visualised. This would be of interest to discover if different biofilm maturity stages or locations expressed the GOIs. The fluorescence KOs could be used in growth assays; as cells reach the stationary stage, these could be left to grow and expression detected to investigate the hypothesis that ppk expression in A.baylyi ADP1 reflects that found in E.coli, in late stationary phase. If ppx mutants are also successfully created, it can also be investigated if expression is in the log phase as has been reported in E.coli previously  (Kornberg 1999)    . 
The settling assays (Figure 4‑19Figure 4‑20) were carried out to investigate if the difference in location of biofilm formation indicated the mutants were better settlers than the wildtype. This would be of interest as part of the wastewater treatment is a settling tank and so bacteria that were able to settle out of solution well, would aid this process. Also, in countries with less developed water treatment processes, where sceptic tanks are often used, the ability to settle rather than form biofilms at the surface could be beneficial. The A.baylyi BD4 parent strain is a better settler than ADP1 and so a replenishment of this phenotype could be useful.
Interestingly the relA mutants settle less in LB media than WT or ΔppK, however this difference was not observed in SWWA. In the context of wastewater treatment, settling is an essential aspect, where the mixed liquor is allowed to settle, biological material is tapped off to be recycled or taken through waste avenues, and the water is taken for further treatment. If the bacteria are good settlers, this works well with the current treatment process. As A.baylyi ADP1 is a strict aerobe, biofilms formed at the air-liquid interface are preferable for the concentration of dissolved oxygen to be at its greatest however it was observed here that relA mutants have an even greater ratio of cells at the culture surface in LB. 
It has been observed in Bacillus subtilis that relA mutants form unchained, motile cells  (H. M. Rashid et al. 2000)    . This is a result of a lack of stringent response caused by the deletion of this gene. If this is reflected in A.baylyi ADP1 ΔrelA mutants, this could explain the larger ratio at the cell surface in the relA mutant; although A.baylyi is a non-motile bacteria, more cell twitching may lead to a higher ratio of cells at the surface. However, in the confocal images, chains of A.baylyiADP1 could be observed contrary to what was reported for B.subtilis and so this phenotype may not translate to A.baylyi ADP1 (Figure 4‑15 C and D, and Figure 4‑16 C and D).
Under conditions of low nutrient and amino acid availability, it has been shown in E.coli that pppGpp is produced in higher quantities which signals the stringent response. This switches the cell from a state of growth, DNA replication and cell division to a state or conservation, biofilm formation and an increased tolerance to cell stress  (Dalebroux et al. 2010; Potrykus et al. 2011)    . The major producer of pppGpp is reported as RelA; this may explain the results seen in the settling assay, whereby no stringent response signal was produced and so increased growth and cell division compared to wildtype may have occurred. This would mean that the cells were continuing to grow at the cell surface at the time of sampling, rather than forming biofilms and going into a state of conservation. It has been shown previously that bacteria overexpressing relA are more permissive in batch conditions when nutrient availability decreases over time and so creation of A.baylyi ADP1 strains that overexpress relA would be of interest for phenotypic analysis  (Hofmann et al. 1990)     In line with the results shown here, we would expect the mutant to be slow growing. 
Ultimately, investigations into polyphosphate accumulation are of interest. Assays were attempted here, both with cell staining and cell extraction, however the results showed no difference in DAPI-polyP fluorescence than background for the sample extraction. This could be a result of sample preparation, however different preparation methods were used and no alteration in signal was seen and also positive polyP controls didn’t induce a change in signal. More likely, it could be the detection method, and a more accurate excitation and emission wavelength should be used. In place of a DAPI stain to indicate presence and quantify polyphosphate, other methods that could be used include TolueneBlue O, and enzymatic assays.
The enzymatic assay involves using PPK with ADP present in abundance. PPK adds a Pi to ADP to form ATP and the amount of ATP produced is measured. As the ADP is in abundance, the conversion of ADP-> ATP is inhibitied by polyP depletion (Trelstad et al. 1999)    . This method only detects above a Pi chain length of 22 (whereas DAPI detects from 15) but it is very sensitive. Another method available is Toluidine Blue O which has a bigger range than the enzymatic assay, but isn’t as sensitive. Quantification can be carried out by measuring a metachromatic shift of toluidine blue from 630-530 nm using a spectrophotometer (Nikel & Chavarría 2013)    . Both of these techniques are shown to be more sensitive than DAPI, where Toluidine Blue detects 100 pMpolyP and DAPI detecting µM amounts. The reason DAPI was chosen, was it has been widely reported as a successful polyphosphate dye and detection method and can detect short chain polyphosphates (Diaz & Ingall 2010)    . Using these methods with the current extraction techniques would indicate where the problem with the polyphosphate quantification lay.


[bookmark: _Toc512957258]Results – Synthetic Biology Applications of Acinetobacter baylyi ADP1 to Drinking Water Biosensor
Pathogen detection is important to ensure harmful biological contaminants don’t spread through the population. 
Table 1. List of top 15 bacterial human pathogens
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Methods for detecting pathogens are broad but typically include detection of microbes or associated biochemicals using techniques such as cell culturing, colony count and PCR methods (Leonard et al., 2003). These have been improved over the years and can be specific, quantitative and qualitative, and cheap; however these can be time consuming taking up to 16 days to receive a results. Biosensors are another method used currently to detect pathogen contamination. Biosensors are composed of a detection element to determine if a substance is present in the environment, a response element, be this visual, chemical or electrical etc and finally, all biosensors must include a biological component (Su et al., 2011). This component can be biological parts such as antibodies, proteins or DNA (Killard et al., 2000; Lin et al., 2003; Zang et al., 2012) up to whole cells (Hofmann et al., 2013). Biosensors used currently for pathogen detection include techniques such as FRET and surface plasmon responance (Jung et al., 2010; Lazcka et al., 2007). These methods are reliable and accurate but are also slow, some costly, and require expertise in molecular biology to carry them out. Synthetic biology attempts to address these issues by standardisation of assembly of genetic parts to form constructs.
[bookmark: _Toc512957259]A.baylyi ADP1 as a chassis for a drinking water biosensor
The end purpose of the biosensor is to be used in the field to detect pathogens in drinking water. For this reason, the biosensor needs to be able to function in the presence of the constituents of water. One of the main additions to drinking water that will affect bacteria is the presence of the disinfectant chlorine, and so growth experiments in the presence of a range of concentrations of chlorine were carried out. In the process of water treatment and distribution, water is hypochlorinated to ~1 mg/L chlorine by a range of avenues, one being by the use of calcium hypochlorite. The water is then dechlorinated to an average of 0.55 mg/L (0.2-1 mg/L) free chlorine using sodium bisulphate (WHO, 1996). 
A.baylyi ADP1 cells were grown overnight in the appropriate media and diluted to 0.02 OD600. 100 µl of the diluted ADP1 cells were added to wells in a 96 well plate. Calcium hypochlorite was made up to 1g/L free chlorine in solution and added to the appropriate media as a 1 in 1000 times dilution. This was then dechlorinated to give a range of concentrations of free chlorine using sodium disulphite to twice the desired concentration of free chlorine. 100 µl of the chlorinated media was added to the ADP1 containing wells.

[bookmark: _Ref470811635][image: ]
[bookmark: _Toc514917764]Figure 5‑1 A.baylyi growth in the presence of chlorine in LB. The optical density (OD595) of A.baylyi ADP1 grown in LB media measured at 595 nm on the TECAN plate reader at different concentrations of chlorine over 24 hours. Error bars show SD.
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[bookmark: _Ref470811648][bookmark: _Toc514917765]Figure 5‑2 A.baylyi growth in the presence of chlorine in R2A. The optical density (OD595) of A.baylyi ADP1 grown in R2A media measured at 595 nm on the TECAN plate reader at different concentrations of chlorine over 24 hours. Error bars represent SD
[bookmark: _Toc514917710]Table 5‑1  Growth rates of A.baylyi ADP1 in chlorine concentrations
	Free Chlorine concentration (mg/L)
	
Figure 5‑1 max growth rate OD600/hour
	Figure 5‑2 max growth rate OD600/hour

	ADP1 only
	0.386
	0.407

	0
	0.328
	0.498

	0.3
	0.366
	0.508

	0.55
	0.351
	0.468

	0.7
	0.374
	0.428

	1
	0.354
	0.455


The growth rate was determined by plotting the measurements on a log scale and taking two measurement points in the exponential growth phase, one (N) at t1 and another (N0) at t0 and inputting these measurements into the equation: µ=(lnN-lnN0)/(t1-t0). The growth rate of A.baylyi ADP1 in R2A media in the presence of chlorine appeared slightly delayed in comparison to non-chlorinated media, however the maximum rate of growth are comparable. The growth rates don’t significantly change with different concentrations of chlorine which is surprising as the concentrations used should put stress on the cells and effect growth.
To investigate if the media was quenching free chlorine, DPD Free Chlorine Reagent was used to create a standard curve with known amounts of chlorine (Sigma). Chlorine standards were bought from HACH at a known concentration of 26.7 mg/L. This was then diluted in water to a range of concentrations. The DPD Free Chlorine Reagent was then added to a 10 ml sample of this chlorine range and optical density (OD) was measured using a spectrophotometer at 530 nm. These readings were used to create a standard curve from which concentrations of free chlorine from unknown samples could be calculated.
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[bookmark: _Ref450644127][bookmark: _Toc514917766]Figure 5‑3 Free Chlorine Standard Curve
An absorbance to free chlorine concentration standard curve depicted by the equation “y=0.2157x + 0.0036”. As the concentration of chlorine increases the OD530 reading increases proportionally. This was used to determine the chlorine concentrations of media in the A.baylyi ADP1 chlorine assays.
This standard curve allowed the production of known concentrations of chlorine within the media. Chlorine was added to media both by the amount that should be needed according to the standard curve and by using the standard curve and the DPD Free Chlorine Reagent to quantify the actual amount of free chlorine in the media.
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[bookmark: _Ref470815827][bookmark: _Toc514917767]Figure 5‑4 A.baylyi growth in R2A in the presence of chlorine calculated from standard curve. Growth measurements of A.baylyi ADP1 in R2A media, hyperchlorinated and dechlorinated by amounts indicated in Figure 5‑3. Error bars are SD.
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[bookmark: _Ref470814328][bookmark: _Toc514917768]Figure 5‑5   A.baylyi growth in R2A in the presence of chlorine calculated using DPD Reagent Growth measurements of A.baylyi ADP1 in R2A media over a 24 hour period using the TECAN plate reader at chlorine concentrations 0-1 mg/L. Error bars are SD.


[bookmark: _Ref512953974][bookmark: _Ref471139062][bookmark: _Toc514917711]Table 5‑2  Growth rates of A.baylyi ADP1 in chlorine concentrations calculated with DPD standard curve and DPD reagent.
	Free Chlorine concentration (mg/L)
	Figure 5‑4 max growth rate OD600/hour
	Figure 5‑5 max growth rate OD600/hour

	ADP1 only
	0.5435
	0.5435

	0
	0.4432
	0.4157

	0.3
	0.3266
	0.535

	0.55
	0.3651
	0.11

	0.7
	0
	0.06

	1
	0
	0.05


Maximal growth is stunted for all chlorinated samples and no growth can be seen from 0.7 and 1 mg/L chlorine concentrations in Figure 5‑4. No growth can be seen at 0.7 and 1 mg/L chlorine concentrations and 0.55 mg/L has significantly lower growth compared to 0 and 0.3 mg/L. Despite dechlorinating the solution with sodium disulphite so that the DPD free chlorine Reagents indicate 0 mg/L, the growth is still inhibited. This could be due to a general toxicity of the media from the addition of calcium hypochlorite followed by sodium sulphite and biproducts of the inactivation or presence of chlorine. It is observed that trihalomethanes are a biproduct of oxidation by chlorine in water and so if this is occurring in the media this, or other biproducts, may be detrimental (Hood, 2005).
These results show that addition of chlorine to media reduces the growth rate of A.baylyi ADP1 in concentrations 0.55 and lower with no growth observed at 0.7 mg/L and above. The treatment of the media inhibits the maximum optical density from ~0.9 down to a maximum of 0.63 OD595 but does not affect growth rate.
The growth rates of A.baylyi ADP1 when the R2A media itself is tested using DPD Free Chlorine pillows (Figure 5‑5) and the appropriate amount of chlorine was added to the media is shown in Table 5‑2. LB was also tested in the same fashion but no significant difference was seen compared to previous studies without use of DPD Free Chlorine Reagents to indicate chlorine concentrations. The growth rate are similar for concentrations of free chlorine 0 and 0.3 mg/L however, when the media was analysed with the DPD Free Chlorine Reagent, A.baylyi ADP1 growth in 0.55 mg/L chlorine is inhibited. These results indicate that either there is something in the media that is quenching the chlorine and so the free chlorine is actually lower in media than it would be in ultrapure water, or that something in the media is interacting with the DPD Free Chlorine indicator. 
To investigate the cause for the difference in chlorination between water and media, Free and Total chlorine measurements were taken for water, MA and M9 minimal media, R2A and LB to determine if the chlorine is present in a different form and try to elucidate what may be effecting the difference. DPD Total Chlorine Reagent measures both free chlorine and combined chlorine which exist as chloro derivatives including monochloramine, dichloramine and nitrogen trichlorine (Chlorine, Total Method). 10 ml of each media was subjected to both Reagents. Calcium hypochlorite was added to make a final concentration of chlorine at 0.6 mg/L in accordance with the chlorine standard curve (
Figure 5‑1).
[bookmark: _Toc514917712]Table 5‑3  Comparison of Free and Total chlorine with diferent additions of chlorine.
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0 mg/L and the addition of 0.6 mg/L chlorine to a selection of media was analysed using DPD Total and Free Chlorine Reagents. At 0 mg/L chlorine LB, M9, R2A and water have apparent 0 mg/L free and total chlorine.  MA has 0.1 mg/L total chlorine. After addition of 0.6 mg/L chlorine concentrations, water stays constant for both free and total chlorine concentration. The media all have less free chlorine compared to total chlorine. R2A has the largest difference of absorbance.
Initially MA media has higher total chlorine than free chlorine measurement which could be due to the number of salts such as calcium and zinc chloride.  The difference in Total and Free chlorine in the media absorbance at 0.6 mg/L chlorine indicates that the media is having an effect on the concentration of free chlorine in solution. This indicates that more chlorine may need to be added to different media to ensure that a certain concentration of free chlorine is present. This experiment doesn’t rule out the possibility that the media is interfering with the performance of the indicator as both produce the same signal to indicate the same concentration and are detected in the same manner,
[bookmark: _Toc512957260]Production of putative AI receptor mutant
For the biosensor to be useful, one needs to be confident that a positive result, indicating a pathogen is present in a sample, means that the pathogen is truly present in the drinking water. If the biosensor indicated that Vibrio cholerae was present in drinking water in the UK and in fact this wasn’t present, it would not have many practical applications.
As discussed previously, within a bacterial cell different quorum sensing signalling pathways converge to control the expression of various genes. This can be shown in Figure 2‑18. In the example of Vibrio cholerae it can be seen that the AI-1 and AI-2 pathways converge at the downstream protein LuxU. This may become a problem if, when adding pathogen intracellular quorum sensing signalling pathways into A.baylyi ADP1, the host’s own signalling pathway converged with the pathogen pathway and produced a signal upon detection of self, giving a false positive. The signalling molecule for A.baylyi ADP1 has not been investigated, but a member of the same species, A.baumannii, produces and detects AI-1 autoinducer molecules (Niu et al. 2008)    . Investigation into whether detection of its own signal may interfere with the V.cholerae signalling pathway and the resulting biosensor response.
For this reason attempts were made to make a “deaf” host ADP1 strain which lacked a quorum sensing receptor, to ensure no cross pathway interactions could occur,
[bookmark: _Toc512957261]Putative autoinducer receptor mutation
Initially a literature search was carried out to locate previous research into A.baylyi ADP1 quorum sensing receptor. This indicated research into A.baylyi ADP1 quorum sensing is lacking, however a receptor was discovered in the pathogen Acinetobacter baumannii (Stacy et al. 2012)   . A BLAST search was then carried out using the A.baumannii AI-1 receptor gene and protein sequence and also receptor sequences from the quorum sensing model organisms Vibrio fischeri and V.harveyi, against the A.baylyi ADP1 sequences in the BLAST function of NCBI website. From this, two potential luxR homolog genes were found, one a putative transcriptional regulator (TR) of the luxR family (YP_045866) and a putative two component response regulator (TCR) sensor kinase (YP_047090). As these had homology to established quorum sensing receptors, it was decided that investigation into the potential function of these genes would be of interest.
Primers were then made to carry out homologous recombination to knock out these genes using an antibiotic resistance cassette to select for the successful knockout. Mutants were made in a similar fashion as described in Figure 4‑1Figure 4‑2, however rather than an 800-1000bp part up stream, it was attempted to use a 25 bp flanking region. Primers used were YP_047090-SR F and YP_047090-SR R for the transcriptional regulator and YP_045866-TR F and YP_045866-TR R for the two component receptor (Primers 1-4 Table 3‑5). These use a Spectinomycin resistance gene for the YP_047090 gene from the pIM1463 plasmid and tetracycline for the YP_045866 gene from the pWH1274-TetR plasmid. The antibiotic resistant genes were amplified out of plasmids using PCR, the amplicons were gel extracted and then the linear PCR product was transformed into A.baylyi ADP1 by the methods outlined in sections 3.5.1, 3.6, 3.8.3 using the primers 5-8 (Table 3‑5). 
Confirmation of successful gene knockout was done using PCR, RT-PCR and qPCR. Primers specific to the YP_047090 gene and the 16S rRNA gene as a control in A.baylyi ADP1 were designed and used to test for successful knockout of the gene (9-25 Table 3‑5 ). This was done by using genomic DNA from wildetype and Δtr DNA for PCR and Δtr cDNA as template for RT-PCR (Figure 5‑6). cDNA was generated by extracting the RNA using RNeasy kit (Qiagen) following kit instructions. This was then treated with DNase and cDNA was produced from this RNA template using “ThermoFischer High Capacity Reverse Transcriptase Kit”following kit instructions; “no reverse transcriptase” controls were generated here. SYBR Green Thermofisher mastermix was used for the qPCR reaction in a final volume of 10 µl using Applied Biosystems 7500 fast qPCR system. cDNA which was generated from wildtype and Δtr to analyse the knockout by qPCR also, to check for expression and successful knockout of the gene using 16S rRNA as an endogenous control (Figure 5‑7).
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[bookmark: _Ref512779473][bookmark: _Toc514917769]Figure 5‑6 Electrophoresis gels of RT-PCR reactions. TR and 16S primers were used in PCR on wildtype DNA (A), TR mutant DNA (B) and RT-PCR of TR mutant cDNA (C) with hyperladder 1kb DNA ladder.
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[bookmark: _Ref450647063][bookmark: _Toc514917770]Figure 5‑7 qPCR results of TCR knockout.
A chart showing the expression levels of the transcriptional regulator gene knockout relative to 16S transcriptoion. This was 0.105 for the wildtype and 3.22E-06 for the mutant. There is a 32500 (3SF) fold difference in expression. Error bars indicate standard deviation.
The graph shown in Figure 5‑7 indicates that a knockout has been successfully created for the transcriptional regulator gene as the fold difference in expression between the two genes were significant. PCR and RT-PCR checks were made of the wildtype and Δtr mutant and as can be seen in Figure 5‑6, successful amplification of the transcriptional regulator gene can be seen from wildtype DNA, however not when the mutant DNA has been used. There is also no detectable expression of this gene when cDNA is analysed. This suggests the gene has been successfully knocked out. 
Interestingly the mutants in the YP_045866 gene would not grow in liquid culture with the colonies appearing yellow and dry. This may be due to contamination of the electrocompetent cells as the appearance of the colonies was not normal for A.baylyi ADP1. For this reason the transformation was repeated with fresh cells, attempted with different cloning techniques (chemical and culture sections 2.8) and also fresh antibiotics. This produced the same result and so it indicates that the knockout was in a gene that effects the morphology of the cells as a colony and diminishes their ability to grow in liquid media as planktonic cells. As the putative LuxR knockout could not be analysed further, only the transcriptional regulator gene knockout (YP_047090) was taken forward for further analysis.
To investigate if this mutation had an effect on biofilm formation, which is one possible quorum sensing regulated response, biofilm assays were carried out. Briefly, 200 µl of 0.1 OD600 bacterial cultures were added to each well of a 96 well plate. These were incubated at 30°C statically for 24 hours. These were then subsequently washed in ultrapure water twice and stained with crystal violet. These were then washed and left at room temperature until dry. Wells were then incubated in 300 µl of 33% acetic acid for 5 min, homogenised and analysed on the TECAN at a wavelength of 595nm.
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[bookmark: _Toc514917771]Figure 5‑8 Crystal violet Biofilm absorbance readings of wildtype and tcr mutant. Statistically different p<0.05 TTest
The gene knockout has a statistically significant detrimental effect on biofilm formation compared to wildtype. As biofilm formation is one of the many responses that are controlled by quorum sensing in bacteria, this indicates that this reduction in biofilm formation in Δtr could be caused y an inability to detect quorum sensing signalling molecules in the environement and so can’t respond to these cues. It is intended that this mutant combined with chlorine application shown here, will be used for the biosensor testing. To investigate if the mutant has an effect on sensor activity or sensitivity and also if the presence of chlorine effects the signal/detection of autoinducers. 



[bookmark: _Toc512957262]Drinking Water Pathogen Biosensor Design
Synthetic biology is a multidisciplinary field which applies engineering principles to biological design, having an end use in mind and creating a system to carry out this function. Standardisation is a key element of synthetic biology: the idea that assembly and design in biology will mimic methods used in engineering by assembly of standard parts, the most famous of which are BioBricks (Gardener & Hawkins, 2013; Ellis et al., 2011; BioBrick registry, 2015). Biosensors have been created within Synthetic biology that can detect contaminants such as arsenic and heavy metals. These are made to the specific target, not a system that is easily interchangeable for different contaminants. 
A main aim of biosensor design is to create a system that can produce a signal in response to a specific target. In this vein, an area increasingly used in synthetic biology and biosensors is quorum sensing: the interaction of microbes using small chemicals called autoinducers (Chappell & Freemont, 2011). It involves the detection of autoinducers by microbes as an indication of the population cell density which then results in changes in gene expression. Two signalling systems within quorum sensing are through autoinducer-1 or autoinducer-2 and are intra- and inter-species respectively (AI-1; AI-2; Rutherford & Bassler, 2012; Solano et al., 2014; Roy et al., 2011). The AI-2 system allows cross talk between different species of bacteria, allowing information on the mixed population cell density to be determined by the microorganism. In contrast, the AI-1 system allows talk within a species or strain and can be very specific with small changes in the chemical structure rendering the chemical undetected by that specific organism or even with antagonist activity (Smith et al., 2003). Within AI-1 systems there are simple and more complex pathways as can be seen for Pseudomonas aeruginosa and Vibrio cholerae respectfully in Figure 5‑9.
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[bookmark: _Ref450645227][bookmark: _Toc514917772]Figure 5‑9  P.aeruginosa and V.cholerae quorum sensing pathways
Quorum sensing is being increasingly used within the synthetic biology field both to coordinate community action and, in the case of biosensors, to detect various microbes (Voigt, 2012; Hong et al., 2011; Park et al., 2013). In order to design a biosensor to successfully detect a chemical, certain factors need to be known before it can be made. Firstly the chemical itself needs to be known (here the autoinducer), the detection method and the signal transmission method also need to be known in order to have a response be it visual, chemical or electrical etc. In the case of whole cell biosensors as is here, the receptor (detection) and intracellular signalling pathway (signal transmission) needs to be well defined to predict how and if the system designed will work. In the case of two drinking water pathogens the following applies:

[bookmark: _Ref450645383][bookmark: _Toc514917713]Table 5‑4  List of categories that need to be known before biosensor design
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Table 5‑4 shows what is needed for successful biosensor design for each pathogen. As you can see V.cholerae has more intracellular steps involved in chemical sensing and gene expression and so a more complex biosensor would be needed to detect this pathogen. In addition to this information, the reporter also needs to be chosen as well as the other essential DNA parts including promoters, terminators and ribosome binding sites (RBS) to make the biosensor design a success. 
Presented in this chapter are strategies for development of biosensors for pathogen detection, maintaining synthetic biology principles. One assembly strategy offers a standard design of sensor for pathogens using parts with limited molecular microbiology expertise needed by the user as an “off the shelf” design. Another strategy outlines the parts that need to be incorporated into a functioning biosensor as an assembly guide allowing construction of a “bespoke” sensor for the user’s needs.
[bookmark: _Toc512957263]Initial V.cholerae biosensor design
An initial biosensor was constructed by Dr. Paul Davison at the University of Sheffield, based on quorum sensing. This biosensor consists of a reporter component, and a sensor component made up of the pathogens own intracellular quorum sensing signalling pathway genes whose proteins will detect the chemical molecule AI-1 (autoinducer-1) and drive expression of reporter genes, here gfp for fluorescence, under control of the pathogens promoter as shown in Figure 5‑10. 
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[bookmark: _Ref450645477][bookmark: _Toc514917773]Figure 5‑10  A schematic of a biosensor
Abbreviations Cons.P (constitutive promoter), QS receptor (quorum sensing receptor), Termr (terminator), QS Resp. P (Quorum sensing response promoter).
In Figure 5‑10 the general design of the sensor can be seen. The QS receptor is constitutively expressed and detection of the autoinducer leads to expression of the reporter, gfp, via the QS response promoter. The terminators stop transcription after the receptor and gfp genes. This structure is the basis of the biosensors in this chapter. The initial biosensor construct is shown in Figure 5‑11.
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[bookmark: _Ref471144160][bookmark: _Toc514917774]Figure 5‑11  Initial biosensor design for V.cholerae quorum sensing molecule (CAI-1) detection (Dr.Paul Davison)
This is based on the quorum sensing signalling pathway outlined in Figure 5‑9 and reviewed in the literature review. Briefly, the CqsS, LuxO and LuxU are three “receptor” genes which are a transmembrane receptor, CqsS, and two cytoplasmic proteins that are phosphorylated by CqsS in a chain upon the CAI-1 autoinducer detection. The LuxO is a transcription factor that binds DNA and leads to expression of quorum regulated genes such as the qrr1-4 RNA genes.
Once the cqsS-luxO-luxU constructs were successfully transformed into Acinetobacter baylyi ADP1, investigation into functionality of the biosensor to see if it could successfully detect CAI-1, the quorum sensing signalling molecule of Vibrio cholerae, were carried out. Initially experiments were executed to acquire CAI-1 to enable testing. CAI-1 is not synthesised commercially, and so these compounds had to be produced on site. This was achieved using the method patented by Prof. Bonnie Bassler at Princeton University, US (Kelly et al., 2009). It involved isolation of CAI-1 from Escherichia coli DH5α containing the plasmid pTrc99a which overexpresses CqsA, the CAI-1 autoinducer synthase in V.cholerae, and secretes CAI-1 signalling molecule into the supernatant.
[bookmark: _Ref471144771]To do this, a 100 ml culture of E.coli pTrc in LB broth was induced with IPTG for 16 hours. This was then filter sterilised and the supernatant containing CAI-1 was applied to the A.baylyi ADP1 biosensors in a 96 well plate and fluorescence was measured after 1 hour using a TECAN 96 well plate reader. If the biosensor worked as predicted then the addition of CAI-1 would induce GFP expression and so the cultures would fluoresce more than in absence of the autoinducer. A separate construct was also made by Dr. Davison which contained all the parts except with the HapR promoter in place of Pqrr1 which is not regulated by LuxO and therefore doesn’t lead to a response in the signal network, and so was used as a negative control.
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[bookmark: _Ref512954933][bookmark: _Toc514917775]Figure 5‑12 GFP average fluorescence units of the biosensor in A.baylyi ADP1 in response to CAI-1 after 1 hour.
pWH-Qrr= the Pqrr1 containing construct. pWH-HapR = the PhapR containing construct. Error bars represent SD, statistical analysis by TTest.
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Figure 5‑12 shows differences in GFP expression as average fluorescence units when E.coli supernatant was applied to the pWH-Qrr biosensor and the pWH-HapR control. It was expected that, if the biosensor responded to the CAI-1 addition as predicted, A.baylyi ADP1 containing the pWH-Qrr construct would produce an increase in fluorescence and those containing the pWH-HapR construct would have no fluorescence. When observing the signalling pathway in V.cholerae, LuxO does not promote HapR expression directly; rather it controls expression of sRNAs called Qrr 1-4 which interact with HapR mRNA inhibiting translation. For this reason HapR was used as a negative control as the LuxO doesn’t interact with the HapR protein promoter and so no signal would be produced.
Fluorescence appears to be higher from the construct containing the qrr promoter compared to the hapR promoter both with and without supernatant addition however, no significant change in expression occurred for either construct after an hour of incubation. The slight apparent difference in fluorescence could have been due to a leaky expression under the qrr1 promoter. As the standard deviation is so large, further experiments were carried out to investigate if a longer incubation time would give a more reliable result.
As the previous assay utilised only one hour incubation, an assay over a period of 6 hours was carried out to determine if the time of incubation of the biosensor was the limiting factor (Stiner & Holverson, 2002). For this, supernatant was isolated from E.coli which produces CAI-1 as above. The biosensor construct was transformed into E.coli and tested in addition to A.baylyi ADP1 biosensor to determine if the lack of signal was a result of the host cell.
The A.baylyi ADP1 and E.coli pWH-Qrr and pWH-HapR biosensors were grown in LB with the appropriate antibiotics overnight. 100 µl of this culture was then added to a 96 well clear bottomed black walled plate. To this 100 µl of either LB (no autoinducer) or supernatant from the CAI-1 E.coli expressing strain was added and measurements were taken of the fluorescence using a TECAN Genios plate reader.
[bookmark: _Ref471145067][image: ]
[bookmark: _Ref512954868][bookmark: _Toc514917776]Figure 5‑13 GFP expression of biosensors in A.baylyi ADP1 containing HapR and Qrr promoters in response to CAI-1 over 6 hours.
pWH-HapR= PhapR containing construct; pWH-Qrr=Pqrr1 containing construct; CAI-1=cholera autoinducer 1. Error bars represent SD, statistical analysis using TTest.
[bookmark: _Ref471145220][image: ]

[bookmark: _Ref512957440][bookmark: _Toc514917777]Figure 5‑14 GFP expression from the biosensor in E.coli in response to CAI-1 over 6 hours
pWH-HapR= PhapR containing construct; pWH-Qrr=Pqrr1 containing construct; CAI-1=cholera autoinducer 1. Error bars represent SD, statistical analysis using TTest.
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Figure 5‑13 and Figure 5‑13 show the average fluorescence units of the biosensor constructs in A.baylyi ADP1 and E.coli respectively with both the pWH-Qrr construct being tested and the pWH-HapR construct as a control, as mentioned previously. In Figure 5‑13 A.baylyi ADP1 was used as the chassis for the biosensor construct as was used in the previous assay, however, to ensure that the chassis isn’t the problem with the biosensor, E.coli DH5α containing both the pWH-Qrr and pWH-HapR biosensor constructs were assayed in addition to A.baylyi ADP1. 
It can be seen in Figure 5‑13 that in the absence of CAI-1, fluorescence measures between 77 and 81 for pWH-Qrr and 83 and 91 relative fluorescence units (rfu) for pWH-HapR. Figure 5‑14 shows average fluorescence units of the biosensor constructs in E.coli is generally higher in E.coli samples than in A.baylyi ADP1 with a range of 106 to 117 relative fluorescence units (rfu). Fluorescence levels in both biosensor constructs in absence of CAI-1 are similar and fluorescence intensities were not significantly different with and without CAI-1 addition. There was no significant change in GFP expression observed over the 6 hours of incubation and the HapR control is not significantly different to the biosensor with no CAI-1 addition.
Reasons for no significant change in fluorescence could be that there is a fault with the biosensor and it isn’t detecting the CAI-1 in the supernatant. This could be because the construct isn’t functioning correctly and the sensor genes aren’t being expressed, or it could be that the signal isn’t being produced in response to the detection of the signal. It could also be simply that the there isn’t CAI-1 present in the supernatant for the biosensor to detect. Without testing the supernatant from the CAI-1 producing E.coli cultures with the Vibrio cholerae biomonitor strain used in the original protocol developed by Prof. Bonnie Bassler, it can’t be known if the supernatant has biologically active CAI-1 present and this couldn’t be used as a control in the experiment because V.cholerae is a Biosafety Level 4 organism.
The autoinducer cannot be purchased and so extraction of the autoinducer was carried out. The cholera autoinducers were extracted as outlined in Bassler group paper  (Kelly et al. 2009)     hosted by the University of Nottingham. This was done using E.coli containing the pTrc99a plasmid that overexpresses cqsA which produces the CAI-1 synthase, thus producing and secreting it into the supernatant. In brief, the E.coli cells containing the pTrc99a are cultured overnight and then the supernatant is harvested. This is concentrated by distillation and the autoinducers are extracted and dried. These are resuspended in methanol and subsequently used in assays. To check there are CAI-1 present in the extractions, V.cholerae mutant MM920 indicator strain that luminesces in response to CAI-1 molecules. This V.cholerae indicator strain is cqsA and luxQ deficient V.cholerae strain containing the pBB1 cosmid with luxCDABE downstream of a CAI-1 responsive promoter. This means the indicator strain cannot produce it’s own autoinducer and only by the addition of CAI-1 will the luxCDABE genes be expressed. To assay the CAI-1 extractions, starter cultures of the MM920 reporter strain were grown overnight and diluted to 1:1000 in AB medium. The CAI-1 extractions were resuspended in 1 ml methanol and diluted by 1/3, 1/9, 1/27 and 1/81. These were added at a 2% concentration to the diluted cultures and 200 µl were loaded into a 96 well plate and incubated at 30⁰C with shaking recording luminescence using a TECAN 96 well plate reader at 420 nm as shown in Figure 5‑15 and Figure 5‑16.
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[bookmark: _Ref468992603][bookmark: _Toc514917778]Figure 5‑15 pTrc E.coli luminesce in response to CAI-1
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[bookmark: _Ref512713586][bookmark: _Ref512713575][bookmark: _Toc514917779]Figure 5‑16 Relative light units over time of the CAI-1 biomonitor strain exposed to different concentrations of extracted CAI-1.
Here we can see that CAI-1 is present in the extraction Figure 5‑15 and the V.cholerae CAI-1 reporter strain is luminescing in response, showing a successful extraction. Luminescence measurements using a TECAN 96 well plate reader were carried out showing in Figure 5‑16 which showed luminescence using a 1/27 dilution of the CAI-1 extractions indicating successful extraction of CAI-1.
After extracting autoinducers, the concentrated autoinducer was applied to the biosensor cells and fluorescence was measured. Despite application of concentrated CAI-1, still no significant increase in fluorescence with CAI-1 addition. This implies that there is an issue with the biosensor construct. 
To ensure that the construct was expressing correctly, qPCR analysis was carried out to investigate if the biosensor genes were being expressed. To generate samples for qPCR analysis, starter cultures were grown overnight in the appropriate media/temperature and diluted to 0.05 OD600.These were then incubated at 30°C with shaking for 8 hours. The cultures were measured using a spectrophotometer and samples were taken at 1 OD600. This was added to 2 volumes of BacteriaProtect (Qiagen) and RNA was extracted using RNeasy kit (Qiagen) following kit instructions. This was then treated with DNase and cDNA was produced from this RNA template using “ThermoFischer High Capacity Reverse Transcriptase Kit following kit instructions; “no reverse transcriptase” controls were generated here. SYBR Green Thermofisher mastermix was used for the qPCR reaction in a final volume of 10 µl using Applied Biosystems 7500 fast qPCR system. The primers used were 
The results of can be seen in Figure 5‑17.
[image: ]
[bookmark: _Ref471145857][bookmark: _Toc514917780]Figure 5‑17 Relative expression of cholera quorum sensing genes in biosensor and empty A.baylyi ADP1
The qPCR data shows that the biosensor expresses the quorum sensing detection genes (CqsS, LuxO and LuxU) successfully by a significant increase in relative expression in A.baylyi ADP1 cells containing the biosensor construct compared to without. The lack of fluorescence in response to CAI-1 addition, despite the quorum sensing genes being expressed, was investigated. 
It was discovered that the biosensor doesn’t take into account the negative feedback system in V.cholerae. In V.cholerae, the detection of CAI-1 and subsequent phosphorylation of LuxO actually inhibits expression of the qrr1 gene which in turn relieves the inhibition of HapR mRNA translation and so leads to expression of quorum sensing regulated genes. This means that in this biosensor design, the signal (gfp) is expressed until CAI-1 is detected by the biosensor and then translation is inhibited. Due to the long half-life of the GFP protein, a 72 hour incubation was carried out to investigate if any change in fluorescence occurred upon CAI-1 addition; a loss of signal would still indicate CAI-1 detection. The biosensor was incubated as previously described in the six hour assays with a change to the incubation time by extending it to 72 hours to take into account the 26 hour half-life of GFP.
This, once again, showed no change in relative fluorescence upon CAI-1 addition. From this it can be deduced that either a longer incubation period is needed, or there is something else at fault within the biosensor construct. Transcription of the genes CqsS, LuxO and LuxU was shown to occur in Figure 5‑17 and so if there was an error in the construct it would be at the translational level or at the CAI-1 detection part of the system.
When analysing the construct sequence it was found that, although the CqsS gene had a ribosome binding site (RBS) associated with it, the LuxO and LuxU genes did not. There are stop codons present after the coding sequences of CqsS, LuxO and LuxU which function to disrupt the ribosome from the RNA, stopping translation. New ribosome binding sites would need to be present to enable translation of any downstream coding sequences. As these were absent here in this case LuxO and LuxU, this means that only CqsS was present and so no downstream signalling network was being produced in the biosensor. This means that, although the qPCR data showed that all of the quorum sensing genes were being expressed, this is only relevant as far as transcription for the receptor gene cluster (cqsS, luxO, luxU). 
Initial Biosensor Design
A new biosensor design was created which included RBSs upstream of the LuxO and LuxU genes to ensure translation of the genes whilst also incorporated the feedback system that is present in V.cholerae (Figure 5‑18).
[image: ]
[bookmark: _Ref514893862][bookmark: _Toc514917781]Figure 5‑18 Intracellular quorum sensing signalling pathway in V.cholerae
In V.cholerae response to the detection or absence of CAI-1 in the environment is through the expression or repression of qrr1-4 small RNAs. As discussed in detail in in the literature review and shown in Figure 5‑18 above, in the absence of CAI-1, qrr1-4 genes are expressed and the small RNAs are present in the cell to bind to regions on RNA to inhibit expression. The Qrr1-4 small RNAs have been shown to bind across and block the ribosome binding site of mRNA and inhibit translation. In the previous design, having GFP downstream of the Pqrr1 promoter would have led to a reversed switch, GFP would have been expressed in the absence of CAI-1 and switched off in the presence of AI-1. A schematic of the new biosensor design can be found in Figure 5‑19.
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[bookmark: _Ref514893939][bookmark: _Toc514917782]Figure 5‑19 Schematic of new biosensor design. In the absence of CAI-1, LuxO promotes expression of qrr1 which inhibits translation of GFP mRNA by blocking the RBS. When CAI-1 is present, this inhibition is release as qrr1 expression is stopped.
There are the three V.cholerae quorum sensing genes CqsS, LuxO and LuxU downstream of a consitiutive promoter Ptet. These have a ribosome binding site added which is “AGGAGA”, seven basepairs upstream of the start codon, This is a RBS found on the pWH1274 plasmid that is used in A.baylyi ADP1 and so is functional in this organism.  A.baylyi ADP1 RBSs are not very well characterised and so AGGAGA sequence, which is accepted as a core RBS sequence in prokaryotes, was chosen initially with the intention of optimising expression after the biosensor was produced. The biosensor then has a responsive element of the quorum sensing promoter Pqrr1 which expresses qrr1 until its expression is stopped in the presence of CAI-1 autoinducer. This inhibition will lead to the release of translational repression of Qrr1 on GFP and so production of signal. For this to function, a Qrr1 binding site will need to be incorporated across the GFP RBS, such as that in Figure 5‑20.
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[bookmark: _Ref514893988][bookmark: _Toc514917783]Figure 5‑20 Qrr4 binding site in V.harveyi  (González et al. n.d.; Tu et al. 2010)
 In Figure 5‑20, we can see the Qrr4 binding site over the RBS of LuxO in V.harveyi. V.harveyi and V.choerae AI-1 signalling systems are have high homology and within V.cholerae the different Qrr1-4 sRNA regulation is conserved and the sequence of Qrr sRNAs between these organisms only vary by a few nucleotides (Svenningsen et al. 2008; Tu et al. 2010)   .  
This binding site is located over the RBS, which in V.cholerae inhibits translation of the LuxO mRNA by Qrr1 in an internal feedback loop system which has been characterised in the literature, in the biosensor described here it would inhibit translation of GFP mRNA. When CAI-1 is added it will lead to phosphorylation of LuxO->LuxO~P which causes its dissociation from the qrr1 promoter, leading to termination of expression of qrr1.  In this system, this allows the GFP mRNA to be released from inhibition by the Qrr1 sRNA, leading to the RBS being free for ribosome binding and so translation. Knowing that the AI-1 systems and Qrr sRNA sequences are highly conserved across V.harveyi and V.cholerae the DNA sequence upstream of the LuxO start codon in the V.cholerae genome was analysed to determine a potential Qrr1 binding site to be used in the biosensor. The following sequence was found to be comparable to the one found in V.harveyi (Figure 5‑21).
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[bookmark: _Ref514894086][bookmark: _Toc514917784]Figure 5‑21 Sequences of Qrr sRNA binding site at LuxO RBS  for V.harveyi (published) and V.cholerae found in genome search. Red indicates Qrr binding site, green the RBS and purple indicates the start codon.
As this is homologous to the reported V.harveyi Qrr sRNA binding site, this sequence was chosen for insertion upstream of the GFP. This system, in theory, would allow quick response of GFP. This is a lot quicker than a loss of signal response as was in the original biosensor design and, as the GFP has already been transcribed, upon CAI-1 detection the response time may be quicker than the original design would be.
The aim for the design of the assembly method was to create a sequential assembly system whereby each part could be put together in sequence, one after the other. The design involved using primers with restriction sites on the 5’ end of the sequence to add to the part being amplified. The PCR products generated by these could then be digested and inserted into a plasmid each one in sequential order. Each part is followed by another part, starting with the restriction site that the part before it finished with and so an ordered assembly could be achieved.  
The parts illustrated in Figure 5‑22 were designed to be amplified out using primers 26-39, 44, and 45 (Table 3‑5), and sequentially inserted into pBAD24 as three different components: 
· Sensor part 1 which is the Ptet-CqsS-LuxO-LuxU-Terminator, 
· Sensor part 2 which is the Pqrr1-qrr1-Terminator,
· Response part which is the Ptet-GFP-Termiantor
184

These are would then be inserted into pWH1274 to enable replication in A.baylyi ADP1 (Figure 5‑22).
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[bookmark: _Ref514894277][bookmark: _Toc514917785]Figure 5‑22 Assembly 2 of V.cholerae biosensor (A) final construct (B) Sensor 1 assembly (C) Sensor part 2 assembly (D) GFP OEP incorporation of Qrr1 binding site and the reporter part assembly and (E) the final whole construct assembly of parts. Each part is sequentially restricted and ligated into pBAD24 vector using the restriction enzymes. Here A shows how the whole construct was to be assembled. B shows amplification of each part of the initial sensor component including the Ptet constitutive promoter, the CqsS, LuxO and LuxU intracellular signalling network and a terminator. The assembly of these will be sequential, part by part, into pBAD24. C showed the same for the second “sensor” assembly, where the Pqrr1 quorum sensing dependent promoter, qrr1 and a terminator are amplified out and assembled. D shows the overlap PCR of the gfp gene to incorporate the Qrr1 mRNA binding site. This is then assembled using the restrictions sites incorporated during PCR amplification in D. Finally, E illustrates the assembly of each of the biosensor components, “sensor” part 1 and 2 and the “reporter” component. This is then cut and ligated into the pWH1274 plasmid and then transformed into A.baylyi ADP1.

. 
Each part is designed to be amplified with the appropriate restriction sites attached using PCR, to allow assembly in the correct order and orientation into a plasmid vector. Primers were designed associated with the locations shown in Figure 5‑22 incorporating the restriction and RBS sites needed for assembly and for biosensor translation. These primers were designed to include extra nucleotides (usually 6) on the 5’-ends appropriate for the restriction enzymes chosen, to ensure efficient binding and restriction will occur during restriction digestion. All enzymes were purchased from NEB, and base pair overhang requirements were taken from this supplier. Primers were purchased from Eurofins Operon. 
The restriction sites were chosen by analysing the pBAD24 vector to be used for non-cutting restriction enzymes. This list was then compared against all of the parts to be inserted into the plasmid to ensure that the sites wouldn’t cut within the DNA part and render it incomplete upon insertion. From this list, an order was chosen to ensure that each part was followed by another part that had a complementary overhang once cut so it would ligate in the right location and in the correct orientation. The three sections of the biosensor (sensor, Qrr1 small RNA and signal-GFP) were designed to be assembled independently in independent plasmids and then brought together into one construct once each is assembled. This would allow some restriction enzymes such as NdeI to be used multiple times during the construction of the biosensor, minimising the amount of materials needed for biosensor assembly. 
Once each of the three sections were assembled individually, they will be brought together into one construct. These three sections contain flanking DNA with restriction sites complementary to their order of assembly, much as the individual DNA parts were assembled to make each section (Figure 5‑22). Specifically, the first section of the biosensor contains the restrictions sites PacI, StuI and BmgBI. The second contains PacI at the start of the part and ends with StuI whilst the third section contains StuI at the start and BmgBI at the end. This allows the sections to be brought together into one construct. The EcoRI and HindIII restrictions sites will be available to insert into the pWH1274 vector for use in A.bayli ADP1.
The intent was to have an assembly system whereby you could change the sequence specific to the quorum sensing parts to anneal to whichever pathogen you wish to detect, keeping the overhangs the same for assembly. The GFP overlap extension PCR step was incorporated to address the V.cholerae internal feedback system by inserting an RNA binding site for Qrr1 into the GFP gene using primers 40-44 (Table 3‑5). The Qrr1 sRNA binding site introduction was attempted using both QuikChange II XL Site-Directed Mutagenesis Kit and by overlap extension PCR but wasn’t successful and at this point a reassessment of the assembly plan was made. 
It was decided that a biosensor would be made using a “simpler” system in comparison to V.cholerae, by detecting Pseudomonas aeruginosa PAO1. In addition to this, although the assembly method, using primer overhangs and restriction sites, allows for different parts to be inserted sequentially, this method is lengthy and time consuming, as each part has to be inserted one at a time, and also prone to error. Each part also needs different restriction sites making the library of enzymes needed for production vast and due to needing technical design of primers and enzyme choice needing technical expertise to carry out. The primer overhangs may need to be altered depending on the parts chosen to ensure correct PCR primer design. This goes against the basic principles of synthetic biology, which is taking the technical aspects out of the construct and design by choosing parts and putting together a construct without needing technical knowledge, rather than in depth design of the assembly process.
[bookmark: _Toc512957267]The objectives for the assembly systems are:
· Reduce technical expertise needed following Synthetic Biology principles.
· Minimise the technical equipment needed, for example restriction enzymes
· To have a modifiable and tailorable system for different needs and requirements.
Two assembly strategies were developed for a quorum sensing biosensor following these objectives. Strategy 1 is a “bespoke” method which highlights the parts needed for biosensor design needing more knowledge and skill but gives freedom for the user to change parts they wish to change. Strategy 2 is an “off the shelf” approach, allowing the creation of specific biosensors for pathogens without the need for much molecular biology knowledge, only basic cloning skills 
These both follow the objectives in different ways, each differing by being either more tailorable but more technical expertise needed (strategy 1) or less freedom of choice but with less technical expertise needed.
[bookmark: _Toc512957264]Strategy 1 – Overall Assembly Guide: “Bespoke”
A “simple” and “complex” biosensor assembly method for the system of quorum sensing such as the one in Pseudomonas aeruginosa PAO1 and V.choerae were designed. The reason for this was to have a system that could assemble both P.aeruginosa “simpler” and V.choerlae more complex style of quorum sensing pathway complexities. The aim for the design of assembly for Strategy 1 was to enable the user to choose all of the DNA parts, such as the signal response and promoters that are used, not just the pathogen specific parts, such as quorum sensing receptor. This design will act as an assembly guide to show what parts need to be included for a functioning system and what the primers need to include for assembly of these parts whilst minimising technical requirements, such as required consumables and equipment.
To meet these aims, the Golden Gate assembly method was chosen for assembly of the constructs. This assembly method involves the use of Type IIS restriction enzymes to insert multiple parts together using one enzyme as shown in Figure 5‑23.
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[bookmark: _Ref514898531][bookmark: _Toc514917786]Figure 5‑23  Golden Gate Assembly Method  (Weber et al. 2011)
  
As can be seen here, the BsaI Type IIS restriction sites cut at a different location on the DNA to their recognition sites, unlike more commonly used restriction enzymes that cut at the site of recognition, such as EcoRI or PstI. The restriction of the 3 parts in this example, leads to removal of the lacZ gene and insertion of the “R1” and “R2” parts. This leaves the resulting assembly without any BsaI restrictions sites due to the location of the recognition not being carried through with the inserts. This means only one restriction enzyme needs to be used to cut all of the parts and by choosing homologous overhangs to assemble the parts in the desired configuration, it eliminates the need for in depth assessment into enzyme choice that was needed in the previous assembly design.
In order for this assembly method to be successful, compatible overhangs need to be designed for each part, to enable sequential ligation of each part in order and configuration desired. This is similar to a conventional restriction overhang made by EcoRI for example, but Type IIS restriction enzymes require a 4 base overhang. The overhangs for the different parts were designed using the NEB online Golden Gate Assembly tool. This allows the sequences of your construct to be uploaded and overhangs chosen, this will advise you on if overhang sequences are similar and at risk of incorrectly annealing to other parts. Table 5‑5 shows the compatible overhangs produced using BbsI restriction enzyme and the order of the parts for P.aeruginosa and Table 5‑6 those used for V.cholerae assembly. 

[bookmark: _Ref514898591][bookmark: _Toc514917714]Table 5‑5  BbsI overhangs for PAO1 biosensor assembly
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The parts above are chosen from the BioBrick registry or from the pathogen genome. The tetracycline promoter (BBa_ J23100), GFP (BBa_E0040) also terminator (BBa_K823017) are BioBricks, these parts were generated by PCR amplifying out the DNA part from the Biobrick plasmids using primers 74-87 (Table 3‑5). These Biobricks were chosen from the Registry of Parts, the tetracycline promoter chosen from a selection called the Anderson promoters which provide a range of different promoter strengths available in the catalogue, the one used here is P100 (J23100), a medium strength promoter. By looking at reviews of each gene it can be determined which sequence is likely to be of good quality and confirmation data of sequence and function is available for reference.  
The backbone DNA part was generated by PCR amplifying the pWH1274 plasmid including the A.baylyi ori, the pUC ori and the Kanamycin resistance gene. The P.aeruginosa quorum sensing genes, LasR and PlasB were amplified out of the pathogen genome by PCR with the BbsI restriction site ends using the primers 74-87 in Table 3‑5 and the amplified parts can be seen in Figure 5‑24.
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[bookmark: _Ref514917585][bookmark: _Toc514917787]Figure 5‑24 Gel of parts used to make the P.aeruginosa PAO1 biosensor. These were amplified out usingthe High Fidelity Q5 DNA polymerase using primers: Backbone: 74+75, Ptet: 75+76, LasR: 78+79, Terminator 1: 80+81, PlasB: 82+83, GFP: 84+85, Terminator 2: 86+87.
In theory, the benefit of this strategy compared to the previous approaches is that, although it is still a lot of parts to put together for the user to create the biosensor, each part doesn’t need to be assembled step by step and detailed assembly strategies would not need to be made as one enzyme is used provided compatible ends are produced for the desired sequence. This assembly system gives freedom for the design of the construct as the assembly guide is just that, a guide for designers to assemble the different parts needed whilst being able to choose which particular parts they wish to use.
In practice, there was difficulty getting the constructs to anneal together. Different concentrations and ratios of parts were tried in the ligation, particularly increasing the ratio of small parts (such as short promoters) to coding sequences (LasR and GFP), and using CIP to inhibit recircularization of the backbone after restriction digestion. However, each attempt produced lots of colonies from the transformations and despite screening many per plate by colony PCR, successful fully assembled constructs weren’t found.
This may be that a large variety of combinations were occurring in the ligation in addition to the intended confirmation and so any successful transformation colonies may have been missed. Following this, it was attempted to amplify a successful ligation from the ligation mix, prior to transformation, this is based on  (Chandra & Wikel 2005)   . As PCR by nature, produces large amounts of amplicons from a very small amount of template, this could be applied here. Amplification of the biosensor construct was carried out from the ligation mix, with the intention of restricting this with BbsI again and ligating it with the backbone. As this would be a two part insertion into the plasmid, rather than 6 (P.aeruginosa) or 11 (V.cholerae), it was thought that this would have a higher chance of success. The number of fragments in one reaction in the Golden Gate assembly is high which increases the likelihood of incorrect ligation of ends and so this approach would reduce the amount of inserts and increase efficiency.
Despite this, the correct size band was not found. After repeating the ligation and trying this method multiple times with no success and so attempts were made to ligate parts together in sequence but rather than inserting this into a plasmid and transforming, PCR amplification of the annealed parts would be done and extracted and then used to ligate to other parts in the construct until a full sequence has been found. This would then be cut and ligated to the backbone and a biosensor would be formed. Initially ligating the P100-LasR, LasR-Terminator, PlasB-GFP, GFP-Terminator as two part ligations and also three part ligations of the sensor and signal biosensor parts: P100-LasR-Terminator, PlasB-GFP-Terminator was attempted, the amplified ligations are shown in Figure 5‑25Figure 5‑25.
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[bookmark: _Ref471153003][bookmark: _Toc514917788]Figure 5‑25 Gel image of PCR amplified P.aeruginosa PAO1 biosensor Golden Gate ligation mix.
The assembly of the different parts of the biosensor was successful as can be seen in Figure 5‑25 and so digestion by BbsI and ligation were attempted with the backbone. However this once again produced no successful transformants. PCR amplifying the mix produced no amplification of the fully annealed construct and so it is possible that the Term1-CCTA-PlasB overhang is not ligating. New primers would need to be produced in case the primer stock received is incorrect, and potentially another overhang designed in reserve in case this doesn’t work.
V.cholerae biosensor
A more extensive selection of overhangs was created to choose from for the increased number of parts needed in the V.choelrae biosensor as shown in Table 5‑6.
[bookmark: _Ref471148004][bookmark: _Toc514917715]Table 5‑6 BsaI overhangs for V.cholerae biosensor assembly
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[bookmark: _Ref471175642][bookmark: _Toc514917789]Figure 5‑26 V.cholerae BsaI assembly parts. 2logladder was used. Gel of parts used to make the V.cholerae biosensor. 2logladder was used. The primers used to amplify these fragments are 48+49, 50+51, 52+53,54+55, 56+57, 64+65, 70+71 using the High Fidelity Q5 DNA polymerase.
Here, as stated previously, the tetracycline promoter, terminator and GFP parts were located in the BioBrick registry. The V.cholerae specific quorum sensing genes: cqsS, luxO, luxU, Pqrr1, and qrr1 were used from the previous construct sequence. The Pqrr1 was shortened to remove the LuxO start site and Qrr1 binding site in the Pqrr1 to reduce negative feedback whilst still maintaining the LuxO binding sites. This was inserted into the pWH1274 plasmid and Qrr1 was inserted downstream to make a Pqrr1-qrr1 part.
The Qrr1 RNA binding site on the GFP mRNA was added through PCR amplification of the GFP, firstly inserting the site upstream of the start codon using PCR overhangs and inserting this into the pWH1274 A.baylyi ADP1 vector using EcoRI and PstI binding sites at the end of the primers. This was then amplified out from the plasmid with primers containing overhangs for binding and restriction of BsaI producing the appropriate overhang (Table 5‑6).
As it is unknown if the native V.cholerae RBS would be recognised by the A.baylyi ADP1 ribosome, two different binding sites were used for the GFP. One contained the native qrr1 and RBS binding site found in V.cholerae, and another contained the qrr1 binding site with revisions to the sequence to include the A.baylyi ADP1 site (Figure 5‑23Figure 5‑27).
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[bookmark: _Ref471173710][bookmark: _Toc514917790]Figure 5‑27 Sequences of the two Qrr sRNA binding sites incorporated upstream of GFP These containin AGGAGA A.baylyi ADP1 RBS and the V.cholerae AAATAAT native RBS. Red indicates Qrr binding site and purple indicates the start codon.
 As the change of sequence shown in Figure 5‑27 are not in the nucleotide regions that interact with the qrr1 sRNA, this correction shouldn’t effect binding. However, in case of an effect, both were created to cover both eventualities (Figure 5‑26). Initially the GFP was PCR amplified out of the pSB1c3 backbone using primers 66+68 for qrr1 binding site with ADP1 RBS and primers 67+68 for the full V.cholerae insertion (Table 3‑5),which incorporated the Qrr1 and ribosome binding sites. These were then PCR amplified using primers 69+71 for ADP1 RBS and 70+71 for the V.cholerae insertion, to add the BsaI Type IIS restriction sites for assembly as can be seen in Table 5‑6 and resulting PCR products on gels in Figure 5‑28.
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[bookmark: _Ref514914453][bookmark: _Toc514917791]Figure 5‑28  PCR products of GFP using primers 69+71 for ADP1 RBS and 70+71 for the V.cholerae insertion with the qrr1 binding site inserted with either ADP1 RBS(ADP1-GFP) or the V.cholerae RBS.
Similar problems were met to those found in the P.aeruginosa biosensor with this assembly method, however this is understandable as there are 11 inserts which is a large number to ligate together in one reaction. The same approach was performed for V.cholerae assembly, the three distinct parts of the biosensor were amplified out from ligation mixes to be annealed together. 
The Ptet-CqsS-LuxO-LuxU-Term, Ptet-vcGFP-Term and Ptet-adp1GFP-Term parts were annealed together. The Pqrr1-Qrr1-Term middle section of the biosensor and whole construction remaining to be assembled here.
Further developments were initiated to increase the efficiency of colony screening for these assembly strategies and so biosensor production, by inserting a lacZ gene into pWH1274 vector where the parts are inserted by the BbsI and BsaI assembly methods. A lacZ gene insertion means that the colonies with the plasmid containing lacZ are blue when spread on agar plates containing x-gal. The schematic of the design can be seen in Figure 5‑29.
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[bookmark: _Ref514898921][bookmark: _Toc514917792]Figure 5‑29 Plasmid map of pWH1274-LacZ design. LacZ gene is downstream of a constitutive tetracycline promoter which have flanking TypeIIS restriction sites and EcoRI and PstI BioBrick restriction sites. (Generated using SnapGene software).
When using this vector rather than the PCR amplified backbone of pWH1274 for inserting the biosensor parts, successful transformations can be selected for by those that have lost their ability to produce a blue pigment, which means that the lacZ gene has been replaced by the biosensor construct. This enables screening of mutants to be much quicker and if one tube reaction Golden Gate assemblies are carried out, this would allow the specific screening of colonies with insertions in the vector rather than any carry over of LacZ. Theoretically this shouldn’t occur as when LacZ reanneals to the backbone it will retain the enzyme recognition site and so be cut again. Whereas when new inserts are ligated, no recognition site would be present and so at the end of a reaction, all parts annealed should be backbone and new insert. However, in practice cloning is not always as straight forward as it is in theory, so this plasmid would enable the screening of only colonies with a loss of pigment, saving time and resources.
This lacZ gene was chosen from the BioBrick registry (BBa_K823016) and inserted downstream of the Ptet BioBrick using the Biobrick enzymes: Ptet cut with SpeI and PstI, LacZ cut with XbaI and PstI. SpeI and XbaI have compatible DNA overhangs when cut and so this inserted into the plasmid in the correct orientation. 
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[bookmark: _Toc514917793]Figure 5‑30 LacZ construct assembly. Here LacZ was successfully cloned into pSB1C3-P109 and pSB1C3-P100 indicated by a restriction digest check using EcoRI to linearise the plasmid and see the size includes LacZ gene insertion. 
Primers were then designed to amplify out the Ptet-LacZ construct by PCR whilst adding BsaI, BbsI restriction sites to the ends and also EcoRI and PstI restriction sites to allow incorporation into the pWH1274 plasmid which are the primers 100-103 inTable 3‑5. These primers have been designed ready for further developments in this work.
[bookmark: _Toc512957265]Assembly Strategy 2 – “Off the Shelf”
The objectives for the Strategy 2-“off the shelf” assembly design is for the user to have less flexibility but also less decisions to make. This would enable a user to order a construct with only the specific sensor components missing and assemble a whole construct. Having a system that only allows parts to be changed for the pathogen specificity is useful in synthetic biology as it allows construction of a device without the need for knowledge of other parts of the biosensor system. This means users don’t need to know which promoters and response genes are used, rather just the restriction sites to insert their gene of interest and how to detect the signal (Fig.4).
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[bookmark: _Ref450645657][bookmark: _Toc514917794]Figure 5‑31  A schematic of the biosensor for a simple system in P.aeruginosa. Here, the signal is under direct control of the QS response promoter in the style of P.aeruginosa quorum sensing pathway.
As shown in Figure 5‑31, the biosensor is designed as in Figure 5‑10, however with MCSs in place of the pathogen specific parts. This allows the insertion of the relevant pathogen QS parts to make a biosensor specific to the pathogen of choice with ease. 
[bookmark: _Toc512957266]Vector Design and Construction
For an off the shelf biosensor, a modular system needs to be in place. This can be achieved by inserting multiple cloning sites (MCSs) in the places where specific quorum sensing related DNA sequences will be inserted (sensor and promoter genes; Figure 5‑31).
A multiple cloning site was designed which allowed for the main cloning methods to be used and also allowed for potential annealing of parts by using different restriction sites that produce homologous overhangs when cut. The MCS includes a range of restriction sites to allow different ones to be used according to what complements the DNA sequence of the part and also allows a range of assembly methods to be used if desired. The aim for the multiple cloning site, outlined in Figure 5‑32, is to allow the correct insertion of parts in the correct place and conformation with minimal restriction enzymes required. This is in comparison to the initial assembly design that required a different enzyme for each part.
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[bookmark: _Ref514899156][bookmark: _Toc514917795]Figure 5‑32 MCS restriction sites.

Enzyme compatibility screening
The restriction sites present in the MCSs were chosen for how frequently they are used in Synthetic Biology and Genetic Engineering. A list of the most frequently used sites on AddGene was useful for this, as well as researching common sites in MCSs of other cloning vectors to produce a list of restriction enzymes found in the Appendix. The MCSs each contain multiple restriction sites that produce compatible overhangs with another restriction enzyme that can be seen in this table, a small selection of this is shown in Table 5‑7. 
[bookmark: _Ref514899221][bookmark: _Toc514917716]Table 5‑7  A sample of the restriction enzyme compatibility list for the MCS. This shows what compatible enzyme overhangs are available when cutting with a particularenzyme and highlights the resulting new site that will becreated from this.
	MCS
	Same Recognition Sites
	Overhang Ligates to
	Recleaved By

	AscI
	PalAI
	AflIII (A/CGCGT)
	BstUI

	 
	SgsI
	 
	HhaI

	 
	 
	MluI
	BstUI

	 
	 
	 
	HhaI

	 
	 
	BssHII
	BssHII

	 
	 
	 
	BstUI

	 
	 
	 
	Cac8I

	 
	 
	 
	HhaI

	AvrII
	AspA2I
	NheI
	BfaI

	 
	BlnI
	SpeI
	BfaI

	 
	XmaJI
	XbaI
	BfaI

	 
	 
	StyI (C/CTAGG)
	AvrII

	 
	 
	 
	BfaI

	 
	 
	 
	BsaJI

	 
	 
	 
	StyI


What can be seen in the table is that the choice on which restriction enzyme to include in the MCS is balanced between enzyme restriction sites only appearing once in the MCS and making available as many other restriction enzymes for the inserts to be cut with as possible. This allows the user more flexibility in the restriction enzymes that can be used but still insert in the MCS as desired. This is beneficial if a particular restriction enzyme is found in the DNA part, another could be used and still ligate in. As an example, if the user wants to insert a part into the chassis at the restriction site AvrII but this recognition site is present within the gene to be inserted and so unusable as it would cut their part; they can cut using SpeI (amongst other enzymes) instead which both give the compatible sticky ends and the insert can be inserted at the AvrII site. This means that if restriction sites are present in the DNA sequence of the parts that are intended to be inserted into the biosensor construct, a list of alternative enzymes is available, and so you aren’t limited to the sites present in the MCS.
Incorporation of Synthetic Biology DNA Assembly Techniques 
Both Golden Gate (BsaI, BsmBI, BbsI) and BioBrick (EcoRI, XbaI, SpeI, PstI) as well as classic restriction sites are incorporated into the MCS design, this allows the system to still be useful to those with a higher level of molecular skill, allowing assembly using different methods rather than solely a simple restriction digest. Careful design of the MCS was needed to ensure optimal enzyme location for best use of the MCS. 
As the BioBrick registry is expanding, more and more parts are becoming available for use in Synthetic Biology. For this reason, the sites EcoRI and XbaI were included in the MCS1 and SpeI and PstI were included in MCS2. This means that two biobricks can be used in the biosensor and inserted in the correct place and keeping the biosensor “sensor” and “response” parts seperate. The BioBrick restriction sites are commonly used restriction sites in synthetic biology as the registry contains a wide selection of parts that can be used and pieced together to make a construct. The problem can arise if the sequence you want to insert contains the restriction sites. To avoid the need for point mutation to remove these sites, the parts can be cut with ApoI instead of EcoRI and SbfI instead of PstI and inserted into the EcoRI/PstI sites in the MCS. 
Conversely, as there are multiple MCSs in the biosensor backbone, not all of the BioBrick restriction sites can be available in both the MCS as this would cut the plasmid into multiple fragments rather than just inserting the part in the section intended. For this reason, different MCSs include different restriction recognition sites which still enable orientation of the BioBrick parts. This allows MCS2 to be cut with EcoRI and XbaI. Order of use needs to be minded, as once compatible overhangs fuse, they can create different restriction sites. In the previous example, fusing SbfI and PstI gives a PstI cut site. This means if you intend to use PstI to cut the biosensor backbone for another part that should be inserted first to ensure you don’t cut the backbone into multiple fragments. 
The MCS themselves are designed with the BioBrick compatible cut sites at the furthest ends of the MCSs with only a blunt end restriction out reaching it. This allows oriented ligation using the overhangs but also allows any blunt end restriction enzyme to be used on the other end of the part if the part is incompatible with the other restriction sites which can be seen in Figure 5‑32, highlighted by the blue arrows. This allows a part to be inserted without changing the sequence to omit the illegal sites.
In order to make assembly of a biosensor specific to different pathogens in the future quicker and easier, the use of a BioBrick producing plasmid would be useful to complement this MCS. An A.baylyi ADP1 BioBrick forming plasmid was developed by  (Murin et al. 2012)      which allows a gene to be inserted into a MCS of the plasmid and cut back out with BioBrick restriction sites flanking the gene and an RBS orientated upstream of the start site. This sites used and assembly method has been published and includes the BioBrick restriction sites as shown in  and this vector can replicate in A.baylyi ADP1  (Murin et al. 2012)    .
[image: ]
[bookmark: _Toc514917796]Figure 5‑33  A BioBrick forming MCS developed in a plasmid for replication in A.baylyi by Murin (et al., 2012).
The multiple cloning site here has restriction sites which allow for the gene of interest to be cloned into the plasmid in the orientation desired. In red can be seen a ribosome binding site used for A.baylyi ADP1. In green can be seen the BioBrick restriction sites which allow the gene to be cut out and so the formation of a BioBrick part.
This BioBrick forming construct will allow parts to be made into a Biobrick whilst putting the A.baylyi ADP1 RBS in the right location upstream of the coding sequence. Limitations of this is that NcoI needs to be used for the 5’ restriction of the part. NcoI has other restriction enzymes that have compatable sticky ends including FatI, PciI and PscI so if NcoI is present in the gene sequence, other enzymes can be chosen. The MCS design demonstrated here gives a wider range of possibilities for how to insert the parts into the chassis. It allows a larger range of enzyme to be used than are present in the MCSs alone. An example within the MCS design is that restriction enzymes such as BfuCI allow the use of commonly used enzymes such as BamHI and BglII that can’t be used in the MCS as they cut in oris in the pWH1274 backbone. 
TypeIIS Restriction Enzymes
The BsaI and BbsI are Type IIS restriction enzymes which means their cut site is different to their recognition site as described previously. These are particularly useful for the “complex” biosensor system where multiple genes are needed for quorum sensing signalling molecule recognition. In the case of Vibrio cholerae, CqsS, LuxO and LuxU are all needed for CAI-1 detection. The type IIS restriction enzymes mean that only one enzyme is needed to insert all three parts into the vector. This can be done by designing the cut sites to be homologous with the part, and in the orientation desired to insert the part as shown previously in Figure 5‑31. Different TypeIIS restriction enzymes are present in the two MCSs so assembly of multiple parts can be made without fragmenting the backbone.
The multiple cloning site described here was synthesised by Eurofins Genomics to reduce the chance of sequence errors. This was cut with EcoRI and PstI restriction enzymes which are located at the ends of the MCS for insertion into the LIC plasmid.
 [image: ]
[bookmark: _Toc514917797]Figure 5‑34A restriction digest to extract the MCS for insertion into the pBAD24 plasmid using EcoRI and PstI. The size displayed matches the predicted MCS size of 259bp.
The MCS was designed to be inserted into the LIC assembled backbone in place of the LacZ for bespoke assembly. This vector was designed and created for use in Acinetobacter baylyi ADP1 for synthetic biology use as ADP1 plasmids aren’t as extensive in design as those for E.coli. The available plasmid we have was pWH1274, and the molecular biology tools available for use in A.baylyi ADP1 are expanding (Murin et al. 2012)    . However due to the design requirements for the multiple cloning site, there needs to be the maximum amount of restriction site choices available for part insertion. For this reason, a new plasmid was designed for this application.
A new ADP1 vector was designed using a ligase independent cloning method developed at Stanford University using the nt.BbvCI restriction enzyme  (Vroom & Wang 2008)   . This uses an altered form of BbvCI Type II restriction enzyme, called nt.BbvCI, a nicking endonuclease that cleaves double stranded DNA exclusively on the 5’ strand leaving a 3’ overhang when the dsDNA is melted. This allows for ligase independent assembly of a plasmid which is quicker and easier than multistep assembly, where only two or three inserts are usually incorporated in one ligation. This approach works by hybridisation of homologous sequences by annealing to assemble plasmid as shown in Figure 5‑35.[image: ]
[bookmark: _Ref454959105][bookmark: _Ref454959098][bookmark: _Toc514917798]Figure 5‑35 LIC Plasmid Assembly  (Hunger et al. 1990; Choi et al. 2009)     
Parts to assemble are amplified out using primers with nt.BbvCI restriction site and a ~20 bp sequence on the 5’ end. The restriction enzyme nt.BbvCI cuts on just one strand of DNA leaving a long single strand overhang of ~20 bp. These parts can be assembled using single stranded linker oligonucleotides that bridge the overhangs on parts in order. These linkers are stretches of single stranded DNA that is composed of homologous sequence, half of one part or the vector and half for another that are to be annealed (Figure 5‑35Figure 5‑35). The linker sequences and parts used for assembly of the plasmid are shown in Table 5‑8. 
[bookmark: _Ref471177518][bookmark: _Toc514917717]Table 5‑8 Parts and overlapping sequences used in LIC plasmid assembly 
[image: ]
The same BbsI and BsaI sites and resulting overhangs were incorporated as in Strategy 1 so this vector could be used for assembly of the “Bespoke” biosensor. There are two origin of replications (pUC and ADP1)  (Wang et al. 2013)     and a Kanamycin resistance cassette for selection of the plasmid. The parts outlined in Table 5‑8 allow the plasmid to be a shuttle plasmid, as origins of replications for both E.coli and Acinetobacter baylyi ADP1 are present, allowing the vector to replicate in both organisms. This makes this plasmid useful for not just the purposes of this project but potential future assembly of constructs for other purposes. The parts were amplified out with primers: pUCori: 92+93, KanR: 88+89, pWHori: 90+91 and LacZ:94+95 using the High Fidelity Q5 DNA polymerase following manufacturer’s instructions.
[image: ]
[bookmark: _Ref514765838][bookmark: _Toc514917799]Figure 5‑36  These were PCR products produced when P109-LacZ was amplified out from pSB1C3, pUC and pWH ADP1 origin of replication, and KanR cassette were amplified out from pWH1274 plasmid. This was done with primers pUCori: 92+93, KanR: 88+89, pWHori: 90+91 and LacZ:94+95 using the High Fidelity Q5 DNA polymerase.
The P109-LacZ part was amplified out from the pSB1C3 plasmid, pUC and pWH1274 origins of replication and Kanamycin resistance cassette were amplified from pWH1274 plasmid, shown in Figure 5‑36. These PCR fragments were digested with the restriction enzyme nt.BbvCI following manufacturers instructions and then an equimolar mixture of the parts and linkers were annealed in a T4 DNA ligase buffer solution (without the ligase) at 60⁰C, cooling to room temperature and then transforming into A.baylyi ADP1 or E.coli.
Initially the plasmid failed to anneal, different buffers were tried and concentrations of the parts were altered from how the original paper described in an attempt to successfully construct the plasmid. Despite being a LIC method, using T4 DNA ligase was also tried, which has been reported by a later paper publishing a very similar method that this can increase efficiency (Westerhoff et al. 2004)    . It was then realised that as the restriction enzyme only cuts one strand on the 5’ strand of DNA, this means that on the 5’ side of each linker, there won’t be a phosphate present and so annealing won’t occur. DNA ligase requires a 5’ phosphate to ligate DNA strands together and as the linkers aren’t cut, no phosphate is exposed. New linkers and 3’ primers were bought with phosphate modifications to aid annealing of the parts. These parts have been successfully amplified out ready to be constructed into the final plasmid for future developments of this project.
Conclusions and Future Work
[bookmark: _Toc512957268]A.baylyi ADP1 as a chassis for a biosensor
Experiments were carried out to investigate how A.baylyi ADP1 copes with differing concentrations of chlorine to ensure that this organism will be able to withstand this when placed in a drinking water environment and also how a biosensor would perform in drinking water conditions.
The experiments have indicated that A.baylyi ADP1 can grow in the presence of chlorine at a rate close to that of ADP1 in cultures without chlorine, at concentrations ≤0.3 mg/L and some growth can be seen at 0.55 mg/L (Figure 5‑4). The average concentration of free chlorine in drinking water is 0.55 mg/L (WHO, 1996) and so this may become an issue when applying this biosensor to a drinking water environment, however free chlorine concentration does reduce as the water progresses further away from treatment works so there A.baylyi ADP1 may be suitable further down the network. In the case of an onsite biosensor as discussed in this chapter, the requirements are that it can produce a quick signal in response to quorum sensing molecules in water and not necessarily an organism that can grow in water. As ADP1 could grow even at low amounts when subjected to 0.55 mg/L this seems to indicate that the cells are still viable at this concentration of chlorine and so have the potential to produce a signal. 
However, these results rely on the free chlorine reagent being functional in LB and R2A. If it is not then the concentrations of free chlorine in the media may not be what we expect. It has previously been shown that the Acinetobacter species can only grow below 200 µg of hypochlorite (Rigway & Olson, 1982), however other studies have shown that bacteria can be found in drinking water at high chlorine concentrations such as in Mir et al., (1997) where bacterial strains were isolated from water at 2 mg/L free chlorine. These samples are, however, taken from an environment where the bacteria are constantly exposed to chlorine and not a laboratory strain so comparisons need to be taken cautiously. 
Chlorine is used in water because it oxidises organic matter to neutralise odours and kills bacteria. In the richest media LB and R2A, yeast extract is one of the ingredients. Yeast extract is the contents of the yeast cell after removing the cell membrane and so would include organic matter that the chlorine may react with  (Momba et al. 1999)    . MA media showed a large difference between free and total chlorine at both 0 and 6 mg/L. At 0 mg/L despite being a minimal media this may be explained because the media is made up with a lot of salts containing chlorine and so the total chlorine measurement would detect these. Substances that have been shown to interfere with the DPD Free/Total Chlorine Reagent are other halogens such as Bromine and Iodine, and also Manganese and Chromium which are constituents of MA media. These factors increase the OD530 reading and so indicates that there is more chlorine present in media than there is, thus overestimating it. This could explain the higher Total Free chlorine reading shown in MA media in Table 3.2.8. (Chlorine, Total Method). This doesn’t explain the differences seen in R2A and LB however, as these results show lower total chlorine than there should be. Reasons for this could be that the chlorine is being quenched by constituents of the media into other forms than free chlorine and combined chlorine and may be in a form that isn’t able to oxidise iodide and so no signal would be given.
To determine if the growth observed by A.baylyi ADP1 is a true reflection of tolerance, a different approach could be carried out to support these findings.
Media is required for bacteria to grow and so the issue highlighted in this thesis, and the chlorine assays, that the media may be quenching or interfering with the quantification of free chlorine in the media can be making the results found here misleading. One such experiment that would rely less on the presence of media for growth of the bacteria would be exposing A.baylyi ADP1 to a range of chlorine concentrations and then spreading the cells onto agar plates  (Luddin & Ahmed 2013)   . The bacteria would be temporarily exposed to chlorine and the number of colonies formed would indicate the viability of the cells after exposure to chlorine. Another method could be an agar diffusion test whereby agar plates are cultured with A.baylyi ADP1 and disks soaked in calcium hypochlorite solution are place on the agar and the zones of inhibition formed are measured (He et al. 2015; Stacy et al. 2012)   . This would indicate if the bacteria can grow in the presence of chlorine, rather than survive short exposure to chlorine as the previous experiment would indicate.
Despite not specifically indicating growth in the presence of chlorine but viability after exposure, the liquid exposure method would be useful in context of biosensor testing. As the application of the biosensor would be exposure to drinking water samples to view a signal over a short period of time, this would be sufficient, rather than needing to grow in the environment. Exposure of the cells to chlorinated solutions and then detection of signal would indicate if chlorine has an effect on detection. Spiking these solutions with AHL signalling molecules would show how sensitive the biosensor is and would allow quantification of this sensitivity. As the DPD free and total chlorine reagents are designed for use in water, these will be applicable to this experiment and so would allow the use of a range of chlorine concentrations in the drinking water that are applied to the biosensor to investigate if the signal intensity, signal duration and production times, or the sensitivity of the biosensor, is affected. This would be essential to investigate, as it would allow calibration of the biosensor to different conditions and so use across the UK and potentially other countries. Signalling molecules from other pathogens can also be added to the sample, applied to the biosensor and any differences in signal production seen here will be as a result of interference form the other autoinducers. This can then lead to calibration of the biosensor and optimization of incubation time and dilution of samples etc for the end product.
It was intended that samples from a water treatment plant would be taken at various stages throughout the treatment process and investigations into the effect on A.baylyi ADP1 both as an organism in itself and as a biosensor once the biosensors were created would take place, however this didn’t come to fruition. This would be of interest as direct, relevant testing at the point of use would give great insight into the applicability of this organism/sensor. 
Receptor Knock out
Investigations were carried out to determine if A.baylyi ADP1 could detect quorum sensing signalling molecules in it’s environment. This is important in the context of a biosensor as if any signal interference from enogenous networks with the synthetic networks produce a false positive or interfere with the sensitivity of the biosensor it would lower the functionality and usability of the biosensor.
To this end a gene knockout in a putative luxR type transctiptional regulator YP_047090 (Δtr) was made in A.baylyi ADP1 by homologous recombination. This was confirmed using PCR, RT-PCR and qPCR. A biofilm assay was carried out which showed that the Δtr mutant has a statistically significant detrimental effect on biofilm formation compared to wildtype. As biofilm formation is one of the many responses that are controlled by quorum sensing in bacteria, this indicates that this reduction in biofilm formation in Δtr could be caused by an inability to detect quorum sensing signalling molecules in the environment and so can’t respond to these cues. However, this cannot be known as many different genes and processes are involved in biofilm formation and the function of this gene can’t be determined from this assay. 
It would be interesting to investigate this mutant further, screening the mutant with different AI-1 signalling molecules from initially closely related organisms. The AI-1 system in A.baumannii has been reported to involve an intracellular cytosolic receptor, similar to the transcriptional regulator knocked out here (Bradley et al. 2016; Edwards & Batey 2010)   . Potential approaches to answer this could be to BLAST the ADP1 genome for homologues of quorum sensing regulated genes in related bacteria. This could be genes involved in biofilm production, metabolic functions or virulence genes for example. Although the A.baylyi ADP1 quorum sensing system isn’t well characterised, other Acinetobacter species are, such as the pathogen A.baumannii in particular.
The YP_045866 mutant that wasn’t carried forward as it wasn’t of interest in the context of this project. This is because, if the mutant couldn’t grow in liquid culture, then it would not be useful as a chassis for a biosensor. However, this phenotype is interesting in a scientific context and it would be interesting to investigate this gene further by determining what role this has in the cell, whether this is a gene linked to quorum sensing, or another process. AI-2 receptors are two component receptors and so considering this, if the TCR mutant could be analysed further, investigation into detection of AI-2 signalling molecules by the mutant compared to wildtype could be interesting. The loss of recognition of AI-2 could be observed compared to wildtype using a protein affinity assay. The gene could also be overexpressed in E.coli and the product of the gene studied in this way. 
The applications of the Δtr mutant if it does prove a better host for the biosensor construct than wildtype would be good in a wastewater setting where settling would be useful rather than air-liquid interface biofilm formation. However, in the context of a drinking water distribution environment where there is a lot of shear stress, a weaker biofilm former wouldn’t be preferable. It would still be viable as a biosensor chassis because, as previously mentioned, the water samples would be added to the bacteria, it wouldn’t need to subsist in the drinking water distribution system. Testing of the biosensor in both wildtype and this mutant strain would be interesting.
[bookmark: _Toc512957269]Biosensor Design and Development
The initial biosensor was made by Dr. Paul Davison at the University of Sheffield. This was tested to determine the activity of the biosensor. After much investigation it was determined that the biosensor was designed in reverse to how the signalling network is in V.cholerae, organised so that the signal would be on until CAI-1 was detected, rather than a signal in response to detection. It was also found that there weren’t RBS sites present to allow the full sensor construct to translate and so no signal would be detected.
The “bespoke” assembly method shown in this chapter would enable the assembly of biosensor parts in a more Synthetic Biology approach. The full assembly of this design wasn’t completed and it seems to be a problem at the “sensor” and “response” annealing stage as PCR amplification of full construct ligation mix wasn’t successful and that the primers would need to be reordered at these points. Checking the primer sequences, these are correct for the theoretical overlaps that would enable ligation but it may be that one of these is forming loops or annealing to ulterior sequences, impeding the desired ligation of parts. As the Golden Gate assembly method relies on only one or two base pairs being different in the 4 bp ends, despite creating these compatible ends using the widely cited NEB Golden Gate software, it may be that these are incompatible with the parts. For this reason some new sets of primers which enable the production of different sticky ends would be advisable to ensure a successful product can be assembled and no interference between overhangs is occurring. 
Primers were designed to insert the the Qrr1 sRNA binding site into GFP for use in the V.cholerae quorum sensing biosensor. One was made using the identical sequence found at the LuxO RBS in V.cholerae and another was designed and created by replacement of the V.cholerae RBS with the AGGAGA RBS used here. The production of these two different sites was done to ensure that the GFP can be translated and repressed by Qrr1 RNA in A.baylyi ADP1. It is not known if A.baylyi ADP1 ribosome will recognise the V.cholerae RBS and translate the GFP mRNA and so the insertion was made. The original sequence was also introduced into the design as it is unknown if this substitution would have an effect on the Qrr sRNA binding site. 
Riboswitches are a form of translational control involving ligand binding rather than protein involvement that could also be used here rather than the native V.cholerae control  (Topp et al. 2010)    . However, as the main organism of study tends to be E.coli due to it being a highly studied laboratory organism, this means that study into riboswitches and translational control in A.baylyi ADP1 is more limited, however synthetic riiboswitches have been produced for A.baylyi that could be incoroporated into the biosensor in place of the Qrr sRNA translational control (Cloud-Hansen et al. 2006)    .
From here an “off the shelf” assembly method was designed incorporating Synthetic Biology approach. The MCS organisation and design shown in Figure 5‑32allows the availability of restriction sites at useful points for biosensor assembly. This will be inserted into a vector created here that can act as a shuttle plasmid like pWH1274 is between E.coli and A.baylyi ADP1. The MCS includes a terminator between the two MC1 and MC2 sites, splitting the biosensor up into a MCS ready to accept “sensor” and “response” components. The MCS needs to be tested for use to determine if it’s as functional in practice as it is in theory by their sequences.
It would be useful to create a library of constructs of the following organisations:

1. P-MCS-Tr-MCS-GFP-Tr
2. P-MCS-Tr-MCS-Tr
3. MCS-Tr-MCS-GFP-Tr
4. MCS-Tr-MCS-Tr
Number 1 allows the quick insertion of quorum sensing receptor and response promoter genes into a biosensor chassis. 2. Allows the same with the edition of a change in signal to one other than GFP, 3 allows a different promotor to be added, if you want a stronger or weaker promoter, or an inducible one, this allows a promoter to be added with ease. And the 4th plasmid allows everything to be inserted aside from terminators. 
These sites would allow a range of changes to be made to the biosensor construct without the need for a complete “bespoke” assembly of all parts. This means if only, for example, the reporter needs to change, then number “2” could be used in that list to insert a different reporter without the need to complete a whole new assembly.
For the MCSs to be useful in a synthetic biology context with little molecular biology knowledge being needed to use it, some selection software such as a MACROS or an online tool made so the gene sequence can be entered and available sites and enzymes available to use are given, would be useful. This would mean the user doesn’t need to know the sequence of the vector or look through the available restriction sites for compatibility, but insert the sequences they wish to insert into the tool and available restrictions sites could be given back out.
It would be good to have different signals for the context of an onsite biosensor. As GFP is a fluorescent gene, it requires equipment to visualise a response. It is good in the context of biosensor development as a strong signal would be seen when the biosensor is working in a quantifiable manner. What may be more useful at end use is for the signal to be a colour change, using pigments as this could be used without the need for further equipment. A range of structures including the MCSs could be created with different reporters in to choose from. 
The development of a library of sensitivities of constructs would also be useful for applications such as a traffic light system. This would be a device that could use different signals to show different concentrations of autoinducer are present in the water, which could give an indication of the amount, of pathogens present. This difference in signal depending on concentration of AI could be developed to indicate when a pathogen is purely present in a system, and produce a different signal when the ID50 or LD50 levels have been reached as part of a traffic light system. This engineering would need to be pathogen specific as different pathogens have different efficiencies of infection. V.cholerae is known to be a poor pathogen with respect to it needing a very high cell number to be consumed for a successful infection to occur whereas for pathogens such as can require as few cells as 2 can lead to an infection. This system would be very useful, however it doesn’t necessarily lend itself to an easily developed system with each biosensor needing investigating to determine how sensitive the sensor needs to be.
Approaches to increase sensitivity of the biosensor could be changing the promoter strengths used. As mentioned previously, the RBSs available for use in A.bayilyi are not as well characterised as they are in E.coli and so here a sequence of AGGAGA was used as this is an established prokaryotic RBS sequence and also was found in the pWH1274 plasmid that replicates and translates in A.baylyi ADP1. Point mutations of this could be added, lengthening the site to include more A and G residues around the core site and altering the distance of the RBS to the start site would be approaches to changing the strength of the RBS.
As mentioned previously, many pathogens use the AI-2 signalling system to communicate across species. These are not specific signals and so can’t be used as an indication of specific pathogens in a water system, however it could potentially be applied to the construct designed here, as an indicator of contamination. As discussed in previously, coliforms are widely used as an indication of contamination routes into water distribution systems.  The nature of the AI-2 signalling networks is broad range of bacteria, in a biosensor this could be applied to indicate contamination level by a detectable presence of these molecules. As AI-2 signalling molecules are frequently produced by a broad range of bacteria, this could be an interesting route of application. Another generic bacteria signal that could be used here are muropeptides which will be discussed in detail in Results Chapter 3. Muropeptides are fragments used to assemble the peptidoglycan wall in bacteria and have been shown to have a signalling quality both host-bacteria and bacteria-bacteria  (Murin et al. 2012)    . If these could be detected and optimised there is a potential biosensor for contamination detection application here. This chassis organisation is not limited to quorum sensing and any sensing network that fits the structure, could be inserted.
Production of assembly vectors with differing origin of replications would be of use as this would facilitate double transformants being produced which could be useful in some applications. In context of an onsite drinking water pathogen sensor, it would be beneficial for a successful biosensor construct to be inserted into the genome of the A.baylyi ADP1 rather than having the construct on a plasmid. This is because a plasmid needs to have constant selection by antibiotics which is not practical for long term or downstream applications as a drinking water biosensor. To insert the construct into the genome, there exists vectors that can insert into non-essential parts of the genome (Murin et al. 2012)   . This would enable the biosensor to maintain the biosensor construct without constant selection of a vector. 
The BioBrick forming plasmid was created  (Chen et al. 2016; Ortiz-Severín & Biological … 2015) Murin (et al., 2012)  to enable production of BioBrick parts with inclusion of a RBS upstream of the start codon and so the use of NcoI as a restriction site (in the vector) is required. It would be useful to insert a larger MCS into here to allow the availability of different restriction sites at the 3’ end of the part. By having a large selection of overhangs it would allow the use of Klenow to produce a blunt end, for blunt end ligation of the 5’ end if no compatable restriction sites can be used fo anneal to NcoI because of sequence incompatibility; containing the restriction sites in the coding region.

[bookmark: _Toc512957270]Results Chapter 4: Characterisation of Acinetobacter baylyi ADP1 and Bacillus subtilis 168 Antibiotic Resistance Gene Expression Control
[bookmark: _Toc512957271][bookmark: _Toc512957272]Introduction
Antimicrobial resistance is the defence (or resistance) by a microbe to medication, such as bacterial resistance to antibiotics. For the range of targets that antibiotics have against bacteria, methods quickly evolve at these targets leading to resistance to these treatments rendering them ineffective. The main resistance methods are altering the targets of the antibiotic, for example changing the structure of penicillin binding proteins, or to remove the antibiotic from the cell, be this classically by efflux pumps or by digesting the antibiotic such as beta lactamases against beta-lactam antibiotics, or shown more recently intracellular polyphosphate plays a role in biofilm antibiotic resistance (Zeng & in microbiology 2013)   . 
Although antibiotic resistance is a problem medically, in synthetic biology it is an invaluable tool. It is used as a selection tool for bacteria that have been successfully transformed with DNA using vectors or for creating knockout mutants as described in previous chapters of this thesis. Acinetobacter baylyi ADP1 is naturally resistant to ampicillin, a member of the beta-lactam family of antibiotics, by the presence of a beta-lactamase gene in its genome and so care needs to be taken when designing constructs for this strain as false positive selection of “successful” genetic manipulations would be found if ampicillin was used as a selection marker.
Genes of the beta-lactam family, have previously been shown to be inducible, responsive to the presence of cell wall constituents in a cell signalling mechanism (Zeng & in microbiology 2013)   . Similar to quorum sensing that detects signalling molecules to determine cell number in the environment, detection of peptidoglycan parts called muropeptides enable the bacteria to detect the potential presence of beta-lactam antibiotics in the environment as these are the breakdown products of the beta-lactam degradation of the peptidoglycan wall as can be seen in Figure 6‑1. 
[image: Image result for beta lactamase beta lactam resistance]
[bookmark: _Ref514090751][bookmark: _Toc514917800]Figure 6‑1 Gram negative peptidoglycan inhibition by β-lactam antibiotics and the signalling involved   (Cloud-Hansen et al. 2006; Amoroso et al. 2012)    )
Here it can be seen that β-lactam antibiotics inhibit the penicillin binding proteins which are involved in peptidoglycan (PG) assembly. It has been shown that the accumulation of cell wall intermediates (muropeptides) due to β-lactam action induce expression of β-lactamases (Zeng & in microbiology 2013; Jacobs et al. 1997)   . B-lactamases are enzymes synthesised by bacteria which hydrolyse the amide bond within the beta-lactam ring of beta-lactam antibiotics such as penicillins or cephalosporins. This is a common defensive response in bacteria to the presence of this family of antibiotics. It has been shown that tri-muropeptides are transported through the cell membrane by transporters such as AmpG in Pseudomonas aeruginosa, processed into a di-muropeptide and this competitively binds to the β-lactamase transcription factor AmpR with the inhibitor muropeptide (UDP-NAM-pentapeptide; (Beceiro & Pérez-Llarena 2007) . This leads to expression of the β-lactamase in response to antibiotic presence. 
This signalling mechanism hasn’t been identified in A.baylyi ADP1 and understanding the expression control mechanism here for potential use as a chassis organism in synthetic biology would be of interest for signalling constructs and modelling of expression pathways within A.baylyi ADP1. Understanding if A.baylyi ADP1 can respond to the presence of other organisms in the environment, not just its own muropeptides, could have useful applications for biosensors in detection of other bacteria in the environment, or for different methods of expression control when designing new genetic constructs.
Investigating the ability of both A.baylyi ADP1 as a gram negative, and in addition a gram positive such as Bacillus subtilis 168 response to extracellular muropeptides and degradative additions such as ampicillin or lysozyme, would be of interest to determine any differences in detection due to the peptidoglycan being present in the periplasm or in the form of a much thicker cell wall as is characteristic of Gram positive bacteria. If bacteria do indeed express resistance genes in response to muropeptides, this expression control could potentially be manipulated to force expression of resistance genes which would then allow the proteins to be detected for tracking antibiotic resistance in clinical isolates. A biosensor that was able to do this would be potentially useful as current detection methods of β-lactamases involve needing technical expertise and equipment. 
The organisms used for this work are Acinetobacter baylyi ADP1, a Gram negative bacteria which has natural low level ampicillin resistance gene encoded by ampC and a putative β-lactamase 1855. Bacillus subtilis was also investigated as a comparison as it’s a Gram positive organism. B.subtilis has putative β-lactamase genes ybsI and penP. The putative genes were found either through the literature, genome labelling in NCBI or homologous sequence BLAST in NCBI of the DNA sequences which is discussed further in the results.
This chapter aims to investigate potential β-lactamase resistance genes within A.baylyi ADP1 and B.subtilis 168 and how application of cell constituents (muropeptides) or chemicals that break down the cell wall into these constituents (β-lactamase and lysozyme) affects the expression and translation of these genes. This work aims to investigate muropeptide detection in A.baylyi ADP1, and its interaction with the environment through this, to further characterise the chassis organism for use in synthetic biology. This work also aims to investigate potential applications of this control mechanism to detect antibiotic resistance in bacteria in order to monitor spread of resistance. This research would indicate if a biosensor would apply muropeptides extracellularly, or need to generate from the pathogens own PG in order to initiate β-lactamase expression. This application system could then be engineered using Synthetic Biology techniques. Specifically, this chapter aims to investigate whether expression changes could be observed with muropeptides addition; if they can be applied to a culture to stimulate expression; and if applying lysozyme or an antibiotic which releases cell wall constituents (muroPs) or inhibit the incorporations of these into the peptidoglycan wall respectively, leads to expression of beta-lactamase genes. 

The aims of this chapter are to 
· Characterise A.baylyi ADP1 ampicillin resistance expression control
· Determine if A.baylyi ADP1 (Gram negative) and B.subtilis 168 (Gram positive) antibiotic resistance genes are inducible by external application of muropeptides and degradative additions lysozyme and ampicillin which release muropeptides using quantitative PCR to detect for expression changes.
· Investigate if A.baylyi ADP1 and B.subtilis 168 beta lactamases could be detected in the supernatant after induction using nitrocefin protein assay.
Growth Studies
Ampicillin and lysozyme are toxic to cells and so a balance was sought between a high enough concentration for the cells to be exposed to, to enable a gene induction response to the presence of the ampicillin and lysozyme and also a low enough concentration to ensure growth wasn’t impeded drastically or the concentration wasn’t fatal. To determine what concentrations of ampicillin and lysozyme could be used for the experiments for each organism, growth assays were carried out in the presence of different concentrations of ampicillin and lysozyme.  
Antibiotic resistance is determined when bacteria are viable after exposure to 0.12 µg/ml of antibiotic. From this it was decided to use a range of 0-50 µg/ml which includes below this viable concentration and up to that used frequently to select for ampicillin markers in plasmids (50 µg/ml). 
Concentrations of lysozyme between 100-250 µg/ml is frequently used to lyse cells, however as the aim is to digest the peptidoglycan partially without killing the cells, a concentration range of 0- 50 µg/ml was used based on previous findings that 20 µg/ml wasn’t fatal for all cells in a culture (Wilcox and Daniel, 1954). The assay was carried out by diluting starter cultures to 0.05 OD600 in relevant media with a range of 0-50 µg/ml concentrations of lysozyme and ampicillin. 200µl of these cultures were added to wells of a 96 well plate and grown for 24 hours at 30°C for A.baylyi ADP1 and 37°C for B.subtilis 168 with shaking and OD595 was measured using a TECAN 96 well plate reader. The results of three biological replicates are shown in Figure 6‑2, Figure 6‑3, Figure 6‑4 and Figure 6‑5.
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[bookmark: _Ref471230580][bookmark: _Toc514917801]Figure 6‑2 OD595 measurements of A.baylyi ADP1 in different concentrations of ampicillin plotted on a logarithmic scale. Error bars = Standard Deviation
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[bookmark: _Ref471230581][bookmark: _Toc514917802]Figure 6‑3 OD595 measurements of A.baylyi ADP1 in different concentrations of lysozyme plotted on a logarithmic scale. Error bars = Standard Deviation
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[bookmark: _Ref471230582][bookmark: _Toc514917803]Figure 6‑4 OD595 measurements of B. subtilis 168 in different concentrations of ampicillin plotted on a logarithmic scale. Error bars = Standard Deviation
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[bookmark: _Ref471230583][bookmark: _Toc514917804]Figure 6‑5 OD595 measurements of B.subtilis 168 in different concentrations of lysozyme plotted on a logarithmic scale. Error bars = SD 

It is important to ensure that both bacteria can grow normally in the presence of ampicillin and lysozyme to avoid a stress response from the cell and so change in gene expression, not from the accumulation of muropeptides using these additions but from a stress response within the cell. These growth assays indicate that A.baylyi ADP1 and B.subtilis can persist in the presence of ampicillin and lysozyme. We wanted to ensure that growth was impeded as little as possible, it was decided that the concentrations of the antibiotic ampicillin and lysozyme used for the organisms is shown in Table 6‑1.
[bookmark: _Ref470746985][bookmark: _Toc514917718]Table 6‑1 Concentrations of Ampicillin and Lysozyme to be used in assays
	Organism
	Ampicillin µg/ml
	Lysozyme µg/ml

	Acinetobacter baylyi ADP1
	50 
	20

	Bacillus subtilis 168
	4
	2


It can be seen in Figure 6‑2 and Figure 6‑3 that A.baylyi ADP1 growth is not impeded by either amplicillin or lysozyme concentration, so the highest dose tested was chosen to take forward for future studies. The growth of B.subtilis 168 is affected by the presence of ampicillin and lysozyme in the environment and because of this a cautious concentration of both were chosen for use in further experiments.
These concentrations of ampicillin and lysozyme were used in future experiments to determine if this lead to a change in expression of potential beta-lactamase genes.  A final concentration of 1 µg/ml of muropeptides was chosen as this has been used in other similar experiments.
[bookmark: _Toc512957273]RNA and Protein Assays
To investigate if muropeptides, ampicillin and lysozyme application leads to a change in expression within A.baylyi ADP1 and B.subtilis 168, investigations into the expression of β-lactamase genes were carried out, looking at both the transcriptional and translational differences when muropeptides containing mDAP or LYS, ampicillin or lysozyme were applied. A Nitrocefin assay was used to indicate changes in levels of β-lactamase enzyme when in the presence of the different potential inducers (muropeptides etc), and qPCR assays were carried out to elucidate any transcriptional changes of specific target genes, of which some were confirmed and some were potential/predicted β-lactamase genes.
[bookmark: _Toc512957274]qPCR assays
A quantitative polymerase chain reaction (qPCR) is a technique used to determine the amplification of genes. This is a similar reaction to standard PCR, however it uses complementary DNA (cDNA) as the template. When a genes is transcribed, RNA is generated which is used as a template for protein synthesis and it is from this that cDNA is produced. This allows an indication of control of the expression gene of interest as an increase or decrease in RNA from a particular gene indicates a change in control expression. In this way, this can be quantitative or used as a comparison against a standard. This technique was used to investigate the relative expression changes of A.baylyi ADP1 and B.subtilis 168 antibiotic genes in response to muropeptides, lysozyme and ampicillin addition.
The antibiotic resistant genes were chosen using bioinformatics tools and literature searching. DNA and protein sequences for the ampicillin resistance gene ampC in A.baylyi ADP1, was used in the NCBI BLASTn and BLASTp online tool against A.baylyi ADP1 and B.subtilis genomes. This bioinformatics tool enabled us to search the sequenced genomes of the two bacteria to locate homologous genes or proteins and so potential antibiotic resistant genes. The genes chosen are shown in Table 6‑2.
[bookmark: _Ref470746971][bookmark: _Toc514917719]Table 6‑2 Genes targeted in qPCR
	Organism
	Gene name
	Endogenous Control gene

	A.baylyi ADP1
	ampC, ACIAD_RS01855
	rpoB

	B.subtilis 168
	ybxI, penP
	sigA


Homologous sequences were investigated in the literature to determine functionality of predicted genes or proteins and from this, two genes of interest for each organism were taken forward for investigation. For both organisms, one gene was chosen that was an established antibiotic resistance gene with known function experimentally and published for this. Another hypothetical protein of predicted function as an antibiotic resistance gene by sequence for each organism was also chosen to be investigated alongside a characterised gene. 
 The A.baylyi ACIAD_RS01855 (1855) gene encodes for a hypothetical protein in the A.baylyi ADP1 genome and this had high sequence similarity with ampC. The A.baylyi ADP1 ampC gene has previously been shown to encode an ampicillin specific β-lactamase by expression and structural studies in Escherichia coli  (Colombo et al. 2004)    and so was also used for analysis. It was of interest to characterise the ampC gene further, by investigating the control mechanisms A.baylyi ADP1 uses for expression, but also interesting to investigate a putative antibiotic resistance gene that has not yet been characterised. The genes chosen for B.subtilis gene were ybxI which is a gene for a hypothetical protein thought to be a member of Class D: OXA (oxacillinase) group of β-lactamases (Class D) and penP is also a class-A family β-lactamase  (Brzoska et al. 2013; Dambach et al. 2013)   . In addition to genes of interest (GOI), endogenous controls are needed to be used as a reference. The Ct values of the GOIs are compared against a control, such as a housekeeping gene, to normalise the amount of input cDNA and ensure results are relevant. The endogenous controls used were chosen from previous studies carried out in the literature  (Colombo et al. 2004)     
To generate samples for qPCR analysis, starter cultures were grown overnight in the appropriate media and temperature and diluted to 0.05 OD600. These were then incubated with either muropeptides mDAP or LYS, Ampicillin or lysozyme at the concentrations stated in Table 6‑1. These were incubated at 30°C for A.baylyi ADP1 and 37°C for B.subtilis, for 8 hours. The cultures were measured using a spectrophotometer and samples were taken at 1 OD600. This was added to 2 volumes of BacteriaProtect (Qiagen) and RNA was extracted using RNeasy kit (Qiagen) following kit instructions. This was then treated with DNase and cDNA was produced from this RNA template using “ThermoFisher High Capacity Reverse Transcriptase Kit” following kit instructions; “no reverse transcriptase” controls were generated here. SYBR Green Thermofisher mastermix was used for the qPCR reaction in a final volume of 10 µl using Applied Biosystems 7500 fast qPCR system. Three biological replicates were analysed and the mean Ct values were used for statistical analyses, single factor ANOVA and TTest. Boxplots show 2^-ΔΔct expression fold change compared to non-treated sample in Figure 6‑6Figure 6‑7Figure 6‑8Figure 6‑9. The primers used for PCR can be found in Table 3‑6.
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[bookmark: _Ref471036029][bookmark: _Toc514917805]Figure 6‑6 Box plot of 2^-ΔΔct  fold gene expression of ampC in A.baylyi ADP1 compared to untreated. Boxplot explanation; upper hinge of the box, 75th percentile; lower hinge of the box, 25th percentile; horizontal line within box, median. The whiskers indicate range. One way ANOVA and unpaired TTest statistical analysis; *p<0.05 TTest; n=3.
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[bookmark: _Ref471036032][bookmark: _Toc514917806]Figure 6‑7 Box plot of 2^-ΔΔct  fold gene expression of 1855 in A.baylyi ADP1 compared to untreated. Boxplot explanation; upper hinge of the box, 75th percentile; lower hinge of the box, 25th percentile; horizontal line within box, median. The whiskers indicate range. One way ANOVA and unpaired TTest statistical analysis; *p<0.05 TTest; n=3.
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[bookmark: _Ref471071267][bookmark: _Toc514917807]Figure 6‑8 Box plot of 2^-ΔΔct  fold gene expression of ybsI in B.subtilis 168 compared to untreated. Boxplot explanation; upper hinge of the box, 75th percentile; lower hinge of the box, 25th percentile; horizontal line within box, median. The whiskers indicate range. One way ANOVA and unpaired TTest statistical analysis; *p<0.05 TTest; n=3.
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[bookmark: _Ref471086739][bookmark: _Toc514917808]Figure 6‑9 Box plot of 2^-ΔΔct  fold gene expression of penP in B.subtilis 168 compared to untreated. Boxplot explanation; upper hinge of the box, 75th percentile; lower hinge of the box, 25th percentile; horizontal line within box, median. The whiskers indicate range. One way ANOVA and unpaired TTest statistical analysis; *p<0.05 TTest; n=3.



In Figure 6‑6Figure 6‑7 the expression changes in A.baylyi ADP1 in response to culturing with muropeptides mDAP and LYS, ampicillin and lysozyme can be observed. The LYS and Ampicillin treatments induced a significant increase in expression of both ampC and 1855 genes in A.baylyi ADP1, with lysozyme inducing an increase in expression of the ampC gene only. In Figure 6‑8Figure 6‑9 it can be seen that mDAP and lysozyme addition lead to statistically higher expression of ybsI gene compared to no treatment, with LYS and ampicillin not having a significant effect on relative expression. The penP gene had no statistically significant changes in expression to any of the inducers added. 
This is interesting as the induction of expression of A.baylyi ADP1 genes by LYS implies that A.baylyi ADP1 is able to detect peptidoglycan muropeptides from other bacteria in the environment and respond by changes in expression of its own antibiotic resistant genes. Response to lysozyme by both A.baylyi ADP1 and B.subtilis 168 (and ampicillin in A.baylyi ADP1) would suggest that both bacteria can detect their own muropeptides and so respond to its own peptidoglycan monomers, however the addition of the muropeptide mDAP showed no significant increase in expression of either gene in A.baylyi ADP1. The muropeptide mDAP is found in both A.baylyi ADP1 and B.subtilis 168 peptidoglycan layers. The change in expression of the ybxI gene in B.subtilis 168 indicated that it can detect it’s own peptidoglycan constituents but the data implies it can’t detect muropeptides from other organisms. Not inducing expression of the confirmed antibiotic resistance genes ampC in A.bayly ADP1 is surprising. Here data has been shown in box plots so the spread of qPCR data can be seen. In some cases, such as mDAP in A.baylyi ADP1 and lysozyme in B.subtilis, the spread of the range of the data seems large with outliers effecting the average and so statistical analysis. The results for mDAP responsive expression of the 1855 gene in A.baylyi ADP1 had a cluster of samples at high relative expression of this gene, however as some readings are low, this has effected the mean with a large spread of data and so statistically this has shown no effect on expression in these experiments.
It is surprising that ampicillin addition didn’t induce expression of either ybxI or penP genes in B.subtilis. These genes have sequence homology to characterised β-lactamases in different Bacillus strains and have been reported as Class D and Class A β-lactamases respectfully. The YbsI protein has been overexpressed in Escherichia coli and the activity analysed confirming that the translated gene does have β-lactamase activity  (O’Callaghan et al. 1972; Pitkälä et al. 2007)   . This could be that the concentration of ampicillin used in the experiment was too low to induce a response, the concentrations chosen were so the growth of the bacteria wouldn’t be impeded by the addition of ampicillin so changes in expression weren’t due to a stress response. 
Having shown that both muropeptide fragments, ampicillin and lysozyme can initiate an expression change of β-lactamase genes, the potential to detect this change needed to be investigated. For a potential biosensor detecting these β-lactamases, we need to establish if these are detectable extracellularly, in the media, or if cells would need to be treated before detection. To establish this, Nitrocefin β-lactamase assays were carried out.
· [bookmark: _Toc512957275]Nitrocefin Protein Assays
Nitrocefin is a chromogenic cephalosporin that produces a colour change from yellow (Δmax=390nm) to red (Δmax=486nm) in the presence of β-lactamases  (Pitkälä et al. 2007)    . This colour change occurs when the beta lactam ring is hydrolysed. This is doesn’t discriminate between which β-lactamases are present; it is a reporter for all β-lactamases tested thus far as a broad range indicator.
There are different methods that can be used to carry out a Nitrocefin assay, including plate and broth methods (Beceiro & Pérez-Llarena 2007)    . Here a broth method was used whereby starter cultures were diluted down to 0.05 OD600 and incubated with muropeptides mDAP and LYS, Ampicillin and lysozyme at the concentrations stated in Table 6‑1. These were incubated at 30°C for A.baylyi ADP1 and 37°C for B.subtilis, for 8 hours. 500 µl of this culture was then centrifuged and the supernatant used for the Nitrocefin assay to detect β-lactamases that had been secreted from the cell.  Nitrocefin was added to 200 µl of supernatant at a final concentration of 1 mM and added to a 96 well plate. These were measured over the course of an hour at ~2 min intervals at wavelength 435nm. 
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[bookmark: _Ref470735923][bookmark: _Toc514917809]Figure 6‑10 Nitrocefin beta-lactaamse assay for A.baylyi ADP1 in presence of different inducers. Error bars indicate standard deviation; no significant differences were found using one-way ANOVA
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[bookmark: _Ref470735926][bookmark: _Toc514917810]Figure 6‑11 Nitrocefin beta-lactamase assay for B.subtilis in presence of different inducers. Error bars indicate standard deviation; no significant difference were found using one-way ANOVA


In Figure 6‑10, the nitrocefin assay indicates that β-lactamase cannot be detected in the supernatant statistically more in the treated samples of A.baylyi ADP1 compared to untreated. The application of the Gram negative (G-ve) muropeptide “mDAP” and Ampicillin lead to the largest increase in β-lactamase protein present in the supernatant, however these have p values of 0.188 and 0.098 respectively and so aren’t a statistically significant change.
In Figure 6‑11, we can see Nitrocefin detection of β-lactamase enzymes in B.subtilis 168 supernatant. It can be seen that these results seem to reflect the lysozyme expression displayed in the qPCR results with no change in expression for induction by mDAP, mLys or ampicillin. These results are not statistically significant, where lysozyme expression is lowest giving a p value of 0.055 when analysed with an unpaired TTest against untreated B.subtilis. 
Although not significant differences in β-lactamase detection in the supernatant of the cultures, the pattern of expression, in particular for B.subtilis 168, appears to mirror the results found in the qPCR experiments. It can be seen that in B.subtilis 168, lysozyme causes the most detected β-lactamase activity in the supernatant, and in the qPCR studies on gene expression change, expression of the ybsI gene is significantly increased. For A.baylyi ADP1, β-lactamase seems to be higher for all additions, which all but mDAP were shown to induce a significant increase in expression. It could be that this technique is not sensitive enough to detect the expression changes seen in the qPCR data.
[bookmark: _Toc512957276]Discussion and Future Work
During this chapter, the characterisation of A.baylyi ADP1 antibiotic resistance expression control and potential applications of biosensors in detecting antimicrobial resistance has been investigated, specifically looking at how expression of β-lactamase genes could be induced by external species: muropeptides, lysozyme and antibiotics. This work has shown that there could be a potential application of these to initiate β-lactamase expression for detection of the proteins by a biosensor.
Growth assays
Initially growth in a range of concentrations of ampicillin and lysozyme were carried out to decide assay concentrations moving forward for downstream experiments. It was found that A.baylyi ADP1 was better at subsisting in the presence of both ampicillin and lysozyme compared to B.subtilis 168. This is understandable as in the literature it has been shown that A.baylyi ADP1 has partial resistance to ampicillin and despite being susceptible to lysozyme, as it is a gram negative organism, it means it is not as sensitive to lysozyme degredation of peptidoglycan as gram positives such as B.subtilis. This is because their peptidoglycan layer is protected by the outer membrane, whereas Gram positives have an external cell wall that is vulnerable to degradation by lysozyme  (Colombo et al. 2004)   .
Gene expression changes by addition of muropeptides, ampicillin or lysozyme.
The qPCR assays were carried out to investigate gene expression changes in response to application of muropeptides mDAP, LYS, lysozyme or ampicillin. This showed that Ampicillin induced expression of both ampC and 1855 genes in A.baylyi suggesting the expression of these hypothetical β-lactamase genes are induced by the β-lactam ampicillin. It is surprising that ampicillin addition didn’t induce expression of either ybxI or penP genes in B.subtilis. These genes have sequence homology to characterised β-lactamases in different Bacillus strains and have been reported as Class D and Class A β-lactamases respectfully. The YbsI protein has been overexpressed in Escherichia coli and the activity analysed confirming that the translated gene does have β-lactamase activity  (Kunst et al. 1997)    . The penP gene has been categorised by sequence homology to penP, blaZ type genes in other Bacillus strains and has been reported as being characterised at a protein level by expression in E.coli but this was referenced as unpublished  (Colombo et al. 2004)     (Scheurwater et al. 2008; Höltje 1995)    . Despite protein characterisation and high sequence homology to β-lactamases, no native expression studies have been carried out within the B.subtilis 168 strain. It is unknown if these genes are expressed within the strains and translational control hasn’t been investigated in 168. A minor increase in β-lactamase expression can be seen, although not significant and so repeating the experiment with a higher concentration of ampicillin would be needed to confirm the results shown here as it may be that the concentration of ampicillin is too low to lead to an expression change, rather than ampicillin not having an induction effect at all.
However, despite no significant expression change when treated with ampicillin, the ybxI gene did show increased expression when mDAP muropeptide and lysozyme were applied. Lysozyme’s activity is to digest the peptidoglycan wall which releases muropeptides from the structure. It was investigated here, if application of lysozyme could elicit an antibiotic resistance response by simulating the conditions that beta-lactam antibiotics create. This proved to be true in the case of ybxI, in the qPCR assays where expression was significantly higher than no treatment (Figure 6‑8). 
Lysozyme also induced expression of ampC in A.baylyi ADP1, however it did not induce 1855 expression. The 1855 gene is a hypothetical protein based on sequence homology to ampC and so expression or activity was unknown before this study. Although lysozyme did not induce an expression change, the application of muropeptide-LYS and amplicillin did. This is interesting as it implies that this gene is active and responds to the conditions you would expect an ampicillin resistance gene to express in. What is surprising here is that both the ampC and 1855 genes do not have a change in expression in response to mDAP. The mDAP muropeptide is the structure that both A.baylyi ADP1 and B.subtilis 168 produce, with muropeptide-LYS commonly found in coccoid gram positive organisms.
An explanation as to why visually the qPCR result for 1855 expression with mDAP treatment seems to have an effect but is not statistically significant, could be the variability of the results. As the variability of the results is high, this effects the TT test which results in a less significant output. What would be prudent going forward would be to repeat the experiment to confirm if the trend observed is biologically relevant and significant. It could also be that the concentrations of the muropeptide used in this study were’y high enough to be detectable and so a response wasn’t seen. It would be interesting for further studies to investigate this with a range of concentrations of mDAP applied to A.baylyi ADP1 to determine if the abundance in the environment is the issue. 
The concentrations of muropeptides used were chosen by reference to the literature, however these concentrations are not used as an application to the cell to research expression change as has been done here and so it is possible that the amount of muropeptides added in these experiments is too low to induce an expression change. To investigate this, a range of concentrations of muropeptides could be applied to cells and these could all be analysed with qPCR,  as done previously, to investigate if this is an experimental change that is needed or if this is a biological reason for a lack of β-lactamase gene expression.
It would be interesting to see if a difference in induction of expression would be seen when lytic transglycosylases are used against both Gram negative and Gram positive organisms. Lytic transglycosylases act in a comparable manner to lysozymes, they target the same peptidoglycan bond as lysozymes and are a member of the lysozyme family with respect to the large homology of the active site, rather than their sequence or structure. Despite these similarities, the product when undergoing digestion of Gram negative peptidoglycan are 1,6-anhydromuropeptides which differ from lysozymes  (Zamorano et al. 2010; Masuda et al. 2001; Lee et al. 2016)    . This is interesting as these are fragments that are transported back into the cell for recycling and have been shown to be involved in antibiotic gene expression intracellularly  (Zeng & in microbiology 2013; Jacobs et al. 1997)    . It has previously been shown that bacteria lacking lytic transglycosylases have been more sensitive to β-lactam antibiotics indicating that the production of these muropeptides is needed for optimal antibiotic response.
A.baylyi ADP1 potential communication
The muropeptide-LYS was added to investigate whether muropeptides of different bacterial origin could illicit a response in A.baylyi ADP1. This implies that in the case of A.baylyi ADP1, it can detect other bacteria’s muropeptides and may indicate a cross species signalling network. This would make sense, if in a mixed culture, the presence of β-lactam antibiotics would lead to the accumulation of both mDAP and LYS type muropeptides and so detection of both would be beneficial. The hypothesis currently is that the muropeptides competitively bind with UDP-NAM-pentapeptide precursor to the AmpR transcription factor (TF). The UDP-NAM-pentapeptide has been shown to inhibit the AmpR TF from inducing β-lactamase expression. When the mDAP (anhydro-NAM-oligopeptide) binds to the AmpR TF it causes a conformational change, leading to transcriptional activation of the β-lactamase gene (Shah & Dworkin 2010; Libby et al. 2015)   . Observing here that the LYS type anhydro-NAM-oligopeptide could initiate expression of ampC in absence of ampicillin in A.baylyi ADP1 and so supposedly alleviate the repression of ampR is interesting with respect to intraspecies communication by A.baylyi ADP1. This suggests that β-lactamase expression could be induced by sensing the degradation of other species PG by β-lactam antibiotics.
It would be interesting to further investigate this by initially simply applying the supernatant of an ampicillin treated muropeptide-LYS organism and investigate using methods above, if this induces expression of ampC. To investigate the specific AmpR-mLYS interaction, a pulldown assay or affinity chromatography could be carried out to see if these interact. For a functional investigation, a ΔampR mutant and also a ΔampR with complimentary plasmid containing the ampR gene (ΔampR+pampR) could be created. The application of mLYS and mDAP type muropeptides would indicate activity of ampR. In order to confirm the hypothesis that AmpR can bind LYS type muropeptide and lead to expression of β-lactamase, you would expect no change in expression in the ΔampR mutant and a replenishment of response in the ΔampR+pampR.
Beta-lactamase protein detection after induction with muropeptides, lysozyme or ampicillin.
In the nitrocefin assays no statistically significant differences were observed, with the most significant p values from A.baylyi when exposed to mDAP and ampicillin at 0.188 and 0.098 respectively. This is unlikely to be due to an absence of β-lactamases in the supernatant, rather a fault with the technique used. The optical density readings observed are low in comparison to reports of use in the literature, with all readings falling below 0.06 Abs435. To determine if there is a problem with the assay, a β-lactamase overexpressing strain of A.baylyi ADP1 could be used in conjunction with the wildtype to determine if the sensitivity of the assay is too low. Using different concentrations of a β-lactamase enzyme in the media at different concentrations would indicate if it is the product received or the experimental set up that is at fault. The characterised proteins contain a signalling peptide and so should also be detectable by the Nitrocefin assay extracellularly.
Although there are no significant difference in the β-lactamase activity detected in the supernatant during the Nitrocefin assays, the pattern of the change in detection seems to mirror the results of gene expression change in qPCR. This has an increased detection of β-lactamase in the supernatant in B.subtilis 168 when lysozyme is present in the environment. This mirrors the results found in qPCR where addition of lysozyme lead to a significant increase in expression of ysbI gene. In A.baylyi ADP1, it appears that all of the additions lead to an increase in β-lactamases detected in the supernatant which also follows the qPCR data for all but mDAP muropeptride addition. It could be that the assay isn’t sensitive enough to detect β-lactamases at the concentration used in the conditions of the experiment. Further experiments such as western blots with antibodies generated for the β-lactamases AmpC and YbsI could be used to determine if changes in levels of the specific, characterised β-lactamases can be detected and then develop an assay or biosensor to detect any β-lactamase differences found from there. 
Synthetic Biology Applications
The aim of this work was to investigate the regulation of beta lactamase genes in A.baylyi ADP1 to further characterise the organism as a chassis for synthetic biology and to determine if there were potential applications for development of a biosensor to detect antibiotic resistance. As a lot of G-ve beta lactamases are constitutively expressed at high levels, particularly those on the plasmids rather than in the genome, these would not need induction. What was investigated here was, for those beta lactamases that are inducible in Gram positive and Gram negative organisms, what methods are available to induce them and can they be detected.
This work has indicated that application of lysozymes leads to expression of β-lactamase genes as well as potential applications of the antibiotic itself and the muropeptides. As lysozyme application appears to induce β-lactamase expression, a system using this could be developed. Being aware of the biosensor cell’s sensitivity to lysozyme would need to be taken into account, either by separating the sensor from the lysozyme. After characterising A.baylyi ADP1 here for sensitivity to ampicillin and lysozyme, it is persistent at high levels of lysozyme in the media without effecting growth. Using amplicillin as a β-lactamase inducer would be possible if you engineered the producing cell to be resistant to the antibiotic by alterations of the PBPs rather than β-lactamase expressing. This would mean the bacteria could express and secrete β-lactams into the environment and still be viable.
If muropeptide application proves to be viable after further investigation then an approach for production of these would be useful as the muropeptides aren’t damaging to cells like lysozymes are. Pathogens have been shown to overexpress and secrete the muropeptide TMT and so by engineering a bacteria to overexpress and secrete muropeptides, this could be a way to produce the inducer.
Rather than just a biosensor to detect β-lactamase, one could also have applications for detecting presence of bacteria in general. As muropeptides are indicative of bacteria presence, a system that could detect these muropeptides could act as an indication of contamination of environments, such as drinking water as has been the focus of the previous results chapter. There are many different methods bacteria use to detect muropeptides as an indicator of bacteria in their environment. A membrane serine/threonine kinase, PrkC, is present in B.subtilis, which detects DAP containing muropeptides. This has been shown to detect muropeptides it has released using its own resuscitation promotin factors (RFPs) RPF “YocH”, a PG digesting enzyme (Mir et al. 2011)    . Homologs are found in other organisms, such as S.aureus which has been shown to detect LYS containing muropeptides, but is not limited to this. The homolog PknR protein found in M.tuberculosis has been shown to detect muropeptides generated using RPF proteins  (Korgaonkar & Trivedi 2013; Erbs et al. 2008)    . Pseuodomonas aeruginosa expresses a pyocyanin antimicrobial in response to detection of GlcNAc cell wall components of Gram positive bacteria and Arabidobsis thaliana expresses PR1 in response to the presence of the Gram negative Agrobacterium tumeficiens muropeptides  (Korgaonkar & Trivedi 2013; Erbs et al. 2008) .
It would be interesting to investigate if a biosensor could be developed using a receptor such as PrkC, potentially for use in place of coliform bacteria. As muropeptides vary slightly across species, it would need to be investigated which muropeptides to detect; starting with coliform bacteria would be one approach as a contamination indicator. This would be a much quicker assay to apply on site for an indication of potential contamination routes.  


Discussion and Future Developments

The work in this thesis describes developments in characterisation of Acinetobacter baylyi ADP1 for use as a chassis in Synthetic Biology. 
This was carried out because A.baylyi ADP1 is an organism that has powerful potential in synthetic biology due to its natural competency, versatility and ease of handling which has been discussed in comparison to E.coli, the corner stone of genetic engineering to date. They share some of the tool kit available, such as gene parts like GFP and promoters and the progression has been fast with new plasmids and constructs being designed for synthetic biology in this organism, however the extent of the tools available are not as diverse. E.coli has a suite of strains that are engineered for specific purposes such as secretion of membrane proteins or DNA storage, whereas this suite of strains is not available for A.baylyi ADP1 yet. Understanding A.baylyi ADP1 further will enable the toolbox for this bacteria to expand and applications of this bacteria to increase as characterisation develops.
This thesis achieves the goal of characterisation of A.baylyi ADP1 by investigating its intracellular processes including phosphate accumulation and environmental sensing through creation of mutants and investigation into genetic control processes. This thesis also explores the potential application of A.baylyi ADP1 as a biosensor, with work here designing new constructs and plasmids for future development and use in synthetic biology, here explored in the context of biosensors to detect quorum sensing signalling molecules for pathogen detection and also highlighting potential genetic control mechanisms that could be taken advantage of for antibiotic resistance detection.
As an introduction to the discussion, the major findings of the results chapters are summarised here.
[bookmark: _Toc512957279]Results 1
· Two kanamycin selection mutants of genes ppk and relA were created and a markerless relA gene knockout was created. These mutations had no effect on growth in either high nutrient LB or in synthetic waste water (SWWA) which was expected when analysing the effect of these mutations made in other bacteria in the literature.
· Analysis of biofilm formation of these mutants indicated that the mutants have a detrimental effect on biofilm formation compared to wildtype in SWWA but no significant effect on biofilm formation in LB. 
· Morphological analysis using confocal microscopy showed that aggregates formed, not just at the air-liquid interface but at the bottom of the glass slide supporting the crystal violet assay in SWWA. Analysis of confocal image brightness showed no significant difference in cell number although in the trend of the result suggests wildtype produce brighter images than mutants. In SWWA, trends support that ΔrelA is a poor biofilm former as the majority of values are near to 0 relative brightness. Settling assays indicate that in LB, ΔrelA is a significantly worse settler that both the wildtype and Δppk::kanR, whereas no significant difference was seen in SWWA. – 
· Constructs were assembled to create fluorescence gene knockouts and markerless knockouts for future development of this work. This would enable the locational tracking of expression control of these genes in the context of a biofilm structure using a scanning electron microscope. This is of interest to investigate the conditions in which these genes might be expressed or repressed in a system when looking at applications of this to engineering and wastewater phosphate capture.
This work has investigated gene phenotypes that haven’t been researched previously in A.baylyi ADP1. This work has contributed to further understanding of the role of genes ppk and relA which is vital for the development of engineered PAOs to improve phosphate accumulation for applications in wastewater treatment. The production of of a ppx knockout and fluorescent knockout mutants using the construct created here will enable the investigation into the role of Ppx within the cell. Mutants containing the fluorescent genes will allow the in situ observation of gene expression in growth and biofilm assays. This is important for downstream investigations where wastewater environment will be investigated. Further work needs to be carried out to investigate the effect of the mutations on polyphosphate accumulation.
[bookmark: _Toc512957280]Results 2
· Investigations of A.baylyi ADP1 persistence in chlorinated media indicated that below 0.3 mg/L the bacteria appears to be able to subsist in the conditions tested in this thesis, indicatingpotential application in a drinking water context.
· A knockout of a putative quorum sensing receptor gene was created and it was identified that this was detrimental to biofilm formation in crystal violet biofilm assays.
· The CAI-1 V.cholerae autoinducer was successfully isolated for testing of the initial quorum sensing biosensor. This was found to be unresponsive to CAI-1 and a fault in original biosensor construct was identified when analysing the construct sequence. This construct was designed to express signal until autoinducer was detected.
· A new biosensor was designed, incorporating a new translational control mechanism that hadn’t been used before in the literature.  Redesign of biosensor incorporating Synthetic Biology techniques for production of a “bespoke” and “off the shelf” biosensor.
· The design of a new plasmid for A.baylyi ADP1 incorporating a comprehensive multiple cloning site for use in synthetic biology in the future.
Here a successful knockout of a putative quorum sensing receptor gene has been produced and shown to effect biofilm formation compared to wildtype A.baylyi ADP1. Further investigation of this to characterise a potential quorum sensing signalling network would be of great interest as this has not been investigated in A.baylyi ADP1 to date. Chlorine assays indicate that A.baylyi ADP1 is susceptible to the presence of chlorine in media shown by an adverse effect on growth further investigation to support these findings would be needed. Biosensor assembly methods were designed and further developments would be of interest to finish and characterise the assembly methods to confirm their functionality. A MCS was designed and synthesised to insert biosensor parts in order. Upon assembly of the biosensors, testing in the field and sensitivity testing would be required. A biosensor to detect quorum sensing signalling molecules in drinking water would be useful as this would enable the quick detection of pathogens which currently takes days and technical expertise to carry out.
[bookmark: _Toc512957281]Results 3
Investigation into potential routes for biosensor development for detection of antibiotic resistance using muropeptide signalling. 
· Growth studies were carried out to determine concentrations of lysozyme and ampicillin to be used in β-lactamase expression assays. Genes were chosen for qPCR assays by either literature search or blasting the genome with ampC sequence searching for homologous genes, protein sequence and predicted functions. 
· qPCR assays were carried out applying mDAP and LYS containing muropeptides, ampicillin and lysozyme which showed significant increase in expression of A.baylyi ADP1 of ampC by mLYS, ampicillin and lysozyme; 1855 by mLYs and ampicillin indicating A.baylyi ADP1 can detect muropeptides from different species
· qPCR assays showed significant increase in expression of B.subtilis 168 of ybsI by mDAP and lysozyme; no change in expression of penP
· Nitrocefin assays showed no significant difference of secreted β-lactamases in response to treatment in either A.baylyi ADP1 or B.subtilis 168
The investigation of β-lactamase expression induction by muropeptides was investigated to characterise A.baylyi ADP1 antibiotic resistance expression control and interaction with the environment through muropeptide detection and to determine potential application routes of an antibiotic resistance biosensor in the future.
The findings in this thesis have indicated that expression of non-constitutive (inducible) β-lactamase genes can be induced by application of lysozyme and antibiotic, which lead to an accumulation of muropeptides and also application of muropeptides themselves can cause an expression change. Of particular interest is that A.baylyi ADP1 elicits an expression change in response to muropeptides from different organisms. This implies a type of signalling not established in A.baylyi ADP1 thus far. This work has laid the groundwork for a potential development avenue for a biosensor to detect β-lactam resistance by β-lactamase expression.
Future work would ultimately be the development of a biosensor to detect β-lactamases, incorporating an expression induction step which has been shown to be possible in this work. Molecular investigation of the 1855 gene would also be interesting as this is a hypothesised β-lactamase in a.baylyi ADP1 that hasn’t been investigated. The A.baylyi ADP1 detection of muropeptides from other species is of interest and would also benefit from further investigation to reveal potential inter cellular communication.
In addition to the discussions made within each chapter, trends emerged:
Interaction with environment.
This thesis investigated the potential of A.baylyi ADP1 for interacting with its environment in the context of quorum sensing and muropeptide detection. Thus far in the literature, little research has focussed on the quorum sensing signalling system in A.baylyi ADP1, although characterisation of its pathogenic relatives have shown quorum sensing activity such as  A.baumannii (Bhargava et al., 2010). Previous groups had reportedly identified quorum sensing in A.baylyi but had not supported this data, reporting it as unpublished. Another group have found that A.baylyi (at the time A. calcoaceticus BD413) expressed quorum sensing active signalling molecules when tested with Chromobacterium violaceum assays (Gonzalez et al., 2001). To understand how this bacteria would interact in engineered systems developed in the future, a comprehensive understanding would need to be identified for how A.baylyi  interacts with the environment and other bacteria. 
Putative quorum sensing genes and LuxS homologs had been identified by bioinformatics with two homologs genes identified for investigation in this work. A successful knockout mutant was made in a putative quorum sensing transcriptional regulator that showed a significant decrease in ability to form biofilms, a classic process that can be controlled by quorum sensing. The work in this thesis has not yet clearly identified if this is truly a quorum sensing receptor gene, however, the sequence homology and the reduced biofilm formation phenotype is interesting. Further characterisation of this with complementation and investigation into the function of this gene/protein would be of great interest. 
Polyphosphate has been shown to be involved in quorum sensing and cell signalling within the cell in other bacteria, with knockout mutations of other bacteria in the polyphosphate kinase gene ppK leading to a reduction in quorum sensing autoinducer production and a reduction in biofilm formation (Rashid et al., 2000).
Polyphosphate is also involved in stress response and knockouts of polyphosphate kinase genes in other bacteria, the gene that encodes the protein for formation of polyphosphate, have been linked with a decrease in resistance to antibiotics (Gangaiah et al., 2009). It’s been hypothesised that this could be due to the availability of phosphate within the cell allowing activation of gene expression for resistance or direct interaction with the DNA itself. This antibiotic resistant process has been shown to be induced by external factors, with muropeptides crossing the membrane and inducing a genetic expression change within the cell and expression of beta-lactamase genes in response to the presence of these peptidoglycan monomers. A.baylyi ADP1 has been identified as having natural ampicillin resistance, characterised as the gene ampC being responsible. A study was carried out identifying random transposon knockout mutations in genes for proteins to determine seemingly unrelated proteins that confer antibiotic resistance to subinhibitory concentrations of different antibiotics to which many potential genes were identified (Gomez & Neyfakh, 2006).
The expression control of this gene hasn’t been investigated, the work in this thesis explored the potential of A.baylyi ADP1 to respond to these molecules in the environment and induce expression of antibiotic resistance genes. By using lysozyme and ampicillin to lead to an accumulation of its own muropeptides, this work has shown that a change in expression of the ampC gene and also a putative beta-lactamase gene 1855 using qPCR. In addition, this work has indicated that A.baylyi ADP1 may be able to respond to external factors from other organisms through the application of LYS muropeptide. We showed a significant increase in expression of the ampC and 1855 genes in response to LYS addition which is interesting for context of the bacteria’s relationship with its environment. It would be of great interest to carry this work further to investigate if muropeptides generated directly from other bacteria can illicit a response. 
It has been identified in other bacteria that polyphosphate plays a role in antibiotic resistance. In P.aeruginosa and C.jejuni, ppK knockouts were analysed and shown to be more sensitive to antibiotics than wildtype (Gangaiah et al., 2009; Rashid & Kornberg, 2000). Relative to A.baylyi, it’s been identified that quorum sensing in A.baumannii induces expression of antibiotic resistance genes (Dou et al., 2017). It would also be interesting here to investigate the effect of the ppk::kanR, relA::kanR and tr::SpnR mutants generated in this body of work,  on antibiotic resistance and investigate what role, if any, polyphosphate and quorum sensing  has on antibiotic resistance gene expression in A.baylyi ADP1. 
Applications of A.baylyi ADP1 to Synthetic Biology
As previously discussed, A.baylyi ADP1 has great potential to become a model organism for use in synthetic biology. The work carried out in this thesis explored the potential application and suitability of A.baylyi ADP1 for application in a water environment. This was namely through the development of quorum sensing biosensor to detect pathogens in water and investigation of polyphosphate accumulation in A.baylyi ADP1. 
Phosphate accumulation in wastewater is a current problem because eutrophication of surface water can occur if levels are allowed to accumulate. The increase in phosphate levels in wastewater is due to an increase in fertiliser use and demand for phosphate in industry, such as the food industry. This is currently either treated chemically which can be costly, or biologically using sludge which contains bacteria that accumulate phosphate from the water. This process is cheaper, however slower and so investigations into the potential application of A.baylyi ADP1 as a phosphate accumulator were investigated. Previous attempts to isolate individual strains from the sludge has identified good polyphosphate accumulators in vitro, but in a mixed culture have a small effect and so understanding of the mechanism of phosphate accumulation and also it’s interaction with other bacteria would be invaluable as the environment the bacteria would be used in would be a mixed culture.
In this work, 2 gene knockouts were made and one markerless mutant in phosphate associated genes relA and ppK. We have shown that the knockouts in these genes are not essential, the bacteria could grow normally in media, however they have a detrimental effect on biofilm formation and appear to effect the ability of the bacteria to adhere. This reflects the phenotype of knockout mutants in ppK genes in other bacteria (Rashid et al., 2000). Further characterisation of these genes would be of interest, carrying on attempts to measure polyphosphate levels in the mutants compared to wildtype and identify if these truly are polyphosphate associated genes. 
In this work, attempts were made to create fluorescent gene and markerless mutants using the ppK::kanR and relA::kanR mutants. This proved difficult, with only relA markerless mutant being successfully created. This could be a result of decreased competency and investigations into this mechanism would be of great interest. One of the main advantages of using A.baylyi as a chassis in synthetic biology is its natural competency and ease of handling so understanding how this works, or what effects this competency would be important to know. Recently it has been identified that type IV pilli appear to play a role in the natural competency of A.baylyi (Leong et al., 2017) and in other bacteria, polyphosphate has been associated with competency. In some studies, C.jejuni and P.aeruginosa lacking this gene have decreased competency and other bacteria highlighting the polyphosphate association with the cell membrane can impact competency. Investigating competency changes in the mutants created in this body of work would be interesting to determine if polyphosphate may play a role in the natural competency of A.baylyi and investigate the mechanism further.
Toolkits
New constructs and plasmids were designed and developed for use in A.baylyi ADP1 for synthetic biology. These focussed on maintaining synthetic biology principles of modularity, low technical level and ease of development. The development of new molecular toolkits for A.baylyi is invaluable and progression in this field will only strengthen the synthetic biology applications of this organism. 
Research and development of A.baylyi  toolkits to date has increased with new genetic engineering tools being created such as the Biobrick forming plasmid and range of Biobrick compatible plasmids for A.baylyi ADP1, chromosomal insertion plasmids and a new genetically stable strain ADP1-1Ex(). Contributing to this work, in this thesis a new method of translational control was incorporated into this design of the biosensor using the V.cholerae qrr small RNA that could be used in other constructs, designs and control systems in synthetic biology. Characterisation of this translational control in relation to its function, sensitivity and leakiness would be of interest to characterise the system for future use.
Conclusion
The work in this thesis has developed the potential toolkit available for A.baylyi ADP1 whilst also characterising the chassis further to enable future strain developments to occur. The work in this thesis as demonstrated it’s aim of investigating A.baylyi and the applications of it  as a chassis for use in synthetic biology, namely in the context of water and wastewater, and for application as a biosensor. Through the thesis mutagenesis, phenotypic studies and genetic engineering have been the focus, investigating gene phenotypes that haven’t been researched previously in A.baylyi ADP1. It has contributed to further understanding of the role of genes ppk and relA which is vital for the development of engineered PAOs to improve phosphate accumulation for applications in wastewater treatment. The findings reflect those found in other organisms and further research to characterise these mutants further would be of great interest. The investigation into cell signalling and environment detection showed that A.baylyi ADP1 may interact with its environment through the detection of muropeptides and the generation of a knockout mutant in a putative quorum sensing transcriptional regulator allows further characterisation of a potentially uncharacterised system. The progress made in the design and development of quorum sensing biosensor constructs and new A.baylyi vectors is an important area to develop in the future to expand the suite of toolkits available for this bacteria in synthetic biology. I believe A.baylyi is a contender to be a model organism for synthetic biology and the progress made in this thesis has helped characterise the organism and enable the progression of the synthetic biology tool kit development for this chassis.
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