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This thesis describes work on controlling bacterial contamination in fuel ethanol fermentations without the use of antibiotics which leads to considerable environmental damage.
An introduction highlights the necessity of biofuels to the global energy mix, potential biofuels and the particular role of bioethanol whilst exploring the issue of contamination as an issue in ethanol fermentation. The current industry reliance upon antibiotics as a biocontrol and the negative environmental impacts of antibiotic use are reviewed. Finally various alternative forms of biocontrol are suggested for investigation.  
The primary objectives of this thesis are discussed in a separate short chapter.
The main body of this thesis consists of three publications which have either already been accepted, are currently submitted for peer review or are prepared in a manner ready for submission. These papers detail the usage of various biocontrol methods and their effects upon laboratory scale ethanol fermentation.
The format of these papers has been modified to fit the style of this thesis; however, no data or text has been altered. All of the experiments reported within this thesis were carried out by Christopher Spencer in the Shell Biodomain laboratories without assistance.
Figures within the papers are numbered independently from the other sections of this document.
References are contained at the end of each chapter in the Harvard style.
Following on from the publications a chapter details work that was not published but is of interest. This chapter also lists details of some of the methods used during this work that are not described within the publications. 
The final chapter is a discussion and conclusion with an overview of further research in this area that could be of interest.
A brief appendix includes some extra data relavent to the experiments carried out which is not essential to the general understanding of the work.
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The production of biofuels and in particular bioethanol has increased rapidly since the early 1990’s. The advantages of biofuels include reduced CO2 production, a decrease in fuel importation for many nations (notably the US and Brazil), and comparatively simple blending with fossil fuels.
The production of basic fuel ethanol (1st generation) involves the use of an energy crop feedstock (corn in US and sugar cane in Brazil). The feedstock is processed via simple mechanical methods to release the simple carbohydrates, mixed with water and fermented anaerobically via S. cerevisiae yeast into ethanol and CO2. Due to the low market value of fuel ethanol, profit margins are restrictive, and as a result sterilisation and aseptic techniques are not economically viable, and contamination by environmental organisms is commonplace.
The current system of biocontrol involves the addition of antibiotics, primarily penicillin and virginiamycin, to the fermentation. While these antibiotics are broad spectrum and highly effective in reducing the impact of contamination, the negative environmental impacts of antibiotic usage are well known. In order to reduce the impact of contamination and reduce reliance on antibiotics an alternative system of biocontrol is required.
In this thesis various biocontrol agents are assessed, including bacteriophage, hop acids, chitosan, onion oil extract, copper and silver ions. The effect of these agents on the growth of various contaminant bacteria and a strain of S. cerevisiae is assessed and fermentations are carried out under sterile and controlled contaminated conditions to generate data on the effect of the contaminant and the various methods of biocontrol.
Other possibilities investigated include the insertion of plasmids containing heat shock proteins into S. cerevisiae to enhance thermo-tolerance.


[bookmark: _Toc380843781]Thesis objectives
Bioethanol is of increasing importance to the world fuel market and improving either the efficiency or the environmental credibility of 1st generation biofuel is highly desirable. The current system of antibiotic use damage the environment and is unsustainable as antibiotics are expensive and decrease the value of the fermentation waste material that is used as either fertilizer or animal feed. By investigating alternative methods of biocontrol it is hoped that antibiotic usage can be decreased significantly. The findings of this thesis will feed directly into the Royal Dutch Shell biodomain program and joint venture ethanol producer “Raizen” based in Brazil.
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	Abbreviation
	Meaning of abbreviation

	Mj
	Mega joule

	FAME
	Fatty Acid Methyl Ester

	GHG
	Green House Gas

	ABE
	Acetone Butanol Ethanol

	GM
	Genetically Modified

	DDGS
	Dried Distillers Grains with Solubles

	SSF
	Simultanious saccharification and fermentation

	MRSA
	Methycillin resistant Staphylococcus aureus

	EPA
	Environmental protection agency

	LAB
	Lactic acid bacteria

	ATP
	Adenosine Tri-Phosphate

	PFU
	Plaque Forming Units

	CFU
	Colony Forming Units

	OD
	Optical Density

	AFM
	Alcohol Fermentation Monitor

	HPLC
	High Performance Liquid Chromatography
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Modern society is currently facing an unprecedented energy challenge that is a great concern for world governments and the scientific community. Fossil fuels have provided an efficient and accessible source of energy for generations. Upon this we have based our economy, industry and much of our society in general. While peak oil and diminishing fuel supplies have been predicted for decades without yet transpiring it is clear that fossil fuel supplies are a limited resource and must eventually be depleted (Mackay 2009, Hirsch et al. 2007).

Since the beginning of the industrial revolution the concentration of CO2 in the earth’s atmosphere has increased steadily, correlating with human industrialisation (Brethauer and Wyman 2010). Although the cause of this rise and its eventual effect on the environment may be debated, it is clear that global temperatures have risen and the quantity of CO2 dissolved into the oceans has increased leading to a reduced pH and affecting vulnerable species (Dutta and Radner 2009). While the long-term implications of rising CO2 and the depletion of fossil fuels are unclear, it is clear that the current system is unsustainable. Fossil fuel supplies will eventually be depleted and we will inflict long-term damage on the ecosystem (Woodward and Bishop 1995).

The consumption of fossil fuel and production of CO2 is compounded by the rapid rise in human population, which is further driving consumption. In the last 50 years the world population has increased from 2.5 billion to approximately 7 billion (Figure 1). Although population trends are dynamic and are prone to change it appears that population growth is set to continue (United Nations department of economic and social affairs 2003, Miranda and Lima 2011). The effect of rising population is further complicated by increasing demand from areas of new wealth; this is increasing CO2 production per capita in areas that have traditionally been low CO2 producers such as China and India (Dutta and Radner 2009, Chandran Govindaraju and Tang 2013). As these areas grow the demand for products associated with an improved quality of life will increase, resulting in further CO2 production. 

This issue is particularly evident in the number of cars on roads worldwide. In 2009 the estimated number of automobiles, light duty vehicles, light trucks and minivans on roads worldwide was 900 million. By the year 2030 this is predicted to reach 1.3 billion and in 2050 there will be over 2 billion personal use vehicles on the road worldwide (Balat and Balat 2009), each consuming fuel and producing CO2 both during use and in the manufacturing process. 
As fossil fuel deposits from traditional sources are depleted new sources are being brought on stream in order to maintain supply. The supplies that are depleted are often of high quality, accessible using safe conventional technologies at a relatively low cost. New sources of fossil fuels bought on stream are often less conventional requiring new technologies, increased risk and higher costs. These unconventional deposits include tar sands (Emadi et al. 2011), shale gas fracking (Jenner and Lamadrid 2013), enhanced oil recovery from depleted wells (Jinfeng et al. 2005) and deep-sea oil platforms (Perrons 2013).

The CO2 produced and the costs associated with these technologies are higher than conventional crude oil extraction and the quality of the material extracted is often lower, requiring further upgrading downstream and further CO2 production (Hirsch et al. 2007). New sustainable fuel sources are required and must be integrated into the current systems in order to ensure energy security and limit the impact on the environment.




Figure 1.1 World crude oil supply, consumption and population (US EIA 2013)
The barrel is a US barrel representing ~159l and is the unit most commonly used by oil producers.The trendlines shown are linear with the equations shown alongside the lines. The trendlines for the consumption and proudction are indistinct due to the similaritys of the two.

[bookmark: _Toc380843785]Why Biofuels?
Faced with this energy crisis we must look towards “green” or renewable sources of energy and fuel as well as the application of new technologies such as carbon capture and storage (Koljonen et al. 2009). This will likely encompass a large number of technologies already on stream at a relatively small scale such as solar, wind and biofuel (Arent et al. 2011). A shift to these technologies will reduce the production of greenhouse gases (GHG), create jobs and allow the creation of a more sustainable energy solution (Woodward and Bishop 1995). 

It is also worth noting that a clear assessment of the benefits and costs of such sustainable solutions must be carried out prior to construction. Often the environmental benefits are less clear-cut once manufacturing costs, rare earth elements and transportation are considered. There are many options for renewable energy and, although solar, wind, wave and other sources may be capable of providing an efficient source of electricity, their applicability to transport use is debatable. The development of electric cars has been a long process and despite improvements to battery energy capacity and lifespan there are still many issues. The most optimistic predictions of battery efficiency still produces electric cars with a comparatively short range and lower top speed, requiring long charge times and consuming rare earth elements in battery production (Väyrynen and Salminen 2012, van Vliet et al. 2011).  The changes required to infastructure such as rapid charging stations or charging plates build into roads are also prohibitively expensive. The convenience of a liquid-fuelled engine that can be charged within seconds by refuelling is undeniable and the infrastructure to refine and transport liquid fuels is already in place. 

The abundance and availability of oil and gas has led to a world dependent upon fossil fuels (Demirbas 2009) — our homes are heated by gas and our transport is powered by liquid fuels. The existing infrastructure, such as tanker vessels, pipelines and pumping stations, is designed to transport fossil fuels. Changes to this infrastructure would be costly and time consuming. For these reasons, although other technologies are viable for the production of electricity, biofuels are the most tenable renewable solution to power road transport (Nigam and Singh 2011).

Biofuels hold a particular importance among sources of renewable energy as they may be blended with fossil fuels with slight modifications to existing infrastructure. This allows a fraction of fossil fuels to be substituted by biofuel in an unmodified engine and new engines may be designed to run on biofuel alone (Hammond et al. 2008).

Of particular importance for transportation is the energy density or calorific value of a fuel. This may be expressed as the energy in MJ produced per Kg of the substance consumed. The calorific value is of particular importance to transport as any excess weight will reduce efficiency, an issue that affects the aviation industry in particular (Marsh 2008). Petrol has an energy density of 46.4MJ/Kg, diesel 46.2MJ/Kg and ethanol 30MJ/Kg, a decreased calorific value results in a reduced efficiency as more weight is carried to provide the same quantity of energy. In comparison a standard lithium ion battery for use in an electric car has a calorific value of 2.5 MJ/Kg (Mackay 2009). Although battery technology has improved significantly in recent years, it is unlikely that it will be able to match conventional liquid fuels in this respect. The production of electric cars, and specifically their motors and batteries, rely on a number of rare earth metals such as dysprosium and lithium. These metals are not commonly found in the Earths crust at a level sufficient for mining operations and production is limited (Hoenderdaal et al. 2013, Kesler et al. 2012, Väyrynen and Salminen 2012). Rare earth metals are now used in a variety of other technologies that are booming, including wind turbines and touch screens. This is likely to place further demands on production, increasing prices. Although recycling is an option for decreasing the extraction of rare earth elements, this technology has not yet been fully developed (Prior et al. 2013).  


Biofuels carry significant environmental advantages in terms of CO2 production and other GHG emissions over fossil fuels (Cheng and Timilsina 2011). Brazilian sugar cane ethanol reduces GHG emissions by up to 90% when compared to conventional petrol (Timilsina and Shrestha 2011). It is worth noting however that the actual GHG saving is difficult to calculate as land use change, soil tilling and the destruction of natural forest to clear space for biofuel crops increase the GHG impact of biofuels. These factors are often not taken into account and some benefits may be overstated (Reinhardt and von Falkenstein 2011).

The energy independence that a shift to biofuels provides is highly desirable for most nations (Demirbas 2009). Biofuel feedstocks may be grown on arable land, which is much more widely distributed than fossil fuel deposits and requires low infrastructure investment (Fischer et al. 2008). Several of the world’s largest fossil fuel deposits are located either in regions of geopolitical instability such as the Middle East (Şen and Babalı 2007) and political influence is firmly in favour of nations with large fossil fuel supplies resulting in controls on fuel production and use in order to maximise profit and political influence (Wirl 2009). By producing biofuel in the countries that it will be used the costs and GHG production due to transport can be minimised and the producing nation gains a degree of energy security.


[bookmark: _Toc380843786]Potential biofuels
There are several biofuel technologies of note that focus on producing a multitude of fuel molecules using various techniques and feedstocks. All biofuel producers seek to take biological material through a series of process steps to produce a final fuel molecule that can be effectively blended with fossil fuels or used independently (Balat and Balat 2009). For blending with petroleum the most common biofuel is ethanol, although butanol has also gained interest. Fatty acid methyl ester (FAME) derived from lipid-producing crops such as the African oil palm (Elaeis guineensis) is the most common form of biodiesel (Mekhilef et al. 2011). 


Butanol is a 4-carbon alcohol containing a larger ratio of C and H to O than ethanol. The result is a fuel molecule that is less corrosive, has a higher calorific value and is less hygroscopic (Nigam and Singh 2011). Biobutanol is produced via the fermentation of carbohydrates with one of several species of Clostridium bacteria most commonly Clostridium acetobutylicum. This fermentation is known as an ABE fermentation due to the products, acetone, butanol and ethanol (produced in a 3:6:1 ratio respectively) (Li et al. 2011). The ABE fermentation process has existed since the early 1900’s and butanol has been used as a precursor to several other chemicals such as amino resins. The microbial production of butanol went into decline in the mid 20th century due to the ready availability of petroleum-derived t-butanol (Kumar and Gayen 2011). Several companies have shown an interest in the production of biobutanol for fuel. BP and DuPont signed a joint venture agreement in 2007 on the production of biobutanol (Kumar and Gayen 2011) and Gevo has been developing a butanol-based fuel for several years using a Clostridium process (Sukumaran et al. 2011) 

Despite its positive aspects as a fuel molecule and the investment made in it, biobutanol does have some distinct disadvantages when compared to ethanol. The ABE fermentation is technically challenging, Clostridium bacteria are obligate anaerobes and the products of the fermentation are particularly toxic to the host organism. Conventional ABE fermentations may produce a titre of approximately 13g/l of butanol before it becomes toxic to the Clostridium (Meng et al. 2009, García et al. 2011). The butanol toxicity acts as a severe limitation to the viability of ABE fermentations, and a method to strip butanol from the system before the concentrations become toxic is required leading to added costs (de Vrije et al. 2013). The feedstock requirements for ABE fermentations are generally starch or glucose-rich biomass, which causes competition with food crops. Research into butanol production using a crop residue based feedstock  is ongoing and suffers from the same technical challenges as other cellulose-based processes (Kumar and Gayen 2011) including ethanol production.

The production of FAME can be carried out using lipids gained from crops such as soybean (Glycine max) or palm (Elaeis guineensis), which are pressed to extract the oils, and waste cooking oil (Alcantara et al. 2000). The process to extract oils from these plants is simple and the production of FAME using this method is carried out throughout the world (Mekhilef et al. 2011). The sustainability of palm oil is questionable and the food vs. fuel debate combined with deforestation for production is a cause for concern (Wicke et al. 2011), significant improvements are required to improve the process (Milazzo et al. 2013) 

Alternatively “oleaginous” microbes, including various yeasts and algae, may be cultured to produce lipids. An oleaginous microorganism is defined as a microorganism that can accumulate up to 20% of its dry biomass as lipid (Meng et al. 2009), most commonly triacylglyceride. Several yeasts, such as Rhodosporidium, Lipomyces and Yarrowia, are capable of accumulating up to 70% lipid dry weight under conditions of nitrogen starvation (Li et al. 2007, Meng et al. 2009). Once extracted from the plant or microbe, lipids are converted to FAME via a transesterification reaction with a short-chain alcohol (Beopoulos et al. 2009). FAME can then be blended with conventional diesel. 

Current biodiesel production relies on the growth of oil-producing crops, and heterotrophic microbial production is still under development. The theoretical yield per hectare for a microbial system is much higher than plant-based oil production. As the costs of microbial production are significantly higher than oils produced by crops, no large-scale microbial production is currently taking place (Li et al. 2007). The main technical challenges include the extraction of the intracellular oil using a cost-effective system and the high cost of the feedstock, which is normally sugar-based.

[bookmark: _GoBack]The production of oils from microalgae is often seen as the holy grail of biofuel technology. Algae grow via photosynthesis (Autotrophic growth) using CO2 from the atmosphere as a carbon source (Amin 2009).  Photosynthesis leads to very low operating costs and theoretically high profit as feedstock costs are not applicable. In terms of oil production per hectare of land, algae come out far ahead of any conventional crop (Singh and Gu 2010), including palm oil  (Elaeis oleifera) and jatropha (Jatropha curcas). Algae also have the advantage of production not requiring any arable land; the growth of algae does not utilise the soil and so facilities may be built on flat waste ground without any issues. Theoretically the oils produced by algae can be converted into a useable product via several processes such as gasification, hydrogenation and pyrolysis (Chaiwong et al. 2013, Tran et al. 2010). Methods for algal growth are under development, the most simple are an open air “raceway” of ponds with a depth of approximately 30cm to allow light to penetrate and a simple paddle system to mix air into the water adding CO2 and provide flow (Handler et al. 2012). The raceway design requires a low level of capital investment and is easily constructed but it is open to the atmosphere and contamination with wild organisms resulting in yield loss and necessitating cleaning is an issue (Brennan and Owende 2010). More complicated designs revolve around photobioreactors; closed systems that resemble traditional bioreactors and are made of transparent materials to allow the algae to come into contact with light whilst remaining sterile and feeding a stream of CO2 preferably from an enriched CO2 source such as a refinery or power plant. These systems are high in capital costs due to the expense of the bioreactor systems and suffer from various design limitations often releatedto cell density vs light availablity (Brennan and Owende 2010).

It is likely that no natural algae species will be suitable for the production of the vast quantities of oil required to replace fossil fuels. Modification of algae via modern genetic engineering techniques is of interest to many groups (Zeng et al. 2011). This work could lead to advances in algal fuel; however these technologies are a long-term concern and current synthetic biology toolkits for algae modification are limited when compared to the techniques available to engineer bacteria and yeast. The growth of a genetically modified (GM) strain of algae optimised for the production of oils for extraction would not be feasible in an open raceway pond system due to the risk of releasing of a GM organism into the wild. Any GM production would require containedsystems and levels of redundancy that have not been integrated into current systems (Henley et al. 2013).

Although algal fuel holds a great deal of promise no company has yet produced oil derived from algae on a fully commercial scale and several technical issues remain outstanding. One company of note is Algenol, which is using a unique process to produce ethanol from algal growth. This company has increased its production output rapidly (Mussatto et al. 2010). 

The production of ethanol based on the use of a crop feedstock that is high in simple carbohydrates (1st generation ethanol) is a relatively simple process, although there are variations in the plant design, equipment and techniques (O’Brien et al. 2000). The feedstock undergoes a basic mechanical disruption process, such as grinding or chipping in order to increase the surface area of the material and release the carbohydrate. Water and a high concentration of the production organism are then added. 

The production organism performs anaerobic fermentation, producing ethanol and CO2 from the carbohydrate (Figure 2). Following fermentation the ethanol is extracted from the media using distillation and is further dehydrated using a molecular sieve or similar system to reduce the H2O concentration to a minimum (Figure 3).

The most common ethanol production organism is the yeast S. cerevisiae, which is purchased either freeze-dried or as a slurry (Ingledew 2009). Other organisms such as the bacteria Zymomonas mobilis (Tao et al. 2005) may also be used as a production organism, but this has only been demonstrated on a laboratory scale. Z. mobilis has been shown to produce high quantities of ethanol during fermentation and some development of the organism has been carried out in an attempt to replace S. cerevisiae as the predominant ethanol producing organism. Thus far the ethanol yields produced by Z. mobilis on an larger scale are either similar or below the ethanol production by S. cerevisiae (Behera et al. 2010, Cazetta et al. 2007, Diehl and Trierweiler 2009). Controlling bacterial contamination in a Z. mobilis system would also be problematic, as any antibacterial compounds added would inhibit the Z. mobilis production strain.

The popularity of S. cerevisiae is related to its robustness and tolerance to high concentrations of ethanol. S. cerevisiae is also a fully sequenced organism and due to its industrial significance it is amongst the most heavily researched organisms in existence (Ingledew 2009).
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Figure 1.2 Ethanol pathway in S. cerevisiae yeast, glucose is converted through the pathway into 2 molecules of ethanol. NAD+ is converted into NADH during the conversion of glucose into pyruvate and then recycled back to NAD+ as Acetaldehyde is converted to ethanol.


Following the fermentation residual crop material is removed as a waste product. This material is generally high in nitrogen and is either sold as a food source for cattle as “dried distillers grains” (DDGS) in the United States or spread onto fields as a fertiliser (Vinasse) in Brazil (Tejada and Gonzalez 2005, Belyea et al. 2010). The sale of this waste (fermentation) stream is crucial to the economic viability of the first generation ethanol process. First generation ethanol is far from ideal; in particular the green credentials of first generation ethanol are questionable due to the usage of arable land in producing energy crops (which could be used instead for food production), clearance of parts of the Amazon rainforest, living conditions of the workers harvesting the energy crops in developing countries and the use of antibiotics in the production process (Janssen and Rutz 2011). Several of these problems can potentially be overcome in a change to a second generation process based upon a non-crop feedstock. 

In order to move away from using simple carbohydrate crop material and arable land, the 2nd generation process, commonly known as cellulosic ethanol, uses waste material that is high in complex carbohydrate (cellulose) (Brethauer and Wyman 2010). This waste material potentially has a much lower value than conventional energy crops (Swana et al. 2011) and avoids the food versus fuel debate as it can be created as a by-product of food production. The process involved in fermenting waste plant material through to ethanol is, however, more challenging. The common plant structure is complex and made up predominantly of lignin, cellulose and hemicellulose in a ratio that varies between plant species. Until this structure is sufficiently disrupted the access to the cellulose material is limited. Various methods to disrupt the plant structure have been demonstrated, from steam explosion to mechanical grinding (Balat and Balat 2009). 

Cellulose is a polysaccharide consisting of 1-4 β-linked glucose monomers. Cellulose is the most common carbohydrate in nature and is readily available from a variety of resources including most green plants and crop waste such as corn stover (Chang et al. 2012). Due to the presence of only one bond type the enzymatic hydrolysis of cellulose is relatively straightforward. Following disruption of the plant superstructure the cellulose can be depolymerised via cellulase enzymes or cellulytic organisms into its glucose monomer, this may then be used as a feedstock for ethanol production. Hemicellulose is the common name given to a wide range of heteropolymers, with the pentose sugar xylose present as the predominant monomer (Qiabi et al. 1994). This variable structure makes the enzymatic breakdown of hemicellulose challenging, as a wide variety of bonds is present. Should hemicellulose be hydrolysed the release of pentose sugars may be problematic, as pentose sugars are not normally utilised as a carbon source by S. cerevisiae and may fuel contaminant organisms during fermentation (Kuhad et al. 2011). Lignin is a large complex biopolymer that provides strength and structure to plants, is exceptionally resistant to breakdown and may produce various undesirable chemicals if degraded (including Furfural). The degradation of lignin is carried out by various enzymes often produced by organisms that grow on rotting wood. The process is slow and thus far has not seen any applications in biofuel production although various options have been considered (Azadi et al. 2013). A process that has seen a great deal of interest is simultaneous saccharification and fermentation (SSF). This process uses either cellulytic enzymes in the fermentation system or a production organism that can degrade cellulose. The use of this process reduces capital expenditure costs as fewer reactors are required and the glucose produced is consumed immediately by the host organism (Wyman et al. 1992).

Although a great deal of research into cellulosic ethanol is underway there are currently no industrial scale (>1m3) ethanol facilities using a second generation process. This is mostly related to the high cost of enzymes, the capital investment required for construction of new facilities, or modification to 1st generation plants and the simplicity of the 1st generation process. 

[image: ] Figure 1.3 Diagram showing the molecular structure of cellulose which consists of β 1-4 linked glucose units. As all of the bonds present are the same the enzymatic breakdown of cellulose into glucose monomers is relatively simple and can be acomplished by cellulase enzymes.

[image: ]Figure 1.4 Diagram showing the highly generalised structure of lignocellulosice feedstocks for ethanol production.Lignin is a highly rigid fibrous material which provides a structure and restricts access to the cellulose and hemicellulose. Hemicellulose consists of a range of polymers with xylan present as the predominant monomer, this material is diffuclt to treat enzymatically due to the large number of bond types present. Cellulose is bound with the hemicellulose and lignin howerver once assessed it can easily be broken down by enzymes such as cellulases.

[image: ]
Figure 1.5 Diagram showing the highly generalised structure of lignocellulosice feedstocks for ethanol production following an effective pretreatment procedure. The Lignin and hemicellulose material has bee neffectively disrupted and the cellulose material may now be accessed allowing the breakdown of cellulose into glucose for ethanol production.

[bookmark: _Toc380843787]Why Ethanol?
The production of ethanol via the 1st generation ethanol process is currently the only source of biofuel that can be blended with petroleum and produced economically with current technologies. Ethanol can be blended directly into petroleum at levels of up to 10% and used in a standard petrol engine without engine modifications. Ethanol petroleum blends are already used worldwide at various levels and are often referred to as E blends (Graham et al. 2008). An E5 fuel for instance will contain 5% ethanol. With modifications to the engine including changes to seals and o-rings it is possible to run a petrol engine at higher blends such as E85 (Balat and Balat 2009). In Brazil most new vehicles produced are designed for “flex fuel” with the ability to run E85 blends if required (Balat and Balat 2009). 

Several governments, including many EU nations and the United States, have introduced policies requiring the presence of biofuel components in all road fuel either immediately or in the near future. The U.S has targeted 136 billion litres of biofuel by 2022 and the EU biofuels directive has set a target of 20% of all road transport fuel to be renewable by 2020 (Balat and Balat 2009). Presently the only reliable source of biofuel for blending into petrol is the first generation ethanol process. There are some benefits to an ethanol blend when compared to standard petrol. Ethanol has a higher octane number (130) than petrol (95) (Hammond et al. 2008), the octane number of a fuel represents the fuels "anti knock" properties; that is the ability to resist spontaneous ignition in engine. The rise in octane number allows the compression ratio of the engine to be adjusted resulting in an increased volumetric efficiency and reduces the necessity for fuel additives to increase octane number (Hammond et al. 2008). Ethanol does have some significant drawbacks as a fuel, however: the calorific value of ethanol is significantly lower than petrol and ethanol is hygroscopic. The decreased calorific value of an ethanol blend causes a drop in fuel economy, which is noticeable to motorists. The hygroscopic nature of ethanol is a concern as water in an engine results in corrosion and may damage seals. Many engine sealants are hydrophilic and the presence of high quantities of ethanol may cause swelling, and subsequently damage, especially in older engines. These sealants have now been replaced in current usage by ethanol-resistant formulas (French and Malone 2005). 
[bookmark: _Toc380843788]Batch vs. continuous ethanol production
An industrial fuel ethanol facility may be designed to run as either a continuous or batch system. In a batch process the substrates are added to the reactor at time zero and inoculated with the host yeast (S. cerevisiae). The fermentation then runs until completion in a closed system with no further substrate, nutrient or yeast added. Some chemicals such as antifoam or pH control agents  may be added to maintain reaction conditions, and the fermentor may also be sampled during the run (W.M. Ingledew 2009). Once the fermentation is complete the contents are removed from the fermentor for downstream processing and the vessel may be cleaned and prepared for another batch to take place. Batch fermentations are normally short (<10h) and run until either substrate is depleted or the point of optimum profitability has been reached. Most batch facilities run a full 24h shift pattern and keep all reactors running constantly, staggering the cleaning, which is the most labour-intensive activity (Godoy et al. 2008) (See Figure 1.4 for diagram of continuous and batch fermentation).

A continuous fermentation system is designed to run for longer time periods with a continuous flow through the system. Substrate and  yeast are added at the start of the system  and yeast and product flow out of the system. The input of substrate will generally be equivalent to the output of product and the yeast content should be a constant as the biomass should be in a dynamic equilibrium of growth and death. This system may involve multiple reaction vessels so that the reaction takes place in stages at different temperatures and nutrient concentrations. This system is designed to run indefinitely or at least until contamination and fouling necessitates cleaning (Ingledew 2009, Godoy et al. 2008). 

A middle ground between the batch and continuous systems is a fed batch system. In a fed batch system the nutrient and substrate is fed into the system at a controlled rate whilst the fermentation takes place. Once the reaction is complete the system is emptied and cleaned. This has some advantages as it allows concentrations to be held at a consistently low level preventing substrate inhibition and catabolite repression while encouraging starvation behaviour in some organisms, which may increase product yields. 
Fed batch systems are commonly found in pharmaceutical fermentations (W.M. Ingledew 2009).

The use of a continuous system carries several advantages: the initial installation costs are lower as the fermentation tanks can be smaller and fewer heat exchangers are required, reducing capital expenditure costs. The system can be more automated and less time is needed for cleaning, reducing the number of staff required to operate the plant (Godoy et al. 2008). The continuous process does however have a number of disadvantages. As the yeast move through the system the environmental conditions may vary, resulting in shock to the cells and decreased efficiency. Contamination by bacteria and wild yeasts is also common (Schell et al. 2007). The effect of a contamination event in a batch process results in the loss of yield in a particular batch and may require a deep clean of the system. In a continuous system contamination and shutdown for cleaning is more complex and expensive. Chronic contamination events may result in yield loss over many months. 

In an industrial ethanol fermentation system the yields from a batch or fed batch process are consistently higher than a continuous process. For this reason most new ethanol plants are opting for what is essentially a fed batch process and many continuous plants have been converted to run as batch.  As of 2008, 83% of Brazilian plants run a batch process (Godoy et al. 2008).


 (
Figure 1.6 Comparison in design between continuous and batch systems, simplified.
)
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[bookmark: _Toc380843789]Contamination of ethanol fermentations
Contamination is an issue in all fermentation systems and in the fuel ethanol industry it presents a particular problem. The value of fuel ethanol is very low, and consequently the profit margins for ethanol producers are restrictive and aseptic techniques and cleaning procedures such as those used in the food and pharmaceutical industries are untenable. This is coupled with the inherent risks of contamination caused by taking feedstock grown in open fields, which cannot be sterilized, due to cost constraints. The result is that contamination events are commonplace and not exceptional. The most common contaminating organisms are wild yeasts such as Candida and lactic acid bacteria such as Lactobacillus (Muthaiyan et al. 2011). These organisms are ubiquitous in the environment and found in large quantities on crops and in soils not to mention on human skin. Wild yeasts are difficult to control as they have tolerances similar to most industrial yeast strains. Many wild yeasts will produce ethanol, but they are not as efficient as the industrial hosts which have been selectively bred for ethanol production (W.M. Ingledew 2009). The removal of wild yeasts from a fermentation system generally requires complete shutdown of the system for cleaning and a new batch of starter yeast. Due to the costs associated many facilities accept that a fraction of the yeast used in fermentations will be wild yeasts. 

Lactic acid bacteria may ferment via one of two metabolic pathways (Figure 5) depending on the organism in question. These pathways are either heterolactic or homolactic. In the heterolactic pathway glucose is metabolized through to CO2, ethanol and lactic acid (lactate). The homolactic pathway metabolizes glucose through to two molecules of lactic acid. The detection of contamination events is dependent upon either culturing on agar or the detection of metabolites such as lactic acid in the media. Both processes are slow and generally fermentation is completed before the result is received. In most first generation ethanol facilities, bacterial contaminants are controlled by the application of antibiotics (commonly virginiamycin or penicillin). This leads to several environmental concerns. The dosage of antibiotics added to ethanol fermentation is calculated in order to maximize profitability for the ethanol producer. As a result the quantity of antibiotics added is rarely high enough to inactivate the contaminants and instead causes bacteriostasis (Schell et al. 2007). 

Over time, the resistance of contaminant organisms to the antibiotics used in ethanol fermentations increases and this can already be shown (Bischoff et al. 2007). The resistance may also be passed onto more pathogenic bacteria via lateral transfer causing hazards to human health (Julia Olmstead 2009). Antibiotic residues in DDGS that are sold as an animal feed have the potential to pass into the human food chain and may reduce the general effectiveness of these antibiotics in cases of infection (De Alwis and Heller 2010). Antibiotic residues in vinasse are subsequently spread onto fields. The residue then affects the microbial content of soils and may be washed into rivers and streams by rain causing further impact on the environment. The negative impact of antibiotics in the fuel ethanol fermentations has been reported previously and calls for a ban or limitations have already occurred. The current rise in antibiotic resistance in organisms such as MRSA can be directly linked to the under dosing and overuse of antibiotics (Cars et al. 2011). The consequences of the use of antibiotics in the agriculture industry, where healthy animals are fed a steady low dosage of antibiotic in order to promote weight gain, are well documented (Allen et al. 2013).
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Figure 1.7 Lactic fermentation pathways
Heterolactic
 fermentation
)
 (
NAD+ 2H
Glucose
 
Glucose-6-P
 
6-Phosphogluconate
 
Ribulose-5-phosphate
Xyulose-5-phosphate
Phosphoketolase
Glyceraldehyde-3-P
Acetyl-phosphate
Acetyl1-CoA
Acetaldehyde
Ethanol
1,3-Diphosphoglycerate
3-Phosphoglycerate
2-Phosphoglycerate
Phosphoenolpyruvate
Pyruvate
Lactate
ATP
ATP
ADP
NAD
+
NAD+ H
+
NAD
+
NAD+ H
+
CO
2
Pi
Pi
CoA
NADH + H+
NAD
+
NADH + H+
NAD
+
NAD
+
NAD+ 2H
ADP
H
2
O
ADP
ATP
NAD
+
)

 (
2NAD+ 2H
Glucose
 
Glucose-6-P
 
Fructose
Fructose-1,6-Dip
Glyceraldehyde-3-P
Dihydroxyacetone
-P
1,3-Diphosphoglycerate
3-Phosphoglycerate
2-Phosphoglycerate
Phosphoenolpyruvate
Pyruvate
2 Lactate
ATP
2ATP
ADP
NAD
+
NAD+ H
+
NAD
+
NAD+ H
+
CO
2
NAD
+
2NAD+ 2H
2ADP
H
2
O
ADP
ATP
2NAD
+
) (
Figure 1.8 continued Homolactic fermentation
)

[bookmark: _Toc380843790]Possible methods of biocontrol

As aseptic practices are uneconomic and the use of antibiotics is environmentally unsound and unsustainable, an alternative method of controlling contamination in ethanol fermentations is required. Various antimicrobial compounds exist in nature that have been shown to have powerful antibacterial effects, often as a form of defence against infection. These compounds are mostly not utilized medically and do not have the negative impacts upon the environment caused by antibiotics. Extract of the flowers of the hop plant (Humulus lupus) has been used in the brewing industry (Sakamoto and Konings 2003) for many hundreds of years as a bittering agent, adding flavor and depth to beers, and has been noted for its role in increasing the stability of beer during storage preventing the growth of fouling organisms. 
The hop plant produces α and β acids, which are key to its antimicrobial activity and may be extracted by boiling the flowers of the plant (Larson et al. 1996). These weak acids while protonated may pass through the cell membranes of most bacteria. Upon passing the membrane and entering the environment of the cell cytoplasm, which is generally of a higher pH than the surrounding environment, the acid dissociates, releasing H+ ions. In its deprotonated form the acid cannot pass through the cytoplasm and remains trapped within the membrane, lowering the pH of the cytoplasm and interacting with proteins and genetic material causing damage (Leite et al. 2013). In order to remove the acid from the cytoplasm the cell must invest energy in the form of adenosine tri-phosphate (ATP) using active transport. At low levels this reduces bacterial growth due to the energy expenditure. At high levels the acid cannot be removed at a suitable rate and the damage caused by the acid triggers cell death (Leite et al. 2013). The cultivation of the hop plant and generation of hop extract is a relatively simple process and various hop species can tolerate a wide variety of conditions. As the first generation process already utilizes large quantities of arable land, the land use for hop production would be relatively insignificant and the use of hops in beer production shows that it may be cultivated on mass. 




The extracts of several other plants such as onions are antimicrobial and may also be of interest to the ethanol industry. Many plants generate antimicrobial compounds as a form of defence against infection and currently little is known about the effect of many of these compounds. In the case of the common onion the variety of sulfur-containing compounds responsible for the taste of the onion elicit an antimicrobial effect (Zohri et al. 1995).

Chitosan, a derivative of the biopolymer chitin, has the potential for use as a form of biocontrol. Chitosan is a polysaccharide composed of β-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine in a linear structure. Chitosan is produced by treating the polymer chitin with an alkaline solution (normally sodium hydroxide) causing deacetylation (removal of acetyl group) (Moussa et al. 2013, Zheng et al. 2013). The chitin molecule is a key component of the cell walls of various fungi and is present in the shells of crustaceans at a high level. Chitin is the second most abundant biopolymer available in nature after cellulose and can be harvested in large quantities as a bi-product of aquaculture. Current uses for chitosan are wide ranging and include bandages shown to increase coagulation due to the gelling properties of chitosan (Banks et al. 2002, Pisman and Pechurkin 2008) and an organic pesticide shown to boost plant immune systems (approved by EPA). Other possible uses include self-healing paint and restricting fat absorption in the body to aid dietary control. Chitosan has also displayed antibacterial properties that have made it interesting to the ethanol industry. The solubility of chitosan in an aqueous solution is variable with pH and is dissolved readily into a strongly acidic solution. In ethanol fermentation, which generally has a pH range of 5-8, the solubility of chitosan is low. Alterations to the molecule have been shown to increase solubility in aqueous solutions and chitosan hydrochloride is marketed by several groups. The mechanism underlying the inhibition of bacterial growth is thought to be that the negatively charged amino group may combine with anionic components, such as N-acetylmuramic acid, sialic acid and neuraminic acid, on the cell surface, and may suppress bacterial growth by impairing  exchanges with the medium, chelating transition meal ions and inhibiting enzymes (Moussa et al. 2013).


The negative impact of metal ions on bacterial growth has been long known (Secinti et al. 2011) and the usage of copper and silver to prevent the growth of bacteria in cooling towers and reticulating water systems has been reported (Silva Martínez et al. 2004, Goetz and Yu 1997, Lin et al. 1996). Usage in medical devices such as implants has been identified (Secinti et al. 2011). Silver has also garnered interest as a possible additive for bandages and gauze preventing infection, and copper has been used in hospital wards to make door handles and handrails due to its antimicrobial properties. The effect of copper and silver on ethanol fermentation is relatively unknown; copper is a key nutrient involved in the growth of yeast (Azenha et al. 2000). It is likely that an elevated concentration of copper, silver or both metals will lead to inhibition of the yeast. The mechanism of action for copper and silver ions is complex and currently poorly understood; however a great deal of research has been carried out and several hypotheses have been proposed. Copper and silver ions have been shown to enter cells and interact with both proteins and DNA distorting 3-dimensional shapes and affecting activity. Other possible modes of action include the creation of radicals, competitive inhibition of pathways involving other metals such as zinc, and damage to cell membranes causing leakage of cytoplasm (Goetz and Yu 1997). Gram-positive cells are generally less susceptible to the effects of copper and silver, which may be related to the negative charge of the peptidoglycan layer in the cell membrane trapping ions (Silva Martínez et al. 2004). Organisms with a high degree of tolerance to copper and silver have been shown in nature; the yeast C. Argentea (Holland et al. 2011) could be used as a model organism to adapt strains of S. cerevisiae for production in a fermentation containing copper and silver. Possible negative effects of copper and silver on the local environment due to discharge in waste water would require examination before such a process could be feasible (Schjolden et al. 2007, Wood et al. 1996, M.P. Coglianeset 1981). Deployment of metals bound to a substrate may mitigate this impact (Quang et al. 2013, Nan and Yang 2010).

Controlling bacterial contamination biologically is also a possibility using bacteriophage (also known as phage). Bacteriophages are viruses that infect bacteria (Figure 6) and they rely upon a bacterial host for propagation. Early research into phage following their discovery independently by Twort and D'Herelle in the 1910's led to early acceptance as a medical treatment (Bradbury 2004). Phages were poorly understood however, due to a lack of knowledge on the mechanisms involved in phage infection and propagation. This caused phage therapy to be only marginally successful as a treatment as it was often prescribed for viral infections or bacterial infections that the phage could not infect. Research into phage suffered a decline following the discovery of antibiotics which are much more reliable due to the broad spectrum of activity and more easily understood due to the relatively simple chemical interactions involved. Recent technologies such as phage display have bought phage back to the forefront of biotechnology (Azzazy and Highsmith Jr 2002), for example because of their ability to be used as polypeptide carriers and the ease of creation of huge libraries of phage, each with a different gene sequence in the variable portion. Whilst only marginally successful as a medical treatment in the western world research into phage continued in the former Soviet Union (Parfitt 2005) and treatment with phage continues to this day (Kutateladze and Adamia 2008). Due to the current rise in bacterial resistance to antibiotics, bacteriophages are being evaluated for possible medical applications (Kutateladze and Adamia 2012). Presently the use of phage in medicine in the western world faces many challenges and the use of any medicine which has the potential to change during treatment is treated with suspicion (Brüssow 2012). However, due to the falling efficacy of antibiotics and the increase in the numbers of resistant bacteria, isolated phage may have a role in medicine in the future. The strict controls placed on medicines do not apply to the fuel ethanol industry and, although some restrictions may apply, the use of bacteriophage to control contamination events may be viable.












 (
Figure 1.9 TEM image of phage J-1 taken during experimentation on phage in this project 30,000x magnification 
)
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The life cycle of a bacteriophage involves physically impacting a host bacterial cell via random chance (phage have no form of locomotion). At this point, the phage attaches to the cell using filaments, which bind to the membrane surface at receptor sites. The tube then contracts and the genetic material is injected from the phage through the membrane into the bacterial cell. This genetic material may be either RNA or DNA based and encodes all the proteins required to form new bacteriophage. This genetic material is then integrated into the bacteria genome (Hooton et al. 2011). At this point, some phage may become lysogenic and sit inactive until the cell is damaged or the external environment changes. Alternatively, the cell carries out the lytic cycle and begins replicating itself creating new virus particles. The number of new virus particles created and the time required for the full cycle vary between different phages and different hosts. Once a critical mass of new phage is reached the cell is ruptured or “lysed” causing the release of the new phage, which will eventually infect other bacteria continuing the cycle (Figure 7). Bacteriophage are generally active in the same conditions that their bacterial hosts survive in, however some phage require cofactors such as metal ions in the media for successful infection and propagation (Binetti et al. 2002, V. Nagaraja 1980, Persson et al. 2008)
 (
Figure 1.10 Bacteriophage life cycle and diagram of bacteriophage structure
)

 













The relationship between phage and host is complex and like any predator-prey relationship in nature there is a continuing arms race between phage and bacteria as the bacteria evolve methods of defence whilst the phage evolve new modes of infection. The mode of action for the phage requires that certain target binding sites specific for the phage are present on the bacterial cell surface. This makes phage highly selective in the bacteria that they may infect. This is both a boon for the use of phage in industry, as phage are harmless to higher organisms or other bacteria, and is also a significant detriment as different facilities are contaminated with different bacteria and a reference library of suitable phages on the scale required does not currently exist. The methods used to isolate phage in the environment and concentrate phage cultures in laboratories are relatively straightforward and similar to standard virology practices (Wommack et al. 1995). The characterisation of individual phage and the understanding of the underlying mechanisms of infection and propagation are improving (Moxon and Jansen 2005). Phage are currently being studied for application in a wide variety of industrial setting including agriculture (Ma and Lu 2008, Vinod et al. 2006) and medicine (Mann 2008). 

Ethanol does cause inhibition of bacteriophage, but in order to observe this inhibitory effect the ethanol concentration and temperature must be higher than the conditions found during fermentation (Olofsson et al. 2001). The use of phage in the ethanol industry could provide a feasible solution to contamination and help curb antibiotic usage. Phage use is already under consideration for a wide variety of industries including agriculture (Allen et al. 2013) and aquaculture (Vinod et al. 2006).
In summary first generation bioethanol is presently the only biofuel capable of satisfying the demands of modern society. Other technologies of interest exist and research is ongoing but it seems unlikely that any will be on stream in sufficient quantities within the next several years. As various governments mandate that a certain proportion or volume of all fuel sold must be from a biological source, it is likely that the fuel ethanol industry will continue to grow. It is clear that the current widespread usage of antibiotics in the ethanol industry is environmentally unsound and improving the green credentials of the 1st generation ethanol process is highly desirable. There are alternatives to the usage of antibiotics that require investigation. Of these, bacteriophage, antibacterial copper and silver, and novel antibacterials such as hop acids and chitosan are of great interest.
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[bookmark: _Toc380843792]Aims and hypothesis
The aim of this work is to determine if the use of antibiotics in the fuel ethanol industry can be significantly reduced via the addition of other antimicrobial material.

These antimicrobial materials will consist of, heavy metals such as silver and copper, biologically derived components such as hops acids, chitosan and extract of the onion (Allium Cepa), and finally bacteriophage.

These antimicrobial agents will be compared to antibioitcs in a series of experiments simulating industrial ethanol fermentation in a laboratory setting. The metals and plant extracts are expected to provide a broad spectrum effect and may prove inhibitory to the fermentative yeast organism. The level of yeast inhibition and the inhibitory effect on contaminant organisms will need to be compared and analysed to determine if the effect of these agents is beneficial to an ethanol fermentation process.

Bacteriophage should not effect the host yeast however bacteriophage are known to be narrow spectrum infecting a small number of hosts, this will need to be considored before any recommendation on the use of bacteriophage can be made.

My hypothesis is that some or all of the antimicrobial agents I will be testing could substitute all or part of the antibiotics currently used in the fuel ethanol industry.
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[bookmark: _Toc380843795]Abstract 

The contamination of ethanol fermentations is a continuing problem for the fuel ethanol industry, resulting in significant yield losses and operational down time due to cleaning. 
Due to the low value of the final product, the cleaning and sterility procedures used in pharmaceutical and beverage fermentations are not economically viable for fuel ethanol production. 
The current method of controlling contamination in fuel ethanol fermentations involves the addition of antibiotics to the fermentation. Whilst antibiotics are effective in controlling bacterial contamination they are expensive, increasingly regulated and contaminate the fermentation waste stream. This high nitrogen waste material may be sold as cattle feed or used as a fertiliser and is a significant part of the profitability of first generation ethanol production. 
A possible alternative to antibiotics is the application of bacteriophage to the main fermentation system or sprayed onto the feedstock prior to fermentation. Phage has the potential to provide a novel, inexpensive and environmentally friendly method of biocontrol. In the present work the detrimental effects of Lactobacillus casei (ATCC 27139) and Lactobacillus paracasei (ATCC 27092) on laboratory scale ethanol fermentation are examined and suitable phages J-1 and PL-1 are applied and compared to an antibiotic. 
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The production of ethanol for human consumption has been practiced for thousands of years with little knowledge of the organisms, enzymes or chemicals involved. As a result, brewing and fermentation are often seen as traditional technologies. This situation is far from the truth; today the production of ethanol for either fuel, chemical or beverage use is a highly advanced technological industry with constant investment in new techniques and equipment (Linko et al. 1998). The fermentation of crops with high glucose content (sugar cane and corn primarily) to fuel ethanol (1st gen ethanol) for substitution into gasoline is a huge business particularly in the United States and Brazil. Ethanol fermentations for biofuel production typically utilise a strain of the yeast S. cerevisiae; this organism is well studied and characterised, leading to the creation of “industrial strains” which have been karyotyped, optimised and studied extensively in order to increase ethanol yields and improve the robustness of the strain. While the production process for fuel ethanol is well understood there are areas of yield loss and additional costs that can be improved (Godoy et al. 2008). 

One of the main challenges for both first and second-generation ethanol production is contamination by lactic acid bacteria (LAB) (Ingledew 2009), which may result in losses of 3-4% of yield. The most common contaminating bacteria are species of Gram-positive lactic acid bacteria of the genera Lactobacillus (Muthaiyan et al. 2011). These bacteria are ubiquitous in nature and are often found on the feedstock for bioethanol plants (Schell et al. 2007). In fermentations, LAB may inhibit the yeast resulting in a stuck fermentation and shutdown for cleaning (Schell et al. 2007). Lactic acid bacteria inhibit ethanol fermentation by utilising glucose and other nutrients whilst producing lactic acid (Figure 1), which is toxic to yeast cells and lowers the pH of the media (Bayrock and Ingledew 2004).





	  	Glycolysis		          Fermentation
Glucose			2Pyruvate			2Lactate
C6H12O6			2C3H4O3			2C3H6O3
Figure 2.1 Simplified Homolactic fermentation pathway

The current method for controlling a contaminant once detected is the addition of antibiotics to the fermentation; the most commonly used are penicillin and virginiamycin. These antibiotics are effective against a wide range of Gram-positive bacteria at low concentrations but have little or no effect on S. cerevisiae at these concentrations. Whilst these factors make antibiotics an excellent method of controlling microbial contamination in ethanol fermentations, they do have several disadvantages. 

The sale of DDGS (Dried Distillers Grains with Solubles) for animal feed is a vital component of the corn ethanol business in the US (Muthaiyan et al. 2011). When antibiotics are added to fermentation, there is a danger that the DDGS will be sold contaminated with antibiotic residues (De Alwis and Heller 2010). In the fermentation of sugar cane in Brazil, the waste residue known as “Vinasse” is often utilised post distillation as a high nitrogen fertiliser; this material also contains antibiotic residue which causes adverse effects especially if washed into local water sources, thereby affecting the local ecology (Carlesi Jara et al. 2007). This persistent low dose of antibiotic increases the occurrence of resistant pathogenic organisms and may have significant impacts on the local ecology. In both cases the risk of antibiotic residues entering the human food chain exists.

The repeated use of antibiotics leads to an increase in antibiotic resistance amongst bacterial strains. This over usage has led to a medical crisis, as new antibiotics are required to combat resistant organisms. Similar issues apply to fuel ethanol fermentations, indeed “recent research has identified several strains of bacteria living in fermentation tanks that are resistant to penicillin and virginiamycin” (Bischoff et al. 2007). The use of antibiotics also generates an additional cost. In 2005 a 250 million gallon per year ethanol plant using virginiamycin would spend $40,000 on this antibiotic annually (Muthaiyan et al. 2011). Due to the high costs of antibiotics and the tight economic margins of ethanol fermentations, antibiotics are often under dosed. The concentrations added improve ethanol yield however they are not high enough to ensure bacterial cell death. Legislation in the EU prevents the haphazard use of antibiotics and it is increasingly likely that similar legislation will come into force in other countries around the world. Due to these factors an alternative to antibiotics is required.

Fermentation under conditions that are hostile to other organism remains an option and high temperature (Limtong et al. 2007) or harsh acidic conditions (Tao et al. 2005) have been attempted but are often hampered by increased costs. (Limtong et al. 2007, Tao et al. 2005). A novel solution to antibiotic resistance is the use of bacteriophage (phage) (Bradbury 2004). Their use is relevant in medicine for the treatment of multidrug resistant pathogens such as MRSA (Mann 2008) and may be applicable to the treatment of contaminant bacteria in ethanol fermentations. Phage are the viruses of bacteria and exist as genetic material (DNA, RNA etc) contained within a protein structure to protect the genetic material from the outside environment and deliver the material into a host cell so that the phage can proliferate.  The activity of phage against biofilm (Donlan 2009) is of particular interest as the formation of biofilms inside fermentation systems resulting in “dead legs” or other difficult to clean places is a constant issue (Ingledew 2009) 

While phage may provide an effective biocontrol agent, host specificity will be an issue; furthermore the replication of phage particles during the fermentation will consume nutrients from the media. It is presently unclear how this will affect the yield during ethanol fermentation.

In this work the detrimental effects of Lactobacillus casei (ATCC 27139) and Lactobacillus paracasei (ATCC 27092) on laboratory scale ethanol fermentations are examined and suitable phages J-1 and PL-1 are applied and compared to the antibiotic Cefadroxil.
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Chemicals, media and organisms
All chemicals including media components were purchased from Sigma Aldrich. Laboratory equipment was used unmodified. All media was sterilised via autoclave at 115oC for 15 min and work was carried out under sterile conditions in a Hepa safe laminar flow hood. The bacteria and phage L. casei (27139) and J-1 were purchased via the ATCC (American type culture collection). Phage PL-1 and the host bacteria L. paracasei ATCC 27092 were purchased from the Felix D’Herelle reference centre for bacterial viruses at the Université Laval Canada.

Culture conditions
MRS media supplemented with 10 mM/l CaCl2 and MnCl2 was used in the growth of the lactobacilli and the propagation of the phage. S. cerevisiae was purchased in a bulk dehydrated form via Sigma Aldrich (strain YSC2) and grown on YPD broth. All cultures were incubated at the recommended temperature for the organism in the preparation of stocks. Agars were prepared by adding 15 g/l of agar to the media prior to autoclaving and poured into sterile petri dishes. Cryostocks were created from single colonies taken from initial streak plates generated from the stock samples grown overnight and confirmed via optical microscopy. These stocks were prepared with 1 ml of culture to 0.8 ml glycerol before storage at -80oC. 

Phage
Phage was propagated in liquid MRS media with a culture of the host Lactobacillus in exponential growth. After 24 hours the media was centrifuged at 8,000 g to pellet cells and filtered at 0.2 µm to remove bacterial debris. Phage was confirmed by a basic spot test and pfu (plaque forming unit) counts were ascertained by serial dilution and a standard dual layer agar technique (V. Svensson 1991) in which the phage solution was diluted at 1 x 109 phage particles per ml of standard. 5 x 1 ml samples of this stock were frozen at -80oC for storage and the working stock was stored at 4oC. A test sample of phage solution was taken each month to ensure that pfu count had not dropped significantly. In cases where the pfu had dropped a new solution was made to 1 x 109 pfu.
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Figure 2.2 Electron microscopy of phage J-1 30,000x magnification

DCW-OD conversion
In order to control the yeast pitch at 4 g/l, and prevent variation in the experiment due to the yeast cultures, S. cerevisiae was grown in YPD and sampled throughout its growth cycle; the optical density (OD) of the samples was recorded before being centrifuged at 8,000x g to pellet the cells. The supernatant was removed and the cell pellet was re-suspended in PBS buffer, centrifuged and washed a second time. The samples were then dried and the dry cell weight determined and compared with OD. A spreadsheet was created using this data to convert OD to dry cell weight (DCW).


Tecan plate reader salts experiment
A Tecan plate reader system was used to study the effect of the antibiotic on each strain and the effect of metal ion concentrations on the phage. Corning clear bottom 96 well plates containing Lactobacillus or S. cerevisiae and varying levels of antibiotic were incubated at 30oC within the plate reader and shaken at 50 rpm. The optical density at 600 nm was recorded by the system every 2 hours forming a growth curve. Wells contained 380 µl of media and 20 µl of cell culture inoculum. In experiments with phage, 4 µl of 106 phage solution was added to the wells. This concentration is consistent with the 1 ml of phage solution per 100 ml of fermentation volume used in the fermentation experiments. The metal salts were tested at a concentration of 10 mmol/l and are listed in Figure 3.  

	CaCl2
	ScCl3

	MnCl2
	VCl3

	SrCl2
	FeCl3

	MgSO4
	FeCl2

	CrCl3
	CuCl2

	BrCl2
	ZnSO4

	TiCl3
	NiSO4


 (
Table 2.1 
Table showing the various metal salts evaluated for activity with phage J-1 during
 this work
)




Antibiotic dosage experiment
The tolerance of L. casei and L. paracasei to the antibiotic cefadroxil was examined in a series of experiments using shake flasks and an orbital incubator at 37oC. L. casei was shown to be significantly more tolerant to the antibiotic. From this work, concentrations of 40 mg/l for L. casei and 20 mg/l for L. paracasei were chosen; these concentrations significantly slowed the growth of the bacteria without arresting it completely. S. cerevisiae was unaffected by antibiotic concentrations at this level.


Electron Microscopy
A JEOL JEM2100 transmission electron microscope, with LaB6 (lanthanum hexaboride) tip and with a beam energy of 200 kV, was used in the electron microscopy. The samples were prepared using a stain of 2% methylamine tungstate in deionised water. The samples were prepared onto a holey carbon film coated 300 mesh copper grid (Agar Scientific Ltd).
Fermentation
All ethanol fermentations were carried out using a Halotec AFM (alcohol fermentation monitor) using a novel media (Table 2.2) containing 80 g/l glucose. The glucose was prepared and sterilised separately to prevent the occurrence of Maillard reactions. A temperature of 30 oC and stir rate of 180 rpm was maintained throughout the fermentation.

	80 g/l
	Glucose

	15 g/l
	Yeast extract 

	2.5 g/l
	Ammonium chloride

	3 g/l
	Disodium hydrogen phosphate

	3 g/l
	Potassium dihydrogen phosphate

	0.25 g/l
	Magnesium Sulfate

	0.1 g/l
	Calcium chloride

	2 g/l
	Citric acid

	3 g/l
	Sodium citrate


Table 2.2 Components of media used in AFM fermentation experiments 
An AFM can run up to 6 anaerobic fermentations at a volume of 400 ml of media and maintains the temperature and stir rate. In order to simulate a contamination event the fermentors were inoculated with a fresh culture of Lactobacilli to an OD of 0.1. The fermentations were run in sets of 4 containing a non-contaminated positive control. A negative control contaminated with Lactobacillus but without a biocontrol agent was set up. A fermentation contaminated and inoculated with 1 ml of 1x109 phage solution per 100 ml and a fermentation containing the antibiotic cefadroxil were run. The optical density of the Lactobacillus was measured during the initial 24 hours of the fermentation and before the yeast inoculum. After 24 hours of contamination a “pitch” of 4 g/l of actively growing S. cerevisiae grown in YPD broth for 18 hours was added to each of the fermentors.

The AFM system measures the gas produced by the fermentation via a mass flow controller calibrated for CO2. This CO2 output is reported in mmol and a simple conversion based on the stoichiometry of anaerobic fermentation can be used to determine the ethanol production. 1 ml samples were taken hourly during the fermentation for analysis. The ethanol production results of the AFM were confirmed via HPLC using a HPX 87P Biorad column at 80 oC with a de-ashing microguard column (125-0118). The HPLC system utilised a H2O mobile phase with a flow rate of 0.6 ml/min and a +ve polarity RI detector at 50 oC to determine both the ethanol and glucose concentration. Following the yeast inoculum, the OD of the culture was not measured as the OD of the mixed culture is not useful data. 
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The effect of divalent cations on the activity of phage J-1
It has been reported that certain bacteriophage are reliant upon the presence of metal ions in the media (Cvirkaitė-Krupovič et al. 2010). The activity of phage J-1 is dependent upon the presence of a suitable concentration of divalent cations. In the absence of divalent cations, the phage is ineffective as a biocontrol agent. The ions found to have a positive effect are Ca2+, Mn2+, Sr2+ and Mg2+. The effect varied between ions with Ca2+ being the most effective. The effect on the phage can be seen in the decrease of OD 600 nm over time (Figure 6).

In contrast, similar experiments using phage PL-1 found phage propagation occurred in media without supplementation with divalent cations although the rate of propagation was decreased. In order to maintain the similarities between samples, all fermentation experiments were supplemented with 10 mmol/l CaCl2 and 10 mmol/l MnCl2. 



Figure 2.3 The effect of divalent cations on phage J-1 activity in MRS media data was taken  from Tecan plate reader. The decline of OD is representative of the activity of the bacteriophage, the experiment that was deficient in metal ions steadily increased in OD during the course of the experiment while any experiment containing metal ions showed a decline. 
	Element
	Group
	Activity
	Salt composition

	Mg
	2
	4 
	MgSO4

	Ca
	2
	1
	CaCl2

	Sr
	2
	3
	SrCl2

	Mn
	7
	2
	MnCl2


Table  2.3 Table of divalent cations shown to enhance phage J-1 viability, calcium chloride was the most effective metal salt while magneseum sulfate was the least effective. The addition of magnesium in an alternative salt form such as magnesium chloride did not increase the effectiveness of the salt. Activity appears to be related only to the metal ion and not the anion.

Fermentation experiments
The effect of phages J-1 and PL-1 on the growth of L. casei and L. paracasei, and their effectiveness as biocontrol agents in an ethanol fermentation system was evaluated in the AFM over two individual sets of triplicate runs.
During the initial 24 hours of the contamination experiment, the OD of the media was sampled and analysed (Figures 8 and 9). The Lactobacillus in the uncontrolled samples grew rapidly and had reached an OD above 3 after 24 hours. Both antibiotic and phages controlled the growth of the bacteria effectively, in the presence of the antibiotic the bacteria grew slowly and consistently. The presence of the phage resulted in a normal early growth followed by a decline and plateau at a low OD. The non-contaminated sample showed no increase in OD. As the number of Lactobacillus cells increased, the lactic acid produced and the consumption of glucose led to a detrimental effect on the fermentation. 



Figure 2.4 Growth of L. casei over the course of 24h with OD at 600 nm in AFM system the uncontrolled, antibiotic control and phage J-1 control samples contain L.casei added to a target OD of 0.3. Thoughout the 24h experimental period the OD of the uncontrolled sample rises steadily due to the growth of the lactiobacillus, in comparison the non contaminated system remains relatively sterile while the antibiotic and phage control methods arrest the growth of the bacteria. It is worth noting that the phage control method decreases the OD in the initial few hours. Data shown in Arithmetic mean of 3 experiments.



Figure 2.5 Growth of L. paracasei over the course of 24h with OD at 600 nm in AFM system the uncontrolled, antibiotic control and phage PL-1 control samples contain L.paracasei added to a target OD of 0.3. Thoughout the 24h experimental period the OD of the uncontrolled sample rises steadily due to the growth of the lactiobacillus, in comparison the non contaminated system remains relatively sterile while the antibiotic and phage control methods arrest the growth of the bacteria. It is worth noting that the phage control method decreases the OD in the initial few hours, this matches the observation of work with the L.casei and phage J-1. Data shown is the  arithmetic mean of 3 experiments.


After 24h of contamination time the yeast was added. The detrimental effect of the Lactobacillus on the fermentation was clear (Figures 10 and 11). CO2 is produced as a bi-product of ethanol fermentation and 1 mole of CO2 is produced for every 1 mole of ethanol. As homolactic fermentation consumes glucose but does not produce CO2 the contaminated samples show a decrease in CO2 production. The uncontrolled sample shows a slower fermentation, which is caused by the effect of lactic acid on the yeast cells and the decreased availability of glucose.


Figure 2.6 Production of CO2 over 6h of fermentation, the data is cumulative and represents the total fermentation time. The uncontrolled sample is contaminated without any method of biocontrol, the non contaminated sample is S.cerevisiae alone and represents the best condition possible in this reactor system. The phage J-1 sample is contaminated using the bacteriophage as a form of biocontrol whilst the antibiotic sample contains 40mg/l of the antibiotic cefadroxil. The data shown is the arithmedic mean of 3 experiments. Contaminated samples are contaminated with the bacterial L. casei.


Figure 2.7 Production of CO2 over 6h of fermentation, the data is cumulative and represents the total fermentation time. The uncontrolled sample is contaminated without any method of biocontrol, the non contaminated sample is S.cerevisiae alone and represents the best condition possible in this reactor system. The phage PL-1 sample is contaminated using the bacteriophage as a form of biocontrol whilst the antibiotic sample contains 40mg/l of the antibiotic cefadroxil. The data shown is the arithmedic mean of 3 experiments. Contaminated samples are contaminated with the bacterial L.paracasei.The effect on the uncontrolled experiment is more significant than contamination by L. casei.


The CO2 production is a good indication of the ethanol produced in the fermentation. To confirm the accuracy of these results, HPLC was carried out on samples taken from the AFM. The effect of the lactic acid production by the lactobacillus can be seen on the rate of the uncontrolled (UC) fermentation sample and on the final concentration of ethanol produced. 

By carrying out a mass balance based upon the initial glucose added to the media (80 g/l), the theoretical maximum yield and the final ethanol content reported by HPLC, the % yield of ethanol can be calculated (the volume taken for sampling was taken into account and removed from the equation). The presence of Lactobacillus without a method of control results in a significant loss of ethanol (Figure 12) when compared to the noncontaminated standard. Cefadroxil and phage show a significant effect in controlling the contamination. The non-contaminated fermentations produced a yield of over 90% of the theoretical maximum; this is in the range we would expect for maximum yield using a non-optimised yeast strain. The use of the phage produced a higher ethanol yield than a limited dosage of antibiotics.


Figure 2.8 Graph showing the % of the theoretical ethanol yield achieved by fermentations taken from HPLC ethanol content (arithmetic mean  from 3 experiments). Phage control of L. paracasei used phage PL-1 and phage control of the L. casei was carried out using phage J-1. Error bars show 5% error as an estimate of experimental variation. The uncontrolled sample which was contaminated with lactobacillus without a form of biocontrol shows a significantly reduced yield when compared to the non contaminated sample and controlled samples.
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The data obtained in this series of experiments strongly suggests that the application of the bacteriophages J-1 and PL-1 is effective in controlling contamination of ethanol fermentation by L. casei and L. paracasei and that the application of a suitable bacteriophage to contaminated ethanol fermentation significantly increases ethanol yield. Furthermore the presence of a suitable quantity of divalent cations is essential in the use of bacteriophage in ethanol fermentation. Without sufficient divalent cations, phage J-1 was completely ineffective and the effectiveness of phage PL-1 was decreased. 

The addition of the phage improved the ethanol yield by up to 15% when compared to the contaminated fermentation without a form of biocontrol. The microscopy shows that the phage significantly reduced the number of bacterial cells present in the fermentation (Figure 13 and 14). The antibiotic cefadroxil also improved the ethanol yield when compared to the fermentation without a form of biocontrol. At the dosages used, cefadroxil only slowed the bacterial growth rate and does not appear to reduce the number of bacterial cells. In all experiments the bacteriophage outperformed the limited dosage of antibiotic resulting in an increased ethanol yield. 

The loss of ethanol yield and decrease in rate of fermentation is more evident in the experiments contaminated with L. paracasei than L. casei. This effect is likely due to an increased quantity of lactic acid produced by the L. paracasei bacteria. This increased lactic acid production could not be proven via HPLC due to the presence of citric acid in the media preventing quantification of the lactic acid. The pH of the contaminated fermentation was shown to be lower in samples contaminated with L. paracasei. 

From the initial fermentation OD data (Figure 8 and 9) it is clear that the phages are effective after approximately 5h at this dosage; increasing the dosage would likely decrease this time. However due to the latent period of 5-90min and infection time 2-4h of these phage (Capra M.L. et al. 2006), even at a very high dosage the phages will still require ~3h to become effective. These timings are effective for both batch and continuous fermentation ethanol production. In a batch process, phage should be added to the yeast propagation tanks or the pre-fermentation inoculum process in order to compensate for this initial delay in activity. A further advantage of bacteriophage in a continuous fermentation system is the replication and stability of the phage particles; in comparison antibiotics degrade over time and are significantly affected by pH (Islam et al. 1999).

Although these phages inhibit the growth of these two Lactobacillus strains, due to host specificity phages J-1 and PL-1 would not be effective against other strains and species of the Lactobacillus genus (Capra M.L. et al. 2006). To compensate for host specificity in an industrial setting the addition of bacteriophage to fermentations would involve a number of different bacteriophage in a “cocktail” (Hooton et al. 2011). This cocktail would need to contain phage obtained from a wide range of environments and proven to infect a suitable range of lactic acid bacteria. Bacteria exposed to bacteriophage have the capacity to develop immunity in much the same way that bacteria may develop immunity to antibiotics (Goodridge 2004). 
By using a cocktail of phages the development of immunity to any one specific phage can be mitigated.

The resistance of biofilm to antibiotics and biocide cleaning agents is well known (H. C. Flemming, H. Ridgway 2009) and is an issue in many industries. Although not examined in this work the effectiveness of phage against biofilm has been shown in the literature (Pires et al. 2011). By providing a method of targeting biofilm, phage may provide cost savings when used alongside traditional biocide cleaning agents.

An industrial system utilising bacteriophage will need to employ methods of identifying bacterial contaminants rapidly and comparing the data to a reference library of phage in order to determine host sensitivity thus allowing the phage cocktail to be tailored to match the contaminants. Such facilities and the creation of both a bacterial and phage culture collection would provide a significant boost to phage technology in the ethanol industry. Patents have been filed by DuPont involving the use of bacteriophage to remove contaminant bacteria from samples (US2008/0213752) and also involving the use of bacteriophage in a corn ethanol fermentation system (US2009/0104157). These patents show that there is interest in phage usage in the biotech industry for the control of bacterial contamination. One of the patents filed by DuPont (US2009/0104157) is similar to the work presented in this paper but it makes no mention of the importance of metal ion concentrations on phage activity. The concentration of phage required is stated as “a magnitude of at least 10x the bacterial population in the fermentation system” with 100x or more being preferable. The concentration of phage added to media in these experiments was 1x107 pfu per ml; this concentration proved effective against bacterial concentrations in excess of 1x107 cfu of bacteria. 

Research into bacteriophage is currently undergoing something of a renaissance for a wide range of applications. Current applications include aquaculture (Vinod et al. 2006), medicine (Donlan 2009) (Ryan et al. 2012) and veterinary (Lim et al. 2012).

The current system of rampant antibiotic use is unsustainable and there have been recent calls for a complete ban on this kind of antibiotic use in the United States (Julia Olmstead 2009). Microbial resistance increases the quantities of antibiotics required to treat contaminations in the fuel ethanol industry (Bischoff et al. 2007) and as the concentrations of antibiotics required increase, the costs associated with their use will also rise. 

Alternative solutions to bacterial contamination in fuel ethanol fermentations are required if the industry is to remain profitable given the challenges ahead. Bacteriophage could be such a solution if resources are invested into this technology. Considering the possible profit inherent in the production of ethanol fuel and the potential low cost this technology is worthy of further research.
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The bacterial contamination of fuel ethanol fermentations by lactic acid bacteria continues to be problematic for the fuel ethanol industry. Contamination decreases ethanol yield and inhibits the host yeast over successive fermentations; this leads to plant shutdowns for sterilisation and cleaning. Strict methods of biocontrol are often cost prohibitive and so cannot be applied to fuel ethanol fermentations due to tightening profit margins combined with plant design issues.
Many ethanol facilities utilize antibiotics to control bacterial growth during fermentation. Antibiotics have a negative impact on the local environment and can contaminate the food chain due to the use of waste fermentation products as animal feed and fertilizers. A suitable alternative to the use of antibiotics is required. 
In this work we explore the concept of applying copper and silver ions as a possible biocontrol in ethanol fermentations. Silver and copper inhibit both bacteria and yeast, and a range of concentrations is examined to determine if Cu and Ag could have a positive effect on ethanol yield. The impact of Cu and Ag on ethanol production during contaminated fermentation was greater than in the non-contaminated experiments.
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Introduction
The demand for energy has never been higher and conventional fossil fuel sources are being depleted at an alarming rate (Dutta and Radner 2009). The use of biofuel fuels derived from agricultural crops has the potential to supplement conventional fossil fuel supply and provide increased energy security (Nigam and Singh 2011). Biofuels also offer environmental benefits in terms of CO2 production in comparison to fossil fuels (Arent et al. 2011). Alongside these environmental benefits bioethanol and biofuel in general could be essential to the future politics of many nations, increasing energy security and reducing reliance upon fuel imports (Demirbas 2009).
Ethanol fuel created by the cultivation and fermentation of high carbohydrate crops (first generation ethanol) is a well-established part of worldwide road fuel consumption. Produced predominantly in the United States and Brazil (Balat and Balat 2009), ethanol remains the only biofuel produced in significant quantities that can be substituted into gasoline without major engine modification. Brazil, in particular, has concentrated resources and government policy on the development of bioethanol technologies (Janssen and Rutz 2011). The quantities of fuel ethanol produced and the number of ethanol plants operating has grown rapidly (Figure 3.1). However, if fuel ethanol is to compete on price with gasoline, it will need investment in new technologies. The main foci of research currently is to improve food security, increase ethanol yield and decrease the land usage associated with fuel crop production and subsequent competition with food production (Figure 3.2).



Figure 3.1 Production of ethanol fuel and number of ethanol plants in US, data is taken from the US RFA (renewable fuels association) a gallon represents US liquid gallon (~3.8l) 

The first generation ethanol process utilises crops with a high starch or glucose content (corn in the US and sugar cane in Brazil). This material requires a minimum amount of pre-treatment to release the carbohydrate for fermentation. Second generation or lignocellulosic ethanol can be produced from any material high in cellulose including wood, paper and crop residues. Cellulose is the most abundant renewable organic component present in nature and holds excellent potential for bioethanol production (Brethauer and Wyman 2010). In order to ferment lignocellulosic substrates the cellulose must be accessed and converted to its glucose monomer; this involves pre-treating the material in order to separate the cellulose from the lignin and hemicellulose that form the superstructure of most plants (Swana et al. 2011). 

Figure 3.2 Oil and corn price comparison data is taken  from the AGMRC (Agricultural marketing resource center) 1 barrel of oil represents ~159l of Brent crude oil. A bushel represents ~36l of dry volume

This process may consist of steam explosion, chemical exposure and enzyme treatment amongst others. Presently the cost of lignocellulosic ethanol is prohibitively high and no large-scale lignocellulosic ethanol facilities have been made operational (Balat and Balat 2009).

The yeast Saccharomyces cerevisiae is the organism of choice for ethanol production due to its high yields, rapid fermentation time, high tolerance to ethanol and general robustness as a fermentation organism (Kasavi et al. 2012). There are other organisms of interest for ethanol fermentations including the bacterium Zymomonas mobilis (Letti et al. 2012, Diehl and Trierweiler 2009), which holds several reported advantages over S.cerevisiae including ethanol tolerance and fermentation rate. However no commercial scale operations are currently using Z. mobilis as a production organism (Diehl and Trierweiler 2009) due to a lower thermal tolerance and limited substrate range (Behera et al. 2010).

S. cerevisiae is one of the most thoroughly studied of all microorganisms due to its importance to the beverage industry. This has resulted in the development of industrial strains designed specifically for ethanol fermentation (Godoy et al. 2008). These strains have been optimised through selective growth to increase tolerance to the osmotic stress of high sugar fermentation broth and the presence of large quantities of ethanol found at the end of fermentations (Kasavi et al. 2012). Research to enhance S. cerevisiae fermentation via more direct genetic enhancement (Cao et al. 2010) has also taken place. Improved ethanol production, tolerance to increased temperature and utilization of other carbon sources are areas of interest for genetically modified yeast.

While the yeast efficiency has been improved considerably there are a number of areas within the ethanol fermentation that can be improved. One of these areas for improvement is bacterial contamination. The most common contaminants are species of Gram-positive lactic acid bacteria (Ingledew 2009), in particular species of Lactobacillus (Muthaiyan and Ricke 2010). These bacteria are ubiquitous in nature and exist in the local environment and on the feedstock itself. Lactic acid bacteria ferment one molecule of glucose through to two molecules of lactic acid (homolactic fermentation) or one molecule of ethanol, CO2 and lactic acid (Heterolactic fermentation). The presence of lactic acid inhibits the yeast and lowers the pH of the fermentation while the consumption of glucose decreases the final ethanol yield (Bayrock and Ingledew 2004). 

Due to the low value of the final product and the tight profit margins necessary for fuel ethanol production, “pharmaceutical style” aseptic control is impossible.  Improvements to plant design that remove “dead legs” in pipes and other areas that cleaning fluids cannot reach can help prevent these problems (Ingledew 2009) unfortunatly many ethanol plants have been constructed, and subsequently expanded on an ad hoc basis, and plant design takes a back seat to speed of construction and costs.
The treatment of contamination found during a fermentation involves the use of antibiotics (commonly penicillin and virginamycin) (Schell et al. 2007). These broad-spectrum antibiotics provide a proven method of biocontrol and are active against a wide range of Gram-positive bacteria inhibiting growth and subsequently resulting in an increased ethanol yield. The use of antibiotics in this manner does have some disadvantages.
Antibiotics are high in cost (Muthaiyan et al. 2011) and cause issues with the sale of fermentation waste products. A key component of first generation ethanol production in the US is the sale of DDGS (dried distillers grains with solubles). This material is commonly sold as an animal feed and the sale of DDGS significantly improves the economic outlook of the 1st generation fuel ethanol process significantly. Antibiotics added to a fuel ethanol fermentation may contaminate the DDGS; this may in turn accumulate in cattle and may be isolated in milk and dairy products (De Alwis and Heller 2010). In Brazilian sugar cane ethanol the equivalent waste material is known as “vinasse” and is often sold as a high nitrogen fertiliser. Vinasse containing antibiotic residue is then spread onto fields leading to antibiotic residue in soils. During rain the antibiotic residue is washed into the soils and subsequently contaminates water sources. 
The quantities of antibiotics added to fermentations are calculated on an economical basis, with the unfortunate consequence that amounts added are sufficient to increase the yield of ethanol but not deactivate the bacteria completely. This results in a rise in bacterial resistance to antibiotics over time (Bischoff et al. 2007); bacteria resistant to penicillin and virginamycin have already been isolated from ethanol fermentations (Bradbury 2004).  The usage of antibiotics in ethanol fermentations is under review worldwide, and is banned within the EU (Julia Olmstead 2009). Repeated contamination has led to a shift from continuous fermentation to batch processing in Brazil (Godoy et al. 2008). It is clear that an alternative form of biocontrol is needed.

An alternative method of biocontrol that has been suggested for reducing contamination in water cooling towers and some medical equipment is the use of antibacterial copper and silver. In ionic form (Ag+ and Cu2+) copper and silver are known to be highly toxic to microorganisms at relatively low concentrations. The use of antibacterial ions in fermentation is a more difficult prospect: copper and silver may also be toxic to the host fermentation yeast. An experimental series was designed to determine the effect of Cu and Ag on ethanol fermentations with and without contamination.


[bookmark: _Toc380843805]Materials
All chemicals including media components were purchased from Sigma Aldrich; laboratory equipment is unmodified. All media was sterilised via autoclave at 115 oC for 15 min and work was carried out under sterile conditions in a Hepa safe laminar flow hood. The S. cerevisiae yeast (YSC2) was purchased from Sigma Aldrich in bulk dried form. The bacteria L. paracasei (ATCC 27139) was purchased in a lyophilised form from the ATCC (American type culture collection). A fermentation media containing 80 g/l (Table 3.1) of glucose was used and media was prepared in bulk quantities of 20l and separated into 50x400 ml portions and placed into 500 ml Duran flasks for the fermentation. Copper and silver was added in the form of copper nitrate (Sigma Aldrich 229636) and silver nitrate (Sigma Aldrich S8157) 



	80 g/l
	Glucose

	15 g/l
	Yeast extract

	2.5 g/l
	Ammonium chloride

	3 g/l
	Disodium hydrogen phosphate

	3 g/l
	Potassium dihydrogen phosphate

	0.25 g/l
	Magnesium sulfate

	0.1 g/l
	Calcium chloride

	2 g/l
	Citric acid

	3g/l
	Sodium citrate


Table 3.1 Contents of AFM  fermentation media used throughout the experiments 
	     with the AFM system


Culture conditions
All cultures were incubated at the recommended temperature for the organism; S. cerevisiae was cultured in YPD broth and the L. paracasei was cultured in MRS broth. Agars were prepared by adding 15 g/l of agar to the media prior to autoclaving, the sterile media was then poured hot into sterile Petri dishes under a laminar flow hood. Cryostocks were created from single colonies taken from initial streak plates generated from the stock samples grown overnight and confirmed via optical microscopy. Cryostocks consisted of 1 ml of exponential cell culture and 0.5 ml of glycerol.

AFM Fermentation conditions
A Halotec alcohol fermentation monitor was used as the fermentation system for these experiments. This system uses 500 ml Duran flasks and can run 6x 400 ml fermentations simultaneously whilst mixing with a magnetic stirrer and controlling the temperature of the vessels. The vessels used were plastic coated Duran bottles, temperature was held at 30 oC throughout the experiments and 200 µl of 50% antifoam A (silicon-based) was added to all fermentations to prevent foam formation. Samples were taken for analysis via microscopy at the end of fermentation to visually evaluate the health of yeast cells.

HPLC
The AFM system measures the gas production in the fermentation by a mass flow measurer calibrated for CO2. This CO2 output is reported in mmol and a simple conversion based on the stoichiometry of anaerobic fermentation can be used to determine the ethanol production. 1ml samples of the fermentation media as were taken either during the fermentation or at the end of 6 hours, the samples were centrifuged at 10,000xg for 1 min and 100 µl of the supernatant diluted in 900 µl sterile H2O and analysed via HPLC. 
The HPLC used a HPX 87P Biorad column at 80 oC with a de-ashing microguard column (125-0118). The HPLC used a  H2O mobile phase with a flow rate of 0.6 ml/min and a +ve polarity RI detector at 50 oC to determine both the ethanol and glucose concentration.






DCW-OD conversion
In order to maintain a yeast pitch of 4 g/l and reduce variability in the experiment due to changes in the yeast cultures, S. cerevisiae was grown in YPD and sampled throughout its growth cycle; the optical density (OD) of the samples was recorded before being placed into reweighed eppendorf tubes and centrifuged at 8,000xg to pellet the cells. The supernatant was removed and the cell pellet was re-suspended in sterile PBS buffer, centrifuged and washed a 2nd time and centrifuged to remove the buffer. The samples were then dried overnight at 50 0C and the dry cell weight determined and compared to the OD. An Excel spreadsheet was created using this data to carry out conversions between OD and dry cell weight (DCW). 
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Landscape mapping of the effects of Ag and Cu in a fermentation
In order to rapidly assess the effect of copper and silver on the experimental organisms a Tecan 96 well plate reader was used. This enabled rapid determination of appropriate quantities of copper and silver ions. The outside wells of the plates were filled with sterile H2O to control evaporation of the experimental wells. The experimental wells contained 375 µl of the media containing the required level of Ag and Cu ions and 25 µl of pre-culture (bacteria or yeast). The plates were prepared in a sterile laminar flow hood, organisms were pre-cultured over night and added to the plate according to a pre-made plan. The plate was then sealed with a transparent lid before being placed onto the plate reader to be incubated at 30 oC with an orbital stir speed of 60 rpm. OD scans at 600 nm were taken every two hours over an 18 hour time course. These OD readings were used to determine the growth of the organism and examine the inhibitory range of the copper and silver. 




AFM experiments
Following on from the initial experiments in the plate reader a range of Ag and Cu nitrate was determined for further experimentation. The software Design Expert 6 was used for the planning and analysis of this data, and a response surface quadratic design model was used for this series of experiments. The initial design parameters were kept relatively broad (5 mM Cu and 1 mM Ag range), however as datum points were gathered the focus was narrowed and the parameters were altered to focus on lower concentrations (Figure 3.3). Initial experiments examined the effect on the OD of L. paracasei without any S. cerevisiae present and the CO2 production by S. cerevisiae without L. paracasei present. The CO2 production of the fermentations after 6 hours was taken for comparison. Fermentations under optimum conditions using this medium normally complete after 6 hours and any delay in completion time or decrease in CO2 production would result in decreased ethanol production.


Figure 3.3 Graph showing the standard error of the experimental area, most experiments focused upon the lower concentrations after the unhibitory nature of the metal ions was confirmed. Concentration is represented as mmol/l. 


The experiments were split into two sets, contaminated and non-contaminated fermentations. In the contaminated experiments L. paracasei was grown overnight and inoculated into the media at an OD of 0.3. The media was placed onto the AFM for 24 hours allowing time for the bacteria to grow. The OD of the bacteria was not sampled to avoid aerating the media or causing variation in the ethanol yield due to sampling. The total CO2 production after 6 hours was confirmed via HPLC analysis.
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Tecan scouting experiments
Initial experiments carried out in 96 well plates clearly showed that the growth rate of the organisms were consistent in the plate reader and duplicate measurements had a low degree of error (Figure 3.4). Over the 18 hour period the yeast and Lactobacillus grew to an OD of 1.8, the yeast grew more rapidly with a lag phase of 2 hours, reaching maximum OD within 8 hours. The Lactobacillus grew steadily for the full 18 hours and had a longer lag phase of around 4 hours. 


Figure 3.4 Growth of S.cerevisiae and L.casei in AFM media using the tecan plate reader 96 well plate system, individual wells had a volume of 200µl the plate was lidded and sealed during incubation at 300C, evaporation was insignificant and checked via incubation of both water and blank media. Outside wells of the plate were filled with sterile water during the incubation process.

The addition of 1mM silver nitrate to the wells of the plate reader severely inhibited the growth of both the S. cerevisiae and the L. paracasei; both organisms showed a negligible rise in OD during the 18 hours of growth (Figure 3.5). The rapid increase and decrease in the OD for the yeast growth during the first 2 hours was observed in all yeast experiments with 1mM of silver. The cause for this is unclear, however it may be due to the presence of bubbles observed on the surface of the experimental wells. The bubbles subsequently break down as the yeast are inhibited by the silver.
The addition of 1mM copper to the wells decreased the growth rate of the bacteria significantly. Whilst the final OD of the yeast is also decreased in the presence of 1 mM Cu the effect is much less pronounced (Figure 3.6)
 
Figure 3.5 Effect of 1 mM silver nitrate or copper nitrate in AFM media on S. cerevisiae and L. paracasei  (arithmetic mean of 3 replicates). The effect of silver nitrate on both the S. cerevisiae and L. paracasei was to reduce cell growth (OD increase) significantly. Error bars are based upon experimental variation within the samples. The effect of copper nitrate is less significant however of interest is the increased inhibition of L. paracasei when compared to S. cerevisiae.



Figure 3.6 Effect of 1 mM of copper combined with various levels of silver on S. cerevisiae and L. paracasei growth (the data shown is the arithmentic mean of 3 replicates). The effect of increased levels of silver ions  is to decrease the growth of the microorganisms significantly. The effect of 0.01mM and 0.1mM silver was more pronounced on the bacteria than the yeast pointing to a possible effective concentration for the fermentation experiments.

The effect of Cu and Ag on a combined culture of yeast and bacteria was not examined during these initial scouting experiments. 
A copper concentration of 1mM and silver of 0.1mM appears to inhibit the growth of the bacteria significantly whilst allowing the yeast to grow normally. The data gathered formed the basis for the concentrations used in the fermentation experiments. In order to examine a range of concentrations in the fermentation 0-5 mm/l Cu and 0-1mM of Ag was examined; a particular focus will also be placed  on a Cu concentration of <1 mM and Ag concentration of <0.1 mM.  

AFM fermentation experiments
The initial experiments in the AFM system use only L. paracasei. These experiments showed that the copper and silver treatment reduced the growth rate of the bacteria (Figure 7) in the AFM. This is consistent with the observations made in the initial experiments despite the volume change. The growth is measured as the ΔOD over 24 hours of growth in the AFM at 30 oC. As the addition of copper and silver affected the OD of the media measuring the change over time proved to be a more accurate method of measuring organism growth than examining and comparing the OD alone. The ΔOD was largest in samples containing no copper or silver; as the copper and silver concentrations increase, ΔOD decreases (Figure 3.7). The most effective treatment is silver alone, however data from the early scouting work shows that this would be strongly inhibitory to the yeast.

















Figure 3.7 Effect of varied copper and silver nitrate concentrations on the growth of L. paracasei represented by an increase in OD over the course of the experiment. The largest effect is seen with silver alone however this will be strongly inhibitory to the yeast species. The silver and copper are concentrations are shown in mM.








The addition of Ag and Cu to the non-contaminated fermentation decreased ethanol production over the course of the 6h fermentation (Figure 8). The non-contaminated fermentation without metal addition achieved an average CO2 yield of 295 mmol or 86% of theoretic maximum. The effect of the copper addition up to 1 mM is negligible. Above this concentration Cu results in a slow decline in ethanol yield; at a 5 mM concentration the yield was reduced by approximately 50%. Silver addition leads to a rapid decline in yield and 1 mM of silver halted the productions from the fermentation almost completely. 














Figure 3.8 Effect of varied copper and silver nitrate concentrations on the production of CO2 by the yeast S. cerevisiae during fermentation. The effect of copper alone is negligable until a concentration of approximately 2.5mM is reached, any further increase in copper concentration results in rapid loss of yield. The effect of silver is drastic and yield loss is significant at a 0.25mM concentration.

This series of experiments was repeated using fermentation media contaminated with L. paracasei and cultured over 24 hours. During these contaminated fermentation experiments the OD of the bacteria was not taken; this improved the accuracy of the CO2 measurement as no liquid was removed from the fermentation and there was no oxygen added to the media during sampling. 


[bookmark: _Toc380843813]Contaminated fermentations
In a S. cerevisiae fermentation contaminated with the L. paracasei bacteria the addition of copper and silver reduced the ethanol yield drastically. Whilst the reduction in yield following the addition of 1 mM Cu during a non-contaminated fermentation was negligible, in a contaminated fermentation the yield loss was over 40%. (Figure 3.9) 
Figure 3.9 The effect of copper and silver nitrate addition at various concentrations on contaminated fermentations. The copper and silver have a significantly increased effect when compared to a non contaminated fermentation. This may be related to the increased stress of the lactic acid combined with the metal ions resulting in more significant inhibiton.

The data show that while the Ag and Cu did inhibit the growth of L. paracasei,  the production of ethanol by S. cerevisiae is also inhibited. The addition of copper and silver to ethanol fermentations did not improve the fermentation yield at any concentration in either contaminated or uncontaminated fermentations. The negative impact of antibacterial copper and silver was increased in the contaminated experiments (Figure 3.10) resulting in greater yield losses.


Figure 3.10 The effect of copper addition on contaminated and non-contaminated fermentations using triplicate data points for all concentrations, tendlines show an exponential fit and the error bars are based upon a 5% error as a standard experimental error. The effect of the metal concentration on the contaminated fermentation is increased when compared to the non contaminated fermentation. 


[bookmark: _Toc380843814]Discussion and conclusion
The addition of copper, silver or a combination of both metals to the fermentation system decreased the ethanol yield from the fermentation in both contaminated and non-contaminated fermentations. The decrease in ethanol production was more severe in fermentations contaminated with lactic acid bacteria. During fermentation S. cerevisiae cells are placed under considerable stress by the presence of ethanol, high cell density, and the osmotic stress of the high glucose conditions. In a contaminated fermentation the contaminant bacteria consume nutrients from the media producing more organic acids. The acids lower the pH of the media and pass through the membrane of the yeast cell dissociating within the higher pH environment of the cytoplasm (Bayrock and Ingledew 2004).

The mechanisms by which copper and silver inhibit cellular activity are not currently well understood but copper toxicity appears to be related to the generation of reactive oxygen species by interactions with copper. A superoxide dismutase-deficient E. coli has been shown to be more vulnerable to damage by copper nano-particles (Bondarenko et al. 2012). The presence of Ag within the cell has been shown to cause H+ leakage and Ag+ may bond to sulfur and phosphorus containing compounds such as proteins and DNA causing cell damage (Sharma et al. 2009). Active transport using ATP is known to play a role in resistance to the toxic effects of copper and silver during yeast growth (Riggle and Kumamoto 2000). Under anaerobic growth ATP production is limited (compared to aerobic growth), active transport is also involved in the removal of dissociated lactic acid from cell cytoplasm. The presence of both metal ions and lactic acid combined with the decreased availability of ATP results in increased inhibition of the yeast cells.
This study used a lab strain of S. cerevisiae without any form of tolerance to the presence of metal ions. Other yeast species such as C. argentea have been shown to be highly tolerant of toxic copper levels during growth (Holland et al. 2011) due to the environment from which they have been isolated. The sequencing and karyotyping of yeasts that are tolerant to metal toxicity will better determine the mechanisms used to grow in the presence of antibacterial ions. A recombinant strain of S. cerevisiae could subsequently be created that can better tolerate metal toxicity while producing high ethanol yields. Alternatively, a strain could be created by repeatedly exposing S. cerevisiae to high metal ion levels over many generations, selectively breeding tolerant yeast.
There are other methods of altering the fermentation conditions to prevent the growth of contaminant bacteria, including increased temperatures and salt concentration.  
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The fuel ethanol industry has grown rapidly over the last decade, increasing output and striving for further gains in efficiency. Amongst current issues affecting the industry, controlling bacterial contamination during fermentation is a continuing problem. Contamination decreases the ethanol yield from the fermentation and in acute cases may result in shutdown of the reactor for cleaning.
Many ethanol producers utilise antibiotics such as penicillin and virginiamycin to control bacterial contamination. This is expensive and has been shown to be damaging to the environment. As a result there are calls for antibiotic usage in the ethanol industry to be reduced or eliminated.
Alternative antimicrobial compounds are needed to replace antibiotic usage. There are many compounds existing within nature that are designed to inhibit the growth of bacterial species. In this work we investigate 3 antimicrobial compounds that have the potential to reduce contamination in ethanol fermentations. Chitosan, a cationic biopolymer produced by the deacetylation of the polysaccharide chitin, extracts of the hop plant (Humulus lupulus) and oil extract of the common onion (Allium cepa). 
The potential of these compounds to control bacterial contamination and boost ethanol yield in contaminated fermentations is assessed in this work.
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World population is rising rapidly, global temperatures are increasing (Dutta and Radner 2009) and fossil fuel supplies are finite (Hirsch et al. 2007). These issues cannot be ignored and past experience of “energy crisis” will provide little guidance in the future (Hirsch et al. 2007). There are no easy answers or simple solutions to these problems and the drive towards “sustainability” and “efficiency” for companies and nations is an ongoing challenge (Woodward and Bishop 1995). In 2009 the estimated number of automobiles, light duty vehicles, light trucks and minivans on roads worldwide was 900 million. By the year 2030 this is predicted to reach 1.3 billion and in 2050 there will be over 2 billion personal use vehicles on the road worldwide (Balat and Balat 2009). The growing numbers of vehicles will lead to increased fuel consumption and CO2 production by road traffic over the coming years.

There is a diverse range of technologies involved in reducing greenhouse gas emissions focused upon “renewable” energy; this includes everything from solar and wind power through to biofuel and biomass technologies. In the “bio-energy” area between 1990 and 2007 biomass energy production rose 17 fold from 1990 MW to 3238 MW (Arent et al. 2011). Biofuel production has also increased drastically over this period, in particular bioethanol production (Hammond et al. 2008).  In the United States bioethanol production has risen steadily: in 1990 US production was approximately 900 million gallons, and by 2012 production had reached 13,300 million gallons per year (Renewable Fuels Association). The benefits of biofuel usage include: increased energy security, significant reductions in CO2 production, various boons to the agriculture sector, and decreased transport of fuel worldwide (Demirbas 2009) as the fuel can often be grown closer to market.

Bioethanol production has become an immense industry providing a renewable road transport fuel that can be blended up to 10% into gasoline for usage in modern engines without modification. It is possible to run modified or specially designed engines on 100% ethanol; such vehicles are only common in Brazil. Ethanol provides benefits in the blending process due to its high octane value. The calorific value of ethanol is however lower than gasoline resulting in a lower total calorific value in gasoline containing ethanol leading to a decreased fuel efficiency depending upon the blend percentage (Balat and Balat 2009). 

Ethanol production for human consumption is an ancient process and the basic techniques involved are relatively simple (Linko et al. 1998). The production of 1st generation fuel ethanol involves the cultivation of energy crops (Brethauer and Wyman 2010) such as sugar cane in Brazil and corn in the United States. The energy crops are processed via simple mechanical grinding or cutting to release the sugars. The crop material is then mixed with water and fermented anaerobically with a species of the yeast S. cerevisiae. The particular strain of S. cerevisiae varies and strains can have different properties including substrate utilisation and thermo-tolerance amongst others (Kasavi et al. 2012). The resulting water and ethanol mixture is then distilled; the distillate contains approximately 5% water due to the azeotropic nature of a water/ethanol mixture. The remaining water can be removed by several means such as a molecular sieve (Al-Asheh et al. 2004). It is essential that ethanol fuel has a minimum water content to prevent engine corrosion.

The substrate of 2nd generation ethanol production (cellulosic ethanol) is crop residue or other waste materials that are high in polymeric sugars such as hemicellulose and cellulose (Schell et al. 2004). These feedstocks tend to have a lower value than current energy crops. The production of 2nd generation ethanol is a technically challenging process, as the polymer sugars must be broken down into a monomer form; this is associated with higher costs.

Higher plant structure commonly consists of lignin, hemicellulose and cellulose fibres until the structure is disrupted access to the cellulose material is limited. Cellulose is a polysaccharide consisting of 1-4 β-linked glucose monomers. In order to release the cellulose contained in the biomass the plant superstructure must be broken using a process such as steam explosion or mechanical grinding. Once accessible the cellulose can be hydrolysed to glucose by cellulase enzymes or the use of acids. Hemicellulose is the name given to a range of heteropolymers consisting of a wide variety of monomers, the pentose sugar xylose being the predominant monomer. The enzymatic depolymerisation of hemicellulose is more difficult due to a large variety of bonds present, and many industrial yeasts do not consume pentose sugars, which may therefore provide further nutrients for contaminant organisms. Lignin is a rigid fibrous material that forms an essential part of the structure of plants, the breakdown either by chemical or enzymatic routes is slow and may produce various undesirable chemicals that inhibit enzymes and slow an enzymatic conversion process (Balat et al. 2008). Currently no full-scale ethanol plants using a 2nd generation process are operational and the vast majority of bioethanol is produced via 1st generation methods.

One of the challenges facing both 1st and 2nd generation ethanol is contamination of the fermentation process by various species of bacteria. The most common contaminants are species of lactic acid bacteria, in particular species of Lactobacillus (Schell et al. 2007). Preventing contamination of the fermentation process is almost impossible as the feedstock material is readily contaminated by the environment during growth and sterilisation is not tenable due to the associated costs. Lactic acid bacteria grow rapidly consuming glucose and other nutrients from the media and producing lactic acid as a product. The consumption of glucose reduces ethanol yield and the presence of lactic acid inhibits the yeast, reducing the rate of fermentation (Bayrock and Ingledew 2004). 

The present system of controlling a contamination event during fermentation involves the addition of broad-spectrum antibiotics to the fermentation mixture. The antibiotics utilised are often either virginiamycin or penicillin (Muthaiyan et al. 2011). While these antibiotics are highly effective in controlling contamination there are some significant drawbacks to their usage (Julia Olmstead 2009).  Antibiotics degrade over time in the media and cannot be recovered (Islam et al. 1999); they are also high in cost. Subsequently the concentration used in ethanol fermentation is aimed at boosting the yield of the fermentation; this results in an under dosing of antibiotics leading to increasing bacterial resistance (Muthaiyan and Ricke 2010). As a result of under dosing with antibiotics, bacteria that have become resistant to penicillin and virginiamycin have been found in ethanol production facilities (Bischoff et al. 2007). The waste biomass (post fermentation) is high in nitrogen and it is dried and sold as either an animal feed (DDGS in the US) (Belyea et al. 2010) or as a fertiliser (Vinasse in Brazil). The sale of waste fermentation biomass is essential as it provides a significant boost to the revenue of ethanol plants. When antibiotics are utilised during fermentation the waste biomass may be contaminated with antibiotic residue. This residue has the potential to contaminate the human food chain as the residues are consumed by livestock (Julia Olmstead 2009) and may be washed into local water sources during rain affecting the microbial content of streams and rivers. This leads to bacterial antibiotic resistance, which may be passed on to pathogenic bacteria increasing the current problem of multidrug resistant bacteria.

An alternative solution to controlling contamination in ethanol fermentations is required; there are several chemicals in nature produced by plants and animals that have antimicrobial properties that may be exploited in fermentation. Amongst these antimicrobials extracts of the hop plant have been used in the preparation of alcoholic beverages such as beers and ales since the middle Ages. Hops provide a bitter taste providing depth to a beer whilst also inhibiting bacterial growth (Sakamoto and Konings 2003) and reducing the problem of spoilage. Hop extract is commonly made by boiling the flowers of the hops plant (Humulus lupulus) and then removing the plant matter and clarifying the extract by filtration. The hop extract contains α acids (Humulones) and β acids (Lupulones) (Blanco et al. 2007); these weak acids pass through the membrane of bacterial cells before dissociating and inhibiting the growth of the bacteria.

Chitosan is a linear polysaccharide composed of randomly distributed β-(1-4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit) that has been noted for its antimicrobial properties. Chitosan is prepared commercially via the deacylation of chitin from crustacean shells using sodium hydroxide. Chitosan has been shown to have antibiotic properties and it used to protect crop plants from fungal growth. It is accredited as a “bio-pesticide” by the EPA (US Environmental Protection Agency) and has been trialled for a wide range of applications (Serrano and Bañón 2012). Chitosan is largely insoluble in water and requires processing to increase solubility before it is suitable for use in ethanol fermentation. Chitosan binds to negatively-charged surfaces including bacterial cell membranes; this leads to a strong inhibition of the bacterial growth. Various chemical alterations of chitosan can increase its antimicrobial properties (Li et al. 2013), water solubility and other properties.



Extracted oil of the onion plant (Allium cepa) is used in the flavouring of various foodstuffs however it has also been shown to be powerfully antibacterial (Zohri et al. 1995). Onion oil is high in allyl propyl disulfide and other sulfide-rich compounds that show an antimicrobial effect (Benkeblia 2004). Onion extract is an important flavouring in a wide variety of cuisines; its antimicrobial nature also improves food storage (Ye et al. 2013). Chitosan, hop extract and onion oil are confirmed antimicrobial compounds and may have the potential to control contamination in ethanol fermentations.  This would reduce the use of antibiotics, improving the environmental credentials of ethanol production and leading to cost savings for the ethanol industry.
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Chemicals, media and organisms
All laboratory equipment is unmodified and was used within the parameters set by the manufacturer. Chitosan hydrochloride was purchased from Xianju Tengwang Chitosan factory in Zhejiang China. Chitosan hydrochloride is a dry powder that mixes readily with water. This material is preferable to standard Chitosan, which is not readily water soluble. Isomerised hop extract was purchased as a liquid from the US based Hop union, LLC. Onion oil was purchased from Sigma Aldrich (product code W281719). Onion oil is a hydrophobic liquid preparation with a density higher than the water-based media causing it to pool in the bottom of the vessel if left unstirred.
All media were sterilised via autoclave at 115oC for 15 min and all fermentation preparation was carried out under sterile conditions in a Hepa safe laminar flow hood. 

Yeast and Bacteria
Table 4.1 Table of organisms used during this work
	Organism
	Supplier
	Culture ID

	L. casei
	DSMZ
	20011

	L. plantarum
	DSMZ
	12028

	L. paracasei
	ATCC
	5622

	L. paracasei
	DSMZ
	27092

	L. agilis
	DSMZ
	20509

	S. cerevisiae
	Sigma Aldrich
	YSC 2



Tecan plate reader initial landscape experiment
Initial experiments to determine the inhibitory concentrations of the antimicrobial compounds were carried out using a Tecan plate reader system. This system measures the OD (optical density) due to the growth of the organism. This system is ideal for this kind of scouting work as a large range of concentrations can be rapidly analysed to determine a suitable concentration for use in the fermentation experiments. The experiments used a 96 well clear bottom Corning plate with a cover; the sample plate was stirred continuously at 50 rpm with a reciprocating motion. 

The OD absorbance measurement of the plate reader was set at 600 nm and automatic readings were taken hourly. The outlying wells were filled with sterile H2O to protect against evaporation. The inner experimental wells contained 380 µl of media and 20 µl of cell culture inoculum.

Shake flask scouting experiments
The addition of chitosan hydrochloride to the media resulted in a significant increase in the optical density of the media. As this made OD readings in the tecan plate reader unreliable a simple shake flask assay was designed measuring the quantity of ethanol produced during fermentation. This experiment took place in an anaerobic chamber with an N atmosphere and a temperature of 28oC with stir speed of 100 rpm. Baffled Corning shake flasks with a volume of 500 ml with a media volume of 200 ml were used as the fermentation vessels. The flasks contained a range of chitosan concentrations and were either contaminated with a mixture of lactic acid bacteria or kept sterile during the initial 24h. 

Following this period a 4g/l yeast addition was made to each flask (still under anaerobic conditions). The flasks were then sampled hourly and the ethanol concentration determined via HPLC.

AFM Fermentation conditions
All ethanol fermentations were carried out using a Halotec AFM (alcohol fermentation monitor) using a novel fermentation media (Table 4.2). The glucose was prepared and sterilised separately before being mixed at room temperature with the other components in order to prevent the occurrence of Maillard reactions, which would reduce glucose availability. A temperature of 30oC and stir rate of 180 rpm was maintained throughout the fermentation. The antimicrobial compounds were added before the beginning of the experimentation.


 (
Table 4.2
 Contents of AFM fermentation media
)


	80 g/l
	Glucose

	15 g/l
	Yeast extract 

	2.5 g/l
	Ammonium chloride

	3 g/l
	Disodium hydrogen phosphate

	3 g/l
	Potassium dihydrogen phosphate

	0.25 g/l
	Magnesium sulfate

	0.1 g/l
	Calcium chloride

	2 g/l
	Citric acid

	3 g/l
	Sodium citrate



In order to simulate the conditions of a contaminated fermentation the 5 bacterial species were grown separately and the OD measured; the individual broths were added to the fermentation media to an OD of 0.1. This media were fermented for 24 hours to allow the bacteria to increase in OD, consume glucose and produce lactic acid. Yeast “Pitch” of 4 g/l was added for the fermentation, the OD of the yeast was taken and compared to a model of dry cell weight (DCW) to OD conversion to determine the quantity of yeast broth required and ensure that the pitch was uniform across all experiments. The yeast was then centrifuged to remove the media and re-suspended directly in the fermentation broth. 

An AFM system can fit up to 6x500 ml Duran flasks with a maximum volume of approximately 400ml; the temperature and stir rate are set and maintained by the system throughout the fermentation. The AFM system measures the production of CO2 as a by-product of the fermentation; this CO2 output can be reported in a variety of ways and can be used to calculate the percentage yield of the fermentation. When sampling of the fermentation broth was required, a sterile syringe was used to extract a 2 ml liquid sample; this was noted for consideration during calculations as the removal of fluid will affect the fermentation yield. In order to compare the effect of the antimicrobial agents with current biocontrol methods the antibiotic cefadroxil was used in control experiments at a concentration of 40 mg/l. 


HPLC
The CO2 production results of the AFM were confirmed via multiples HPLC runs on samples taken during the fermentation. The samples were spun at 10,000xg to pellet cells; the supernatant was taken and diluted for analysis. The HPLC used a HPX 87P Biorad column at 80oC with a de-ashing microguard column (Bio-Rad 125-0118) and a H2O mobile phase flow rate of 0.6 ml/min and a +ve polarity RI detector at 50oC to determine both the ethanol and glucose concentration.
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Hop extract
The effect of hop extract on the S. cerevisiae (Figure 4.1) was negligible at concentrations up to 50 mg/l; once this dosage was exceeded the hop acids clearly became inhibitory to the yeast. The OD of the positive control which contained no hop extract reached a maximum of 2.58 at the 10 hour point in the experiment. The OD of the samples in the range 0-40 mg/l followed a similar trend and reached a similar OD in the same timeframe. At 50 mg/l the OD was marginally reduced; the reduction could be considered insignificant. At 60 mg/l the inhibitory effect of hop extract became clear and the growth rate and maximum OD of the yeast was reduced.

 Figure 4.1 The effects of hop extracts on S.cerevisiae and a mixture of bacteria using the arithmetic mean of 3 experiments for all data points. Error bars are not shown to decrease clutter of graph. The effect of the hope extract on the S. cerevisiae is limited at lower concentrations becoming more pronounced above 50 mg/l. In comparison the bacterial growth is significantly reduced by a concentration of 40 mg/l. 


The effect of hops on bacterial growth was far more pronounced: a hop extract concentration of 40 mg/l led to a severe inhibition in the growth of the bacteria whilst the yeast should be largely unaffected (Fig3). A concentration of ~40mg/l will form the basis of the AFM experiments. Increasing the hops concentration further decreased bacterial growth and a hop concentration of >80 mg/l appeared to completely inhibit the bacteria, but this concentration reduced growth of the S. cerevisiae.


Onion extract oil
The onion oil extract is more inhibitory to the growth of S. cerevisiae than the hops extract (Figure 4.2). In the presence of 5 mg/l of onion oil the inhibition is evident and becomes more severe as the concentration is increased. The control experiment achieved an optical density of over 2.5 within 10 hours; none of the other samples achieved a consistent OD of over 2.5. When concentration was increased from 10 mg/l to 20 mg/l the growth rate of the yeast during the initial 12 hours was decreased although the final OD is the same. The presence of onion oil in a concentration >40 mg/l resulted in a near complete inhibition of the S. cerevisiae organism; as a result of this the OD was static at concentrations over 40 mg/l.  



Figure 4.2 Effect of onion oil concentration on yeast OD. The addition of onion oil to the yeast culture results in inhibition of cell growth leading to a lower OD. The effect of any concentration above ~30mg/l is almost complete inhbition of cell growth. Even at a concentation of 5mg/l the inhibitiory effect is significant when compared to the control sample which contains yeast in standard media without onion oil. Error bars show 5% experimental error. All data shows the arithmetic mean of 3 replicates.

Figure 4.3 Effect of onion oil on the growth of various species of Lactobacillus. It is immediatly apparent that the various species of Lactobacillus grow at varied rates and onion oil does have an inhibitory effect at 10mg/l on all species tested. The effect of the onion oil does vary between species of Lactobacillus.



The addition of onion oil to the individual lactic acid bacteria shows an inhibitory effect within the range of 5-10 mg/l, similar to the inhibitory effect observed on the S. cerevisiae (Figure 5). The effect varies between different species however all of the species tested showed some inhibition. It is unclear if the onion oil will provide a beneficial effect during fermentation; this scouting experiment identified the 5-10 mg/l region for further study during the AFM fermentations.

Chitosan hydrochloride scouting experiment in Shake flasks
The addition of chitosan to yeast fermentations without contamination showed that there is an inhibitory effect on the yeast at chitosan concentrations >10 g/l. Below this concentration the effect on the yeast is negligible and the fermentation appears normal. The experiment with 20 g/l chitosan without contamination reduced the ethanol yield from 35.4 g/l to 31.2 g/l.

The fermentation contaminated with the mixture of lactic acid bacteria showed a beneficial effect when the Chitosan concentration was >5 g/l (Figure 4.4). In the control non-contaminated fermentation 35 g/l of ethanol was produced during the fermentation. The negative control, which was contaminated without a method of biocontrol, achieved a yield of 31.5 g/l; in the samples containing 10 g/l chitosan contaminated with the lactic acid bacteria gave a final yield of 33.2 g/l, an increase in yield of 5% over a contaminated sample without biocontrol.

Figure 4.4 Effect of chitosan concentration of contaminated and non contaminated fermentation. Contaminated fermentations contained L. casei as the contaminating organism, the data shows that chitosan becomes inhibitory to the yeast at concentrations higher than 10g/l. The presence of 10g/l in a contaminated fermentation increased the final yield of ethanol significantly. Error bars represent a 5% experimental error. All data shown in the arithmetic mean of triplicate experiments.
[bookmark: _Toc380843822]	Fermentation experiments
Following on from the scouting experiments AFM fermentations were carried out. The data from the scouting experiments were used to determine the appropriate concentrations of the various antimicrobial agents for the fermentations. Values of 40 mg/l for hop extract, 15 g/l for Chitosan and a range of between 0-10 mg/l for Onion oil extract were selected. 

Onion oil 
As the addition of onion oil in the scouting experiments inhibited the growth of the yeast a simple series of fermentations to determine the effect of onion oil in a non-contaminated fermentation was performed. The addition of small quantities of onion oil to the fermentation results in inhibition of the yeast. A concentration of 8 mg/l of onion oil resulted in a CO2 yield of 48 mmol after 6h (Figure 4.5). This is compared to the control yield of 266 mmol. Decreasing the concentration of onion oil reduces the inhibitory effect; it is unlikely that an antimicrobial agent with such a strong inhibitory effect against yeast will yield any benefits during ethanol fermentation.  As the inhibitory effect of the onion oil is so strong a dosage of 1 mg/l onion oil was added to the fermentations.


Figure 4.5 The effect of various concentrations of onion oil on ethanol fermentation in AFM. The effect of onion oil at any concentration is significant, a fermentation containing 2mg/l onion oil ferments at a reduced rate and yields are reduced by 45% over 6h. The effect of the onion oil at a concentration of 4 or 8 mg/l is an exceptionally poor fermentation with CO2 production never higher than 30mmol/l.

The main sequence of fermentations is displayed in Figure 4.6. The contaminated fermentation without any form of biocontrol acts as a negative control and comparison for the experiments. The presence of 1 mg/l of onion oil in a contaminated fermentation resulted in a decreased ethanol yield compared to the negative control. The positive control sample produced the largest ethanol yield, which was expected. The hop, chitosan and antibiotic samples produced a similar average yield of approximately 34 g/l; the use of the chitosan and hops appears to produce an effect similar to the limited dosage of the cefadroxil antibiotic.

Figure 4.6 Comparison between fermentation experiments using various methods of biocontrol, the error bars shown represent a 5% experimental error. The positive control samples produced the largest ethanol yield as expected while the onion oil samples produced the lowest due to the inhibitory effect of onion oil on the S. cerevisiae yeast. The AB (antibiotic) sample shows a realistic target for the biocontrol agents to achieve. The hops and chitosan both perform well in this experiment and may provide a new source of biocontrol for ethanol fermentation 

The data shown here are taken from the HPLC results of the experiments. The data taken from the AFM CO2 measurements matched these results closely and so is not included. Figure 9 clearly shows the inhibitory effect of the Onion oil resulting in a slow fermentation rate which begins to rise after 2 hours, however after 6 hours it has only produced 25 g/l ethanol, still 5 g/l less than the negative control sample.
 (
Figure 4.7
 Comparison of fermentation profiles for the various methods of biocontrol
)

The positive control, hops, antibiotic and chitosan appear to complete the fermentation consuming all of the glucose present after 5 hours. In comparison both the onion and negative control are still producing ethanol by the end of the 6 hours as a result of the decreased rate of fermentation. The initial rate of fermentation for the hops and chitosan is lower than the antibiotic control, r the rate improved after 3 hours and the final CO2 production was comparable.



[bookmark: _Toc380843823]Conclusion
Reducing or eliminating the usage of antibiotics in ethanol fermentations will improve the environmental credibility of bioethanol production and may lead to cost savings. While contamination cannot be prevented (Ingledew 2009) identifying alternative methods of biocontrol is essential. Of the three antimicrobial substances investigated chitosan hydrochloride and hop extract proved to be effective in controlling contamination by a range of lactic acid bacteria boosting yields during ethanol fermentation. It is worth noting that both of these substances were shown to be inhibitory to the S. cerevisiae yeast but the dosage required for toxicity to the yeast was significantly higher than the inhibitory concentration to the bacteria.
Onion oil is not suitable for usage as an antimicrobial agent in ethanol fermentations; the use of onion oil reduces the ethanol yield substantially due to inhibition of the S. cerevisiae. Although the use of onion oil in ethanol fermentation is not feasible, onion oil may be suitable for applications where the inhibition of all microorganisms is required. It is worth noting that onion oil does have a highly pungent odour related to the high number of sulfur-containing compounds; for this reason alone its usage in fuel ethanol fermentation would be undesirable.

The use of hops as an antimicrobial agent is well known from the brewing industry. Originally used as a method of producing a bitter taste in beer, the use of hops to prevent spoilage is well known. A concentration of approximately 40 mg/l hop extract in the fermentation resulted in an effect similar to a limited dosage of antibiotics. The production of hop extract is a relatively inexpensive process and Humulus lupus is easily cultivated. The use of hops in ethanol fermentations for commercial fuel production is now beginning to gather some interest (Leite et al. 2013) from the industry. The consumption of hop extract by cattle should not result in any ill effects and should not reduce the value of fermentation waste material (DDGS and Vinasse). Although bacteria can become resistant to the effect of hop acids (Sakamoto and Konings 2003), hops are not utilised medically and bacterial resistance to hops does not present a hazard to human health. Hops can also be used in conjunction with certain antibiotics leading to a synergistic effect reducing the antibiotic concentration required to inhibit bacterial growth (Natarajan et al. 2008).
Chitosan is a readily available substance, the second most abundant polysaccharide in nature after cellulose (Li et al. 2013) and can be prepared commercially as a by-product of crustacean farming and fishing (Benhabiles et al. 2012) or from the cultivation of certain fungi that utilize chitin as a part of cell wall structure. Chitosan is currently under investigation for a wide variety of possible applications such as food storage (Li et al. 2013) and wound dressing (Archana et al. 2013); there is also ongoing research into increasing the antimicrobial capabilities of Chitosan (Guirguis et al. 2013). Chitosan is both broad spectrum and presents a high killing rate when compared to other chemical forms of biocontrol (Moussa et al. 2013). Chitosan has received GRAS (generally regarded as safe) certification from the US FDA and is classified as a food additive in Japan and Korea (No et al. 2007); it is therefore likely that the presence of chitosan in fertiliser or its consumption by cattle should produce no ill effects. 

These experiments utilised a laboratory strain of S. cerevisiae without any modifications, though through genetic modification or controlled repeat exposure and colony selection a species of S. cerevisiae that is resistant to either hop acids or chitosan could be produced. This would allow an increased dosage of the antimicrobial, further reducing the effect of the bacterial contamination.

The use of antibiotics in ethanol fermentation is both undesirable and likely unsustainable. Chitosan hydrochloride and Hop extract are potent antimicrobial compounds that might have the potential to replace or reduce the usage of antibiotics in the ethanol industry.
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Background
Controlling contamination by lactic acid bacteria in an ethanol fermentation via the use of bacteriophage is a promising technology, as shown in the work carried out in Publication 1. One of the primary advantages of using bacteriophage to control contamination is the self-replicating nature of bacteriophages. Antibiotics posses a complex chemical structure that must be maintained in order for the antibiotic to remain effective in suspension; the effective lifespan of an antibiotic is therefore limited and as the chemical degrades it must be replaced in order to maintain an active concentration. In an industrial ethanol fermentation antibiotics are subject to temperatures of approximately 30 0C  and an acidic pH that is prone to variation. The pH and temperature in a continuous system are prone to fluctuation between reactors and will further decrease the lifespan of antibiotics as they flow through the system. Of the antibiotics commonly added to ethanol fermentations (penicillin and virginiamycin) penicillin is particularly sensitive to inactivation in these conditions. At 35 oC and a pH of 4.8 the half life of penicillin is 4 hours (Islam et al. 1999). The addition of a low concentration of any chemical to a continuous system is problematic since ensuring an even distribution throughout the system is often unachievable. Discounting inactivation from the conditions, antibiotics will also be washed from the system during the run as spent media and product are ejected. The result of this is that antibiotics must be continuously added to the media in order to maintain a suitable concentration. This is one of several reasons why continuous fermentation for ethanol production is becoming less common.

Many ethanol facilities have now been converted to run as a batch or fed batch process due in part to the difficulties caused by contamination (Godoy et al. 2008). In most batch ethanol facilities, the yeast is removed from the spent media prior to distillation; this is done to minimise expenditure as fresh yeast must be purchased from an external supplier. This yeast is cleaned with SO2 or acids (Ingledew 2009) to remove contaminant bacteria and recycled into the next fermentation. Bacteriophage added to a batch fermentation should survive this cleaning process and be present in subsequent fermentations. Bacteriophage are well known for surviving particularly harsh conditions and removing phage contamination is a particular challenge faced by the dairy industry (Marvig et al. 2011). In a continuous fermentation system if the influx of contaminant bacteria present on the feedstock is relatively consistent then the levels of phage present in the media should remain elevated. As new phage are created by the infection process they will replace phage that have been inactivated or washed from the system during the fermentation. Effectively the phage within the fermentation should become part of a self-sustaining predator-prey relationship with the bacterial hosts (Pisman and Pechurkin 2008).

One of the primary challenges in maintaining a clean system in any industrial scale fermentation is the formation of biofilm by contaminants. The ability of lactic acid bacteria to form a biofilm is well known (Kubota et al. 2009) and the resistance to environmental stresses this provides has also been documented (Kubota et al. 2009). This resistance may also extend to the activity of antibiotics (Rich et al. 2011). Biofilm formation in ethanol fermentations creates a constant reservoir of bacteria and can necessitate a full shutdown and clean of the system (Ingledew 2009, Bayrock and Ingledew 2004), a particular problem for a continuous fermentation where shutdowns are more expensive and time consuming. Bacteriophage have the potential to disrupt biofilms (Simões et al. 2010) and this could reduce the need for cleaning and shutdown of the reactor. 

In order to assess the effects of bacteriophage recycled through a system in this manner a batch fermentation system with yeast recycled was created using the AFM system. This experiment ran for 7 days with one 6 hour fermentation per day before the yeast was extracted and refrigerated overnight for use in the subsequent experiment on the next day. 

Materials and methods 
All chemicals including media components were purchased from Sigma Aldrich. Laboratory equipment was used unmodified. All medium was sterilised via autoclave at 115 oC for 15 min with glucose and nitrogen componenets seperated and work was carried out under sterile conditions in a Hepa safe laminar flow hood. Several of the materials and methods used in this experiment resemble those used in publication 1.

Materials
Halotec alcohol fermentation monitor
0.5 L Duran bottles
UV Spectrophotometer
20 ml Syringe
Petri dishes
Media components
API bacterial identification strips

Cultures
Phage J-1 active liquid culture (MRS media)
Bacteria Lactobacillus casei cryostock  (MRS media)
Saccharomyces cerevisiae YSC-2 cryostock (YPD media)
Agars were prepared by adding 15 g/l of agar to the media prior to autoclaving and poured into sterile petri dishes. 
Cryostocks were created from single colonies taken from initial streak plates generated from the stock samples grown overnight and confirmed via optical microscopy. These stocks were prepared with 1 ml of culture to 0.8 ml glycerol before storage at -80 oC.


The bacteria and phage L. casei (27139) and J-1 were purchased via the ATCC (American type culture collection). Phage PL-1 and the host bacteria L. paracasei ATCC 27092 were purchased from the Felix d’Herelle reference centre for bacterial viruses at the Université Laval Canada.

All media were supplemented with 10 mM CaCl2 and MnCl2. L. casei was propagated in MRS media at 37 0C and S. cerevisiae was propagated in YPD media at 30 0C.
Phage was created and maintained according to the methods stated in publication 1 (p39).  The results of a plaque assay of phage J-1 may be seen in figure 5.1. 


Figure 5.1 Plaque assay of phage J-1 a 1x10-7diluted sample of 2x109 phage
[image: C:\Users\Chris\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\20130924_093526.jpg]

Fermentation
Table 5.1 Contents of AFM media
	80 g/l
	Glucose

	15 g/l
	Yeast extract 

	2.5 g/l
	Ammonium chloride

	3 g/l
	Disodium hydrogen phosphate

	3 g/l
	Potassium dihydrogen phosphate

	0.25 g/l
	Magnesium sulfate

	0.1 g/l
	Calcium chloride

	2 g/l
	Citric acid

	3 g/l
	Sodium citrate



The fermentations were run in sets of four containing a non-contaminated positive control, a fermentation contaminated and inoculated with 1 ml of 109 phage solution per 100 ml, a fermentation contaminated without any biocontrol and lastly a fermentation contaminated and containing an initial concentration of 40 mg/l of the antibiotic cefadroxil.  50 µl of Antifoam A was also added to prevent the formation of foam, which is problematic in the AFM system.

A “pitch” of 4 g/l of actively growing S. cerevisiae grown in YPD broth over 18 hours was centrifuged and added to each of the fermentors at time zero on day one. An initial dosage of 0.3 OD of the bacteria was also added to all reactors (excepting the positive control) and the antibiotic and phage were added to the required reactors. The OD of the culture was not measured but ethanol production was measured via the CO2 readings of the AFM and analysis via HPLC. At the completion of the fermentation (6 hours) the reactors were removed and the AFM system cleaned. 200 ml (1/2) of the fermentation broth was taken and centrifuged to remove the yeast at 8,000xg. The supernatant was removed and discarded. Only 50% of the yeast was recycled as initial experiments showed that the rate of fermentation increased rapidly due to the increasing yeast biomass. Subsequent pellets were refrigerated overnight and used the next day in fresh media to repeat the fermentation. Fresh contaminant bacteria were added at the start of the next day.

At each sample point the media were checked by optical microscopy for contaminant bacteria, particularly L. casei.

HPLC
The ethanol production results of the AFM were confirmed via HPLC using a HPX 87P Biorad column at 80 oC with a de-ashing microguard column (125-0118). The HPLC utilised a H2O mobile phase with a flow rate of 0.6 ml/min and a +ve polarity RI detector at 50 oC to determine both the ethanol and glucose concentration. Following the yeast inoculum, the OD of the culture was not measured as the OD of the mixed culture is not useful data. 

Results
The data from the initial fermentation run indicated some possible benefits of using bacteriophage; however the production and rate of fermentation for all of the experiments decreased throughout the course of the fermentation. The cause of this could be seen in the optical microscopy of the samples: although the non-contaminated sample did not contain any visible traces of the lactobacillus, all samples showed signs of other contaminating bacteria. It is likely that this contamination is responsible for the decreasing ethanol production and the decreased rates of fermentation observed. The production of both the non-contaminated and the phage-controlled sample was significantly larger over the course of the first 6 days (Figure 5.2).



Figure 5.2 Fermentation yield after 6h from continuous fermentation experiment in the AFM system, 50% of the yeast material by vol was recycled each day to provide the pitch for the following day. Yeast was stored overnight in a 40C refridgerator before the start of fermentation the following day. The ethanol yield declines in all samples however the decline appears to be more significant in the uncontrolled sample. Phage J-1 was used at a concentration of 1x107 phage per ml while 40mg/l of the antibiotics cefadroxil is shown as the antibiotic sample. This data is from a single series of experiments that was not replicated.

On the 7th day the total ethanol produced is roughly the same for all of the experiments performed, although the rate of fermentation did have some differences (Figure 5.3). The rate of the non-contaminated sample was significantly higher than the other fermentations and reached its end point by 5h. The rate of the uncontrolled experiment is significantly lower than all other experiments performed. 

Figure 5.3 Comparison of fermentation rate during day 7 of continuous fermentation. The rate of the uncontrolled sample is lower than the other samples however the final ethanol yield is roughly equal to the other experimental samples. The rate of the non contaminated sample is higher than either the antibiotic or phage sample although microscopy shows that all samples contained significant contamination by day 7.

Streaks of the media on agar plates for colony morphology and subsequent analysis via API strips showed several different bacterial species present in all of the fermentations. This included species of lactococcus and several organisms that could not be identified by the strips used (API 20A). The contaminant bacteria probably entered the fermentation when the fermentation vessels were added to and removed from the AFM system. During this time the growth medium is exposed to open air for several seconds. Microscopy samples comparing the different culture conditions can be seen in figures 5.4 and 5.5.
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The result of the experiment was largely inconclusive due to contamination by bacteria outside of the intended experiment. The point of contamination was probably during the attachment of the fermentation flask to the AFM reactor. During this time the flask must be unsealed in open air and for several seconds the experiment is prone to contamination. Unfortunately this is part of the design of the AFM system, as such the system is not well suited for this particular experiment. 

As a result of the contamination all of the experiments showed a general decline in ethanol production. The flask that was not contaminated with L. casei  and the flask containing phage J-1 declined more slowly than the contaminated and antibiotic-containing experiments and in the initial five days the ethanol production in the phage and non-contaminated experiments were significantly higher. 

This experiment was worth repeating but due to a limited amount of time it was not feasible during this project. A replicate experiment could be carried out in one of two ways. Utilising an anaerobic cabinet and shake flasks as bioreactors combined with HPLC measurements and a similar experimental pattern would determine the benefits of phage in this system; this would be relatively straightforward as a scouting experiment. In order to gather more comprehensive data, a chemistat experiment could be used to replicate the environment of a continuous fermentation system. This would be more complex to set up and would require the usage of a full bioreactor system; the data gathered would be of a higher calibre. 



The analysis of the concentration of phage present from day to day via a pour plate techniques and plaque forming unit count and an analysis of the yeast cells and bacterial concentration via cfu agar plate techniques would further enhance the data gathered. The use of API test strips allowed partial identification of some of the other contaminating organisms; the contaminant organisms identified are common in the environment. This experiment highlights a significant drawback to the use of bacteriophage in an ethanol fermentation system: unexpected bacterial contaminants are not controlled by the phage due to host selectivity. An industrial phage system would require a large catalogue of phage and methods to determine host susceptibility of contaminant bacteria rapidly.
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Introduction and background

The negative impacts of contamination on a fuel ethanol fermentation have been well covered in previous chapters of this work. Whilst additions of chemical and biological agents to the media may reduce the impact of contamination, there will always be a cost associated and a possible environmental hazard in the disposal of these agents. An alternative solution is to examine the fermentation process itself and attempt to create an environment that is less hospitable for contaminant organisms. 
Ethanol fermentation with S. cerevisiae is often performed at a temperature of ~30 oC and a pH of ~5 as these are regarded as the optimal conditions for fermentation via S. cerevisiae (Ingledew 2009). These conditions are also suitable for a wide range of other organisms. By altering these parameters the ability of contaminants to survive in the system is significantly reduced, but the rate of fermentation, yield and survivability of S. cerevisiae is also decreased. Three fermentation parameters may be easily adjusted in order to decrease contaminant survivability: temperature (Limtong et al. 2007, Cripps et al. 2009), acidity (Tao et al. 2005) and salt content (Morimura et al. 1997) 

Altering the pH or the salt content of the fermentation media is a relatively simple process however this still involves the addition of chemicals to the media; a spent fermentation at low pH may need to be neutralised before it may be discharged into waste water, and DDGS or vinasse that contains a high salt content is likely to be of a lower value. As fermentation is an exothermic process the temperature of an industrial bioreactor is prone to rise rapidly during fermentation. This may lead to temperature run away and loss of yeast cells and product. Therefore bioreactor systems are cooled, normally via a jacket or heat exchanger system or possibly both in tandem; larger reactors are however most often cooled via heat exchangers. Increasing the temperature of the media is a simple process and running a fermentation at increased temperature reduces the expenditure on cooling.



Other organisms may be utilised for fermentation that have the potential to better tolerate these conditions. Generally these organisms lack the efficiency of S. cerevisiae and often the ethanol yield achieved is significantly reduced. As a result of this, all industrial scale ethanol fermentation utilises a strain of S. cerevisiae. Although there is variation within strains the general fermentation conditions are the same. In order to improve the thermal tolerance of a commercial strain of S. cerevisiae, several gene modifications may be made. 

The thermal tolerance of S. cerevisiae is related to two primary factors and theoretically can be enhanced via beneficial adaptations to either. The presence of the sugar storage molecule trehalose has been shown to increase tolerance to a variety of conditions (Hottiger et al. 1987, Mahmud et al. 2012). The exact mechanism is unknown and the accumulation of trehalose appears to be a direct response to heat shock (Sharma 1997). Trehalose is a disaccharide made up of a pair of α-glucose units with the formula C12H22O11. As trehalose is created from glucose, the primary substrate of ethanol fermentation, boosting the accumulation of trehalose within a yeast cell appears to be a poor route towards boosting ethanol yields. The second factor related to thermal tolerance in S. cerevisiae is the role of "heat shock proteins" in particular small heat shock proteins. Heat shock proteins are ubiquitous throughout complex organisms and play a key role in cell survivability. These small proteins have been shown to help other proteins maintain their conformational shape under high stress conditions (Han et al. 2008) acting as chaperones and may also be active in the process of protein refolding. The activity of the heat shock protein RSP5 Ubiquitin ligase is particularly highlighted (Shahsavarani et al. 2012) in enhancing the survivability of S. cerivisiae.

In order to assess the effect of heat shock proteins on S. cerevisiae genes encoding five individual proteins were placed into plasmids, which were inserted into an S. cerevisiae host. This host was then fermented at a range of temperatures with the proteins in an induced or non-induced state.


Materials and methods

Plasmid
The plasmid pYes2 was chosen as the vector for this series of experiments (Figure 7), this plasmid is inhibited via the presence of glucose and induced during growth with galactose a resistance marker for ampicillin is also present which allows amplification of the plasmid in a suitable E. coli strain. The host yeast provided with this plasmid is auxotrophic and lacks the ability to produce uracil. Uracil was therefore excluded from the media of all experiments containing this plasmid thus creating a selection pressure and preventing rejection of the plasmid.
 (
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Heat shock proteins
The following heat shock proteins were generated by DNA 2.0 from a sequence obtained from the saccharomyces gene database www.yeastgenome.org. 
 (
Table 5.1
 Sizes of gene inserts for protein 
produtction
)

	Protein
	Number of base pairs

	Ubiquitin Ligase RSp5
	2.4 kb

	HSP104
	2.7 kb

	SSA1
	1.9 kb

	YdJ1
	1.2 kb

	HLJ1
	700 bp



Organisms
The E. coli TOP10F strain was used as an amplification organism for the plasmid.
The S. cerevisiae strain INV SC1 was used as the host for the plasmid and the organism for the fermentation experiments; this strain is auxotrophic and cannot produce histidine, uracil, leucine or tryptophan. These amino acids were added to the media for standard growth; once the plasmid was present in the yeast, uracil was no longer added to the media as this is encoded on the plasmid to act as a selection marker.

Equipment
PCR thermocycler
UV gel reader
Electrophoresis gel chamber 
Sterile Gilson pipettes
Sterile DNAase free eppendorf tubes
Colony PCR kit
Methods
All methods are based upon those provided by Invitrogen with the purchase of the plasmid and the competent cells. The methods were modified to match our equipment and some steps were changed according to our findings to increase the efficiency of the transformation.


Plasmid insertion into E. coli Top10F
In order to amplify the plasmid received from DNA 2.0 and creat a working stock for future use the plasmid was inserted into the E. coli. 
All of the reactants, the organism and the plasmid should be stored frozen, remove from the freezer and place in an ice box until needed during the experiment. This work should take place in a sterile environment to ensure no contamination takes place.
Thaw a suitable number of vials of competent E. coli cells and vials of plasmid. Prepare one blank E. coli vial which will contain no plasmid.
Add 10 ul of plasmid DNA directly to the competent cells and mix by tapping gently or gently pipette up and down.
Incubate this mixture in ice for 30 minutes, a floating vial holder is advised. 
Remove from the ice and incubate in water bath at 42 °C for exactly 30 seconds without mixing.
Remove the vials from the 42 °C bath and quickly place them back in ice container. 
Add 250 µl of pre-warmed SOC medium (30 oC) to each vial. 
Incubate in rotary incubator for 1 hour taking note to secure the vials carefully
Spread all vials carefully over LB agar containing 40 µL/l ampicillin in triplicate
Invert the plate(s) and incubate at 37 °C overnight. 
After 24-48 hours colonies should be visible. Ensure that no colonies are present on the control plates made with the plasmid free reaction; this is a sign of contamination.
Select colonies for colony PCR to increase copy number of the plasmid and run on gel to ensure the presence of the plasmid and gene of interest.



Colony PCR
Colony PCR is a technique used to take a single colony from a plate that has grown under selective conditions and to remove the plasmid from the cell via lysis. A Invitrogen Purelink quick plasmid miniprep kit was used. The plasmid is then amplified via the PCR reaction in a thermocycler.
Prepare a PCR "master mix". This can be kept on ice for future usage. Several 0.5 ml aliquots of this mix was created for usage throughout this experiment.
Master mix should contain the following
50µl 10X Taq buffer
50µl MgCl2
25µl dNTP’s (2.5mM)
12.5µl Primer A
12.5µl Primer B
5µl Taq polymerase
Make up to 0.5ml with sterile H20
Aliquot 20 µl of master mix into PCR tubes and place into ice. 
Select a single colony from one of the E. coli selection media plates. This colony should contain the plasmid of interest.  
Using a 20 µl pipette tip remove the edge of the colony. Remove enough to be visible on the end of the pipette tip but ensure that enough of the colony material is left behind for further usage.
Pipette up and down into the master mix to fully resuspend the cells.
Repeat for all samples and place PCR tubes into thermal cycler.

The PCR program used followed the following pattern:
1. 94 oC 5min
2. 72 oC 30s
3. 55 oC 30s
Repeat steps 2 - 3 
4. 68 oC 5min
4. 4 oC and hold until removed from the system 



Picogreen assay
The picogreen assay is a reliable method to determine the concentration of dsDNA present in a solution. The assay kit includes a flourescent strain that binds to DNA and is highly selective towards dsDNA. The assay was carried out in a 96 well plate. Following completion of the assay method the samples were analysed via a Tecan plate reader set to 480 nm. The picogreen method is far more sensitive than traditional absorbance based DNA quantification.
1. Dilute the experimental sample with TE buffer to a final volume of 1 ml. 50 µl of the sample volume was used in most cases but this is variable depending on the concentration of the experimental sample.
2. Add 1 ml of the PicoGreen reagent to all samples. Incubate for 3 min.
3. Measure flouresence at 480 nm. This is compared to a standard curve created using the known concentration of dsDNA provided in the PicoGreen kit.

Insertion of plasmid into yeast
Using the samples taken from the E.coli cells via the miniprep kit and analysed via the PicoGreen method the total concentration of plasmid DNA should be known. Using the method below the pure plasmid DNA is inserted into the auxotrophic INVSc1 yeast.
Prepare 10ml of INVSc1 yeast overnight by culturing in YPD at 30 oC
Determine the OD of the yeast via UV spectroscopy at 600 nm and dilute to 0.4 OD using fresh YPD media. Allow 2-4 hours for the yeast to recover.
Pellet cells at 4000xg and resuspend in 40 ml 1xTE buffer.
Pellet the cells again at 4000xg and remove the supernatant, resuspend in 2 ml of 1x Lithium acetate/0.5x TE buffer. This may also be known as "transformation buffer" depending on the kit utilised.
Incubate cells at room temperature for 10min.
For each sample add 1 µg of plasmid DNA and 100 µg of denatured salmon sperm; denature salmon sperm via boiling for 3 min if required.
Add 700 µl of 1x lithium acetate/40% PEG-3350/1x TE buffer, also known as "plate buffer".
Incubate this solution for 30 min at 30 oC to allow the cells to recover.
Add 88 µl of DMSO mix well and heat to 42o C for 7 min.
Centrifuge at 10,000xg for 10 s and remove supernatant.
Resuspend the cell pellet in 1 ml 1xTE buffer and re-pellet.
Resuspend the cell pellet in 70 µl 1xTE buffer and plate onto selective media.

SC defined media
This media was used as the selective media for the yeast transformation
0.67% Yeast nitrogen base (without amino acids)
2% Carbon source (glucose, galactose or raffinose)
0.01% of the following amino acids adenine, arginine, leucine, lysine, threonine, tryptophan, uracil
0.005% of the following amino acids aspartic acid, histidine, isoleucine, methionine, phenylalanine, proline, serine, tyrosine, valine
1.5% agar if making agar plates

Make up to 900 ml Autoclave at 121oC for 20 min, add 10 ml of filter sterilised 20% glucose or raffinose and if preparing agar pour into plates.
For the induction media the concentration of yeast nitrogen base was increased to 1.5%. For the fermentation media the carbon source concentration was also increased to 8%.

Gel electrophoresis
In order to ensure that the gene of interest and plasmid was present in the S. cerevisiae cell the cell was lysed in duplicate using the invitrogen purelink quick plasmid miniprep kit and run on a 1.5% agarose gel using a sybersafe stain. Hyperladder 2 was used for a comparison of band size on both the far left and far right of the gel. Restriction enzymes Hind III and Xho I were utilised to remove the gene of interest from the plasmid.
The gel was then imaged and photographed under a UV lightbox. 

Fermentation
In order to assess the effect of the heat shock proteins the recombinant yeast was fermented at temperatures of 30 oC, 35 oC and 40 oC in the presence of either raffinose or galactose. The presence of galactose induces the activity of the plasmid while fermenting with raffinose provides a non-induced comparison. A sample of the yeast containing no plasmid in the presence of uracil to allow growth was also run for comparison.

Results
Yeast transformation


[image: http://www.ecogen.com/upfiles%5C/A58450.jpg]
Figure 5.7 Electrophoresis of colony PCR samples taken from modified E.coli strains using 1.5% agarose gel Outside wells show 2kb ladder (hyperladder 2), while inside wells show experimental samples run in duplicates. Protein sizes match the expected size for the inserts used.

The presence of the plasmid in the auxotrophic yeast could be proven by growth in the absence of uracil. The gel electrophoresis (Figure 6, 7) of the plasmids extracted from the yeast clearly shows the presence of the genes of interest in all samples; some of the duplicate bands are significantly lighter than others however this is probably related to difference in colony sizes and the efficiency of the PCR used to amplify the gene. 
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Figure 5.8 Gel electrophoresis of colony PCR samples taken from S.cerevisiae following plasmid addition. Gel is 1.5% agarose. Outside wells show 2kb ladder (hyperladder 2), while inside wells show experimental samples run in duplicates. Protein sizes match the expected size for the inserts used.



Fermentation

In the fermentation experiments the recombinant yeast species which possesed the plasmid performed poorly; this is probably due to "plasmid burden" placed upon cell during replication. The cells lacking the plasmid grew more quickly than those with the plasmid (Figure 5.9). There was a limited difference between the recombinant cells growing with and without the activation of the plasmid at the full range of temperatures.







Figure 5.9 Production of CO2  as a representation of ethanol production by all strains under induced and non induced condition. The addition of the plasmid did not have a beneficial effect on any of the organims. Ethanol production is much increased at a temperature of 300C and decreased as temperature was increased.


From this data it appears that the addition of the plasmid containing the heat shock proteins did not significantly impact the production of ethanol by the S. cerevisiae strains at any temperature. The effect of a rise in temperature on all strains was a loss in CO2 production and a significant decline in the rate of fermentation. The experiment was stopped after 6h and fermentation was still ongoing in all samples.


Discussion and Conclusion
The role of heat shock proteins in yeast has been demonstrated in other works in the literature and the addition of new heat shock proteins or the increased expression of HSPs should enable a yeast cell to better tolerate increased temperatures. In the experiments performed the recombinant yeast containing the HSPs did not perform significantly better in an induced state than in a non-induced state. While the presence of the plasmid and the gene of interest could be proven via gel electrophoresis, a western blot to prove the production of the protein of interest could have better verified the production of the HSP.

The initial selection of the plasmid presented issues: a plasmid that is inhibited by the presence of glucose and required the use of two alternate sugars (raffinose and galactose) in order to carry out the fermentation experiments created an immediate variable between the fermentations, the auxotrophy also creates a yeast species which is not fit for the stresses of a high glucose fermentation environment. A better choice of plasmid would have incorporated resistance to an antibiotic such as kanamycin and induction by a non-metabolite compound.

The strain that did not carry the plasmid consistently produced more CO2 during the experiments. This is probably related to the plasmid burden effect (Ow et al. 2006), which involves the loss of key metabolic production to  the replication and maintenance of the plasmid. Several other possible experiments were considered during this work such as the expression of a lantibiotic by S. cerevisiae to inhibit the growth of lactic acid bacteria. These ideas were rejected due to a limited timeframe combined with fears that such an organism may not be fit for use in an industrial ethanol system, which would inevitably release the organism into the surrounding environment.

The heat shock proteins used in this experiment are all found naturally within S. cerevisiae. In any future experiment the addition of HSPs from more thermophillic organisms may elicit a more impressive effect.
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The role of biofuels, in particular bioethanol in road transport worldwide is growing rapidly (Balat and Balat 2009). In order to compete with fossil fuel, biofuels must be both sustainable, carbon neutral and environmentally friendly. The current first generation process does not fill these requirements due to a number of factors (Janssen and Rutz 2011). The process has seen large-scale investment and a rapid increase in output. Currently the first generation ethanol process is the only biofuel that can be produced at a large scale and blended directly with petrol (Reinhardt and von Falkenstein 2011). Due to current biofuel mandates placed by world governments requiring a percentage of all fuel to be from a sustainable source, the first generation process is required in order to meet demand. Battery-powered cars may be capable of filling niche roles but the short range and low performance will be a continuing problem, and even with predicted advances in battery technology this is unlikely to change significantly (Vliet et al. 2011). Other fuel sources, such as butanol or microbial-derived biodiesel, are interesting and hold several advantages over ethanol-based fuels; but these technologies are still in development and deployment may be a long way off (Brennan and Owende 2010, García et al. 2011). The key advantage of the first generation ethanol process is that the technology is simple, readily available without licensing and profitable; although some government assistance in the form of subsidies increase the economic viability. Many of the problems faced by the first generation process such as the food vs fuel debate and the high cost of feedstocks may be solved by a migration towards second generation cellulose based systems (Chang et al. 2012, Balat and Balat 2009, Cheng and Timilsina 2011). The move towards a second generation process is highly desirable and although presently additional costs are incurred this would lead to a great improvement in the environmental credibility of the fuel ethanol process. The contamination of fuel ethanol fermentations will not be prevented by a move to a cellulosic process. An alternative solution must be put into place as the current system of rampant antibiotic usage is no longer sustainable.

Antibiotics such as the virginiamycin and penicillin commonly used in the ethanol industry are broad spectrum and capable of inhibiting the growth of bacteria at a low concentration or causing cell death at higher concentrations (Muthaiyan and Ricke 2010, De Alwis and Heller 2010). The present system involving the under-dosing of antibiotics at a concentration chosen to maximise profits without destroying bacteria is at best irresponsible (Julia Olmstead 2009). The rise in antibiotic resistance is already well documented (Bischoff et al. 2007) and the evidence linking frivolous antibiotic usage to increasing resistance is substantial. Exposing bacteria to a non-lethal dose of antibiotic on a regular basis will lead to resistant strains present in ethanol facilities. This is not a unique scenario: the use of antibiotics in the agricultural sector has been widespread since the discovery of the link between low doses of antibiotics and increased growth in cattle (Allen et al. 2013). As the medical efficacy of antibiotics has entered a sharp decline, world governments have called for increased regulation and new controls on the use of antibiotics (Julia Olmstead 2009). The present system of antibiotic use by ethanol producers has become a crutch that has allowed poor plant and process design to proliferate. The sale of waste fermentation products such as DDGS and vinasse is highly beneficial to the economic viability of the first generation process (Belyea et al. 2010, Tejada and Gonzalez 2005); the presence of antibiotic residue in this material is a serious environmental concern (De Alwis and Heller 2010, Islam et al. 1999, Julia Olmstead 2009).

Banning the usage of antibiotics in fuel ethanol fermentations would force ethanol producers to invest in new technologies, update plants to remove dead legs (unnecessary pipe work) and improve cleaning procedures (Ingledew 2009). Improved plant design and operation will decrease the effect of contamination substantially but the addition of an antimicrobial compound will still be required. There are alternative antimicrobials that could be used to substitute for antibiotics in fuel ethanol fermentations, (Leite et al. 2013, Muthaiyan et al. 2011, Kong et al. 2010) many of which have been examined in this work.
	
The use of antibacterial concentrations of copper and silver ions to reduce the effect of contamination events has found interest in a variety of different industrial settings (Goetz and Yu 1997, Silva Martínez et al. 2004). The coating of medical implants in silver has been shown to reduce biofilm formation (Secinti et al. 2011) and the antimicrobial activity of copper has led to its use in a variety of applications. The use of copper and silver to reduce fouling in closed systems such as water-cooling towers has seen significant research. Alternative systems to reduce fouling in cooling systems involve using thermal treatment or alternatively the use of chemical agents such as chlorination. Thermal treatments do not remove all organisms and older systems often do not have the capacity to reach the required temperatures for a complete sterilisation. This process also suffers from hot and cold spots, often related to the positioning of heating units and changes to the original system as facilities expand (Silva Martínez et al. 2004). The use of chlorine does provide a much more impressive kill rate but the drawback is often a reduced lifespan of the system and frequent replacement of components corroded by exposure to the chlorine and leaks.

The use of copper and silver to control contamination in ethanol fermentation is problematic primarily due to the effect of the ions on the host organism. Under the conditions of ethanol fermentation which includes; high glucose and the presence of ethanol S. cerevisiae cells are under a high degree of stress (Schell et al. 2004, Teh and Lutz 2010). During the laboratory experiments described above, the addition of copper and silver to an ethanol fermentation resulted in host inhibition and a rapid decline in ethanol production linked to the concentration of copper and silver. Under aerobic conditions the negative impact of copper and silver was less severe. It is likely that this is due to the reduced stresses of growing aerobically and the increased availability of ATP to operate active transport processes removing the Ag and Cu from the cells. Various concentrations of Ag and Cu were trialled, unfortunatly no concentration was found to boost ethanol yields. For this reason it is evident that the use of copper and silver as a form of biocontrol in ethanol fermentations is not viable. The environmental impact of copper and silver is also a concern for use in an ethanol facility although all levels used were below the safe levels allowed in the release of waste water. The use of Cu and Ag as a form of biocontrol is best suited to systems that are contained and do not require the activity of a host organism.

The use of bacteriophage to reduce the effect of contamination events is far more promising as a biocontrol technology. Using a phage to target bacterial contaminants is particularly appealing as it is essentially a biological solution to a biological problem. Phages also offer the possibility of a self-sustaining solution due to the replicating nature of bacteriophage. The initial medical use of bacteriophage suffered primarily from a lack of understanding of the mechanisms and behaviour of phage (Bradbury 2004). The advances in electron microscopy and gene analysis are allowing much greater understanding of individual phage and leading to a more comprehensive system of categorisation (Moxon and Jansen 2005). The use of phage as a form of biocontrol, whilst promising in the laboratory, does face some significant challenges before deployment could be made possible. 


Bacteriophages are highly selective and only capable of infecting a narrow group of hosts (H. C. Flemming, H. Ridgway 2009). Although this specificity varies between individual phage, due to the interactions between phage and the binding sites present on bacterial membranes, even the broadest phage possess a narrow host range when compared to the activity of antibiotics. This is a boost to the environmental credentials of bacteriophage as their presence in DDGS and discharge into waste water are unlikely to have such an impact of the local environment as antibiotics (Hooton et al. 2011). It is also a drawback as phage must be targeted towards the particular contaminant bacteria present. Two methods of using bacteriophage to control contamination can be proposed: the first is a "cocktail solution". In this method phage are added to the fermentation in bulk and in a wide variety. Essentially every phage collected that might be of use would be added into the system at time zero and this would reduce the presence of contaminant bacteria.  This method would be low in initial setup cost and would resemble the current system of antibiotic usage. It would also be highly wasteful and would require the production of large quantities of bacteriophage that may never be active in the system resulting in high operating cost.

An alternative system that would be more desirable would be to tailor the addition of bacteriophage to the specific plant or even the specific fermentation by identifying contaminant bacteria and targeting phage addition at a low level. The current methods used to determine the presence of contaminant bacteria and the analysis carried out are lacking in both speed and accuracy. Present methods often depend upon culturing of organisms on agar and then simple characterisation via optical microscopy or metabolic analysis (Muthaiyan and Ricke 2010). For phage to become a viable technology in this way molecular identification methods will need to be deployed at ethanol production facilities. This would enable specific contaminant bacteria to be identified and using a library of bacteriophage the correct phage could be added to the system removing the contaminant. The equipment involved and the staff trained to run such a system would lead to an additional cost for the facility; this would be offset by the savings made on reduced antibiotics use. 

One of the primary issues in creating a viable phage biocontrol process is the current lack of any large-scale library of bacteriophage or capacity for bulk production of phage. At the outset of this project, phages were purchased from the Felix D'Herelle and ATCC culture collections. Both collections possess stocks of bacteriophage available for purchase as I experienced during searches for applicable phage, these appear to be the most easily accessible and largest collections available. However, these collections are still very limited and not geared towards large-scale applications; phages are sold in millilitres and the cost is very high. 
For this phage control process to become viable a comprehensive library of phage would be required, combined with methods for the rapid identification of contaminant organisms. This system is inherently more complex than the use of antibiotics or bulk applications of bacteriophage but it may provide a solution to the problem of contamination while also advancing our knowledge of bacteriophage. 

One other issue that requires consideration in phage application is the public relations issue that this may create. The public knowledge of these organisms is almost nonexistent and once the inevitable comparison to viruses is made, questions of safety and release into the environment will be raised. This is an issue that may be solved over time by public engagement, but any organisation attempting to deploy phage would be likely to face an environment of scepticism similar to GM crop producers. Although bacteriophages are particularly promising, the development work required will be long and challenging; this means that they do not present a viable short-term solution. 


The use of more traditional antimicrobial compounds to reduce the effect of contamination presents a solution that may be applied in the short term and either reduce or eliminate the use of antibiotics. Amongst the most promising forms of biocontrol examined during this work is the use of extracts of the hop plant (Humulus lupus) (Larson et al. 1996, Zheng et al. 2013, Ye et al. 2013). Hop extract is a natural product and is created by boiling the flowers of the hop plant. The α and β acids found within the hop extract are antibacterial and occur at high concentrations (Larson et al. 1996). This is used to reduce the growth of spoilage bacteria in beer and to add flavour depth to the finished product. As a result the use of hops to increase the longevity of stored beer has been well reported in the literature and its potential application in ethanol fermentation has been explored in previous work. The effect of hops extract released into wastewater is minimal and hops should have no effect on the quality or retail value of DDGS or vinasse. The hops plant is simple to cultivate and can be grown in a wide variety of conditions. As a crop feedstock is already required as part of the first generation process the growth of hop plants should present no obstacle. 
Although the use of hops to reduce bacterial contamination shows promise in a laboratory setting, there remain some considerations to address before such a system is rolled out to a large ethanol facility. Resistance to the effects of hops acids has been shown in previous studies (Sakamoto and Konings 2003). The rise of resistance to hops acids is similar to acquired resistance to any low pH environment and will occur due to repeat exposure to a low dosage. The use of hops in an ethanol fermentation should therefore use a concentration of hops sufficient to cause bacterial cell death. Resistance to hops is not as significant an issue as resistance to antibiotics. Hops have no place in medical treatment and resistance is unlikely to endanger human health. The cost of hop extract is also much lower so concentration could be increased easily. Although hops may hold the potential to eliminate antibiotic usage, it is far more likely that they could be used in a system in conjunction with antibiotics. A synergistic effect between hop acids and some antibiotics has been shown (Natarajan et al. 2008); this could decrease the quantities of antibiotics required leading to cost savings for ethanol producers and reducing the impact of antibiotic use. A large-scale study of the use of hop extract in either a pilot scale or full industrial ethanol facility is required to validate the effectiveness of hop extract during ethanol fermentation.  

The application of chitosan hydrochloride to the laboratory fermentation also shows a significant increase in ethanol yield when compared to the contaminated fermentation. The use of chitosan has been applied to a large number of applications including a biopesticide and self-healing paints (Benhabiles et al. 2012, Li et al. 2013). The role of chitosan as a biopesticide that has been approved for use by the EPA guarantees that the material is safe to use in the wider environment and would not be harmful to animals or other plants if consumed as a part of DDGS or Vinasse. The production of chitosan involves deacetylation of the chitin molecule (Li et al. 2013, No et al. 2007); this requires treatment with sodium hydroxide or a similar alkaline. Due to the strength and quantities of sodium hydroxide involved, industrial scale manufacture of chitosan should be carried out by specialist manufacturers and not on a small scale by ethanol producers. Although chitosan can be prepared from fungal chitin the large-scale growth of fungi for chitosan production is likely to be expensive; a more likely source is as a waste product from the world crustacean aquaculture market. This material (shrimp shells and similar) is high in chitosan and production of chitin should be economically feasible. The specific process used to make the chitosan hydrochloride used in this experiment is unknown; the water solubility is much improved when compared to standard chitosan of various molecular weights. The enhanced solubility of chitosan hydrochloride is essential to its success as an addition to ethanol fermentation.



The economic feasibility of the methods of biocontrol proposed in this study require consideration, the cost of $40,000 per annum for the use of virginiamycin has been stated in the literature (Muthaiyan et al. 2011). Without clear data on how this number was created it is impossible to accurately determine the cost on a per litre basis of ethanol produced. According to the data published by the US EIA (US EIA 2013) US ethanol production was at 13,85 2MMGAL (US gallon) per year in 2013 from a total of 193 producers. The average production of a single ethanol facility should be approximatly 72MMGAL, converted into liters this is 271 million litres. This equates to 1.47x10-4 dollars per litre of ethanol produced in the US spent on antibiotics, it is worth stating that these numbers are a very rough estimate. The costs of the various biocontrol agents used during my experimentation are listed below, these costs do not take into account economies of scale and therefore would likely be decreased by at least a factor of 10 possibly a factor of 100. The quantity required is taken directly from my experiments. The price of bacteriophage is purely based on personal speculation and the cost of the required media components to produce the phage material. 

Table 6.1 A comparison between the price of various methods of biocontrol 
	Biocontrol agent
	Requirement g/l
	Cost per L

	Chitosan hydrochloride
	15
	£0.6

	Hop extract
	0.040
	£0.002

	Copper Nitrate
	0.93
	£1.73

	Silver Nitrate
	0.16
	£0.25

	Onion extract
	0.005
	£0.004

	Virginiamycin
	-
	$0.0014

	Phage
	10ml of 1x109 lysate
	£0.5




The methods discussed are possible alternative solutions to the use of antibiotics. They may be applied within a relatively small time frame with the exception of bacteriophage, which requires significant development before deployment. Gene modification offers alternative solutions to the problem of contamination. Several modifications are of interest including the improvement of S. cerevisiae under non-desirable conditions as attempted during this work when heat shock proteins were added to YSC2. The production of an antimicrobial compound such as the lantibiotic nisin has been suggested as a possible alternative but this is a challenging pathway involving several precursor proteins. Nisin production was considered during this work but the feasibility of the process and length of time involved in the implementation was deemed too high. The use of a distinct GM S. cerevisiae for ethanol production is desirable and with alterations the efficiency of the process could be improved greatly. The primary challenge is simple: the current ethanol production process is rudimentary and largely unregulated. The use of GM organisms would lead to a rapid release into the environment; any GM yeast created would require specific design to ensure that survival in the wild was impossible. 
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The current use of antibiotics in the fuel ethanol industry is harmful to the environment and reduces the credibility of ethanol production as a sustainable biofuel. Antibiotic usage is not essential to the process and it is the product of poor regulation and hasty plant construction (Ingledew 2009). The use of antibiotics is essentially a crutch: contamination was a problem for the industry and the simplest solution was one taken off the shelf ready prepared and easily applied. Bacterial resistance to antibiotics is a serious issue (Drenkard 2003, Cars et al. 2011); antibiotics are an essential part of modern medicine and presently resistance is occurring faster than new antibiotics can be developed. The use of antibiotics in any non-medical application should be greatly restricted in order to slow bacterial resistance (Cars et al. 2011, Julia Olmstead 2009). By restricting or banning the use of antibiotics in fuel ethanol fermentations the industry would be forced to innovate and implement new biocontrol measures. 
It is likely that these measures would include improved cleaning procedures, changes to plant design and alternative antimicrobial compounds, such as hop extract and chitosan, combined with treatments such as SO2 to remove contaminants during the yeast recycle. While such changes will be disruptive to the industry eventual savings may be made due to the high cost of antibiotics and the ethanol industry will be modernised and improved by the process.
The use of bacteriophage is a particularly interesting long-term solution to contamination in a wide range of industries and at present investment in phage technology is limited. The current lack of any large-scale library of phage or bulk production prevents phage technology from finding use in industrial applications. This may change as the drive towards new medical treatments and reduction in antibiotic use continues. The GM of production organisms is not suitable for the ethanol industry as it presently exists; the release of these organisms into the environment would not be worth the small incremental production gain and the costs and time scale associated with the research are too high.

For the production of biofuel to compete with fossil fuels new investment into advanced biofuels in required. The second generation ethanol process has been in development for a number of years without a full scale facility becoming operational. Similarly fuel from microalgae and oleaginous yeasts are impressive concepts but the process requirements and costs are prohibitive. Most research is carried out at a small scale and investment in new technologies such as pilot plants is often transient. By enhancing the current fuel ethanol process, the environmental credibility of biofuel can be enhanced, production may be increased and further investment will become more attractive. The first generation ethanol process is far from ideal, but it is currently the only process that is commercially viable; any enhancements that can be made to either production or sustainability are worthy investments.
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Ubiquitin Ligase RSp5
ATGCCTTCATCCATATCCGTCAAGTTAGTGGCTGCAGAGTCATTATATAAGAGGGACGTA
TTCCGTTCCCCGGATCCGTTTGCTGTTCTGACTATTGATGGTTACCAAACCAAATCTACA
TCCGCAGCGAAGAAAACGTTAAATCCCTACTGGAATGAGACTTTCAAATTCGACGATATC
AATGAAAATTCTATTTTAACCATCCAAGTCTTTGATCAAAAGAAATTTAAAAAGAAGGAT
CAAGGGTTTCTTGGCGTGGTTAACGTCCGCGTGGGTGATGTTTTGGGCCATTTGGATGAA
GATACTGCTACATCGAGTGGTAGACCTCGCGAAGAAACTATTACTCGTGATTTAAAAAAA
TCTAATGACGGAATGGCCGTCAGCGGTAGGTTGATTGTTGTTTTATCAAAACTACCTTCG
TCAAGTCCGCATTCACAAGCTCCTTCTGGCCATACTGCATCTTCTAGTACGAATACAAGT
TCAACTACTCGAACAAATGGTCATTCTACTTCCTCCACCCGTAATCATTCAACGTCTCAT
CCTTCCAGAGGCACCGCGCAAGCAGTAGAATCAACTCTTCAAAGCGGTACAACAGCTGCT
ACTAATACGGCAACAACCAGTCACCGTTCCACCAATTCCACATCCAGTGCTACCAGACAA
TACTCTTCGTTTGAAGACCAGTATGGTCGTTTACCCCCTGGTTGGGAGAGAAGGACCGAT
AACTTTGGTCGTACATATTACGTCGATCATAACACAAGGACTACCACTTGGAAACGTCCA
ACGCTCGATCAAACAGAAGCCGAACGTGGCAACCAATTAAATGCAAATACTGAGTTAGAG
AGAAGGCAGCATAGGGGAAGAACTTTACCTGGTGGATCATCAGATAATTCCTCTGTAACA
GTTCAAGTGGGAGGTGGTTCCAATATACCTCCTGTTAATGGTGCAGCAGCAGCAGCGTTT
GCAGCTACAGGTGGTACCACATCTGGTTTAGGCGAATTACCTTCAGGCTGGGAGCAGCGA
TTTACTCCAGAAGGAAGAGCTTATTTCGTTGACCATAATACTAGAACAACCACTTGGGTG
GATCCAAGGAGACAACAGTATATACGTACTTATGGCCCTACAAATACCACCATTCAGCAA
CAACCGGTCTCCCAATTAGGTCCTTTGCCTTCTGGATGGGAAATGAGATTGACCAATACG
GCACGTGTATATTTCGTTGACCACAATACAAAAACAACGACCTGGGATGACCCAAGACTT
CCATCATCGCTAGACCAAAATGTTCCACAATACAAGCGTGACTTCAGACGTAAGGTTATT
TATTTCAGGTCCCAGCCCGCTCTTAGAATATTGCCGGGACAATGTCATATTAAAGTACGT
AGAAAGAACATTTTTGAGGATGCTTATCAAGAAATTATGAGACAAACCCCAGAAGATTTA
AAGAAAAGATTAATGATCAAGTTTGATGGTGAGGAAGGTTTAGATTACGGTGGTGTTTCC
AGAGAATTTTTCTTTTTATTATCACATGAGATGTTTAATCCATTTTATTGTTTGTTTGAA
TATTCTGCGTATGACAACTATACCATTCAAATAAATCCTAACAGTGGCATCAACCCCGAA
CATTTGAACTATTTCAAATTCATTGGTAGAGTTGTGGGTCTTGGTGTTTTCCATAGAAGA
TTTTTGGATGCATTCTTTGTAGGTGCACTTTACAAAATGATGCTACGTAAAAAAGTCGTA
TTGCAAGATATGGAAGGTGTTGACGCAGAGGTGTATAACTCATTAAACTGGATGCTTGAG
AATAGTATAGATGGTGTCTTGGATCTGACGTTCAGTGCCGACGATGAAAGATTCGGTGAA
GTTGTAACAGTGGATTTGAAGCCAGATGGGAGAAATATTGAAGTTACTGATGGTAATAAG
AAAGAATATGTCGAATTATATACCCAATGGAGAATTGTTGATAGAGTTCAAGAACAATTT
AAGGCATTCATGGATGGTTTTAACGAATTAATCCCCGAAGACTTAGTAACTGTGTTTGAT
GAGCGTGAACTAGAACTATTGATCGGTGGTATTGCGGAAATTGACATTGAAGATTGGAAG
AAACACACTGATTATCGTGGTTACCAAGAGTCAGACGAGGTCATTCAATGGTTTTGGAAG
TGTGTCAGTGAATGGGATAATGAACAAAGAGCCCGTTTATTGCAGTTCACCACTGGTACT
TCTCGTATACCTGTCAACGGGTTTAAAGATTTGCAAGGCTCTGATGGTCCAAGAAGATTC
ACTATTGAAAAAGCTGGTGAAGTACAACAATTGCCAAAATCTCACACATGTTTTAACAGA
GTTGATTTGCCACAATACGTTGATTATGACAGCATGAAACAGAAGCTAACATTGGCCGTG
GAAGAAACCATAGGGTTTGGTCAAGAATGA



HSP104
ATGAACGACCAAACGCAATTTACAGAAAGGGCTCTAACGATTTTGACGTTGGCTCAAAAATTGGCTTCGGATCATCAACATCCACAATTACAACCTATACATATTCTAGCTGCCTTCATTGAAACGCCAGAAGATGGATCAGTCCCTTACCTACAGAATCTAATTGAGAAGGGCCGTTACGACTATGATCTTTTCAAGAAAGTGGTTAATAGAAATCTAGTAAGAATTCCTCAACAGCAACCTGCACCTGCGGAGATAACTCCAAGTTATGCTTTGGGGAAAGTCCTTCAAGACGCTGCTAAGATTCAAAAACAACAGAAGGACTCATTTATAGCGCAAGACCATATATTGTTTGCTCTATTCAATGATTCGTCTATTCAGCAAATATTTAAGGAAGCTCAAGTAGATATTGAGGCCATCAAGCAACAAGCTCTTGAACTTCGTGGTAACACTAGAATTGACTCTCGTGGCGCTGATACGAACACACCTTTGGAATATTTATCAAAGTACGCCATTGATATGACTGAGCAGGCTCGTCAAGGTAAACTTGACCCTGTCATCGGCCGTGAAGAAGAAATAAGAAGCACTATTAGAGTTTTAGCAAGAAGAATTAAGTCCAACCCATGTTTAATTGGTGAGCCAGGTATCGGTAAGACCGCTATTATTGAAGGTGTTGCTCAAAGAATCATTGACGATGACGTTCCCACTATCTTACAAGGCGCTAAATTGTTCAGTCTAGATTTGGCCGCATTAACCGCAGGTGCTAAATACAAAGGTGATTTCGAAGAAAGATTCAAAGGTGTTTTGAAGGAAATCGAAGAATCAAAGACTCTAATTGTGTTATTCATTGATGAAATTCACATGTTAATGGGTAATGGTAAGGACGACGCTGCTAACATCTTGAAGCCAGCTTTGTCCAGAGGCCAATTGAAGGTCATCGGTGCCACCACCAATAACGAATATAGATCTATTGTGGAAAAGGATGGTGCCTTTGAAAGAAGATTCCAGAAAATTGAAGTCGCTGAACCAAGTGTGAGACAAACAGTGGCCATATTGAGAGGTCTGCAACCAAAGTATGAAATACATCATGGTGTAAGGATTCTGGATAGCGCCTTAGTCACTGCTGCTCAATTAGCCAAGCGTTACTTGCCATATAGAAGATTGCCAGATTCTGCTTTGGATTTAGTTGATATTTCTTGTGCTGGTGTCGCCGTCGCAAGAGATTCTAAGCCAGAAGAATTGGATTCCAAGGAACGTCAATTGCAATTGATTCAAGTAGAGATAAAAGCTCTAGAGAGAGATGAAGATGCCGACTCCACCACTAAAGATAGATTAAAGTTAGCTAGGCAGAAGGAAGCTTCATTGCAAGAAGAATTGGAACCTCTAAGACAACGTTACAATGAAGAAAAGCATGGCCATGAAGAATTGACACAAGCTAAAAAGAAATTGGATGAACTGGAAAACAAGGCCCTTGATGCTGAACGTAGATATGATACTGCTACCGCCGCTGATTTAAGGTACTTCGCCATCCCAGATATCAAAAAGCAAATCGAAAAGCTTGAAGATCAGGTTGCTGAGGAAGAGAGACGTGCTGGTGCCAACTCCATGATCCAAAATGTGGTCGATTCAGACACCATTTCTGAAACAGCTGCAAGATTGACTGGTATCCCTGTTAAGAAGTTGTCAGAATCTGAAAATGAAAAATTGATTCATATGGAACGTGACTTATCATCTGAAGTCGTGGGCCAAATGGATGCCATTAAAGCTGTTTCCAATGCCGTTAGATTGTCTAGATCAGGTTTAGCTAATCCAAGGCAACCAGCATCCTTCTTATTTTTAGGTTTGTCCGGTTCCGGTAAAACTGAATTGGCTAAAAAAGTTGCTGGATTTTTGTTTAATGATGAGGACATGATGATCAGGGTCGATTGTTCTGAATTAAGCGAGAAGTATGCGGTCTCTAAGTTGTTGGGTACCACGGCAGGTTATGTCGGGTACGATGAAGGTGGCTTTTTAACTAACCAACTGCAATACAAACCATACTCCGTTTTGTTATTCGATGAAGTAGAAAAGGCACATCCTGATGTTTTGACTGTCATGCTACAAATGTTGGATGACGGTAGAATTACTTCTGGTCAAGGTAAGACGATCGACTGTTCCAATTGTATTGTCATCATGACTTCCAATCTAGGTGCTGAATTTATCAATTCTCAACAAGGATCAAAGATCCAAGAATCTACCAAGAATTTGGTCATGGGTGCTGTTAGGCAACATTTCAGACCAGAATTTTTGAACAGAATTTCTAGTATAGTCATTTTCAACAAGCTATCTAGAAAAGCTATTCATAAGATCGTGGATATTCGTTTGAAGGAAATTGAAGAGAGATTCGAGCAAAATGATAAACATTACAAGTTGAATTTAACTCAAGAGGCCAAGGACTTCTTGGCCAAATATGGTTATTCCGATGATATGGGTGCACGTCCACTGAACAGGTTAATTCAAAACGAAATTTTGAACAAACTGGCACTAAGGATCTTAAAGAATGAAATCAAGGATAAGGAAACTGTCAATGTCGTCTTGAAGAAGGGTAAATCTCGTGATGAAAATGTTCCTGAGGAAGCTGAAGAATGTCTGGAAGTTCTACCAAATCACGAAGCTACTATAGGGGCTGACACGTTAGGTGATGACGATAATGAGGACAGTATGGAAATTGATGATGACCTAGATTAA



SSA1
ATGTCAAAAGCTGTCGGTATTGATTTAGGTACAACATACTCGTGTGTTGCTCACTTTGCTAATGATCGTGTGGACATTATTGCCAACGATCAAGGTAACAGAACCACTCCATCTTTTGTCGCTTTCACTGACACTGAAAGATTGATTGGTGATGCTGCTAAGAATCAAGCTGCTATGAATCCTTCGAATACCGTTTTCGACGCTAAGCGTTTGATCGGTAGAAACTTCAACGACCCAGAAGTGCAGGCTGACATGAAGCACTTCCCATTCAAGTTGATCGATGTTGACGGTAAGCCTCAAATTCAAGTTGAATTTAAGGGTGAAACCAAGAACTTTACCCCAGAACAAATCTCCTCCATGGTCTTGGGTAAGATGAAGGAAACTGCCGAATCTTACTTGGGAGCCAAGGTCAATGACGCTGTCGTCACTGTCCCAGCTTACTTCAACGATTCTCAAAGACAAGCTACCAAGGATGCTGGTACCATTGCTGGTTTGAATGTCTTGCGTATTATTAACGAACCTACCGCCGCTGCCATTGCTTACGGTTTGGACAAGAAGGGTAAGGAAGAACACGTCTTGATTTTCGACTTGGGTGGTGGTACTTTCGATGTCTCTTTGTTGTCCATTGAAGACGGTATCTTTGAAGTTAAGGCCACCGCTGGTGACACCCATTTGGGTGGTGAAGATTTTGACAACAGATTGGTCAACCACTTCATCCAAGAATTCAAGAGAAAGAACAAGAAGGACTTGTCTACCAACCAAAGAGCTTTGAGAAGATTAAGAACCGCTTGTGAAAGAGCCAAGAGAACTTTGTCTTCCTCCGCTCAAACTTCCGTTGAAATTGACTCTTTGTTCGAAGGTATCGATTTCTACACTTCCATCACCAGAGCCAGATTCGAAGAATTGTGTGCTGACTTGTTCAGATCTACTTTGGACCCAGTTGAAAAGGTCTTGAGAGATGCTAAATTGGACAAATCTCAAGTCGATGAAATTGTCTTGGTCGGTGGTTCTACCAGAATT
CCAAAGGTCCAAAAATTGGTCACTGACTACTTCAACGGTAAGGAACCAAACAGATCTATCAACCCAGATGAAGCTGTTGCTTACGGTGCTGCTGTTCAAGCTGCTATTTTGACTGGTGACGAATCTTCCAAGACTCAAGATCTATTGTTGTTGGATGTCGCTCCATTATCCTTGGGTATTGAAACTGCTGGTGGTGTCATGACCAAGTTGATTCCAAGAAACTCTACCATTCCAACAAAGAAGTCCGAGATCTTTTCCACTTATGCTGATAACCAACCAGGTGTCTTGATTCAAGTCTTTGAAGGTGAAAGAGCCAAGACTAAGGACAACAACTTGTTGGGTAAGTTCGAATTGAGTGGTATTCCACCAGCTCCAAGAGGTGTCCCACAAATTGAAGTCACTTTCGATGTCGACTCTAACGGTATTTTGAATGTTTCCGCCGTCGAAAAGGGTACTGGTAAGTCTAACAAGATCACTATTACCAACGACAAGGGTAGATTGTCCAAGGAAGATATCGAAAAGATGGTTGCTGAAGCCGAAAAATTCAAGGAAGAAGATGAAAAGGAATCTCAAAGAATTGCTTCCAAGAACCAATTGGAATCCATTGCTTACTCTTTGAAGAACACCATTTCTGAAGCTGGTGACAAATTGGAACAAGCTGACAAGGACACCGTCACCAAGAAGGCTGAAGAGACTATTTCTTGGTTAGACAGCAACACCACTGCCAGCAAGGAAGAATTCGATGACAAGTTGAAGGAGTTGCAAGACATTGCCAACCCAATCATGTCTAAGTTGTACCAAGCTGGTGGTGCTCCAGGTGGCGCTGCAGGTGGTGCTCCAGGCGGTTTCCCAGGTGGTGCTCCTCCAGCTCCAGAGGCTGAAGGTCCAACCGTTGAAGAAGTTGATTAA



YdJ1
ATGGTTAAAGAAACTAAGTTTTACGATATTCTAGGTGTTCCAGTAACTGCCACTGATGTCGAAATTAAGAAAGCTTATAGAAAATGCGCCTTAAAATACCATCCAGATAAGAATCCAAGTGAGGAAGCTGCAGAAAAGTTCAAAGAAGCTTCAGCAGCCTATGAAATTTTATCAGATCCTGAAAAGAGAGATATATATGACCAATTTGGTGAAGATGGTCTAAGTGGTGCTGGTGGCGCTGGCGGATTCCCAGGTGGTGGATTCGGTTTTGGTGACGATATCTTTTCCCAATTCTTTGGTGCTGGTGGCGCACAAAGACCAAGAGGTCCCCAAAGAGGTAAAGATATCAAGCATGAAATTTCTGCCTCACTTGAAGAATTATATAAGGGTAGGACAGCTAAGTTAGCCCTTAACAAACAGATCCTATGTAAAGAATGTGAAGGTCGTGGTGGTAAGAAAGGCGCCGTCAAGAAGTGTACCAGCTGTAATGGTCAAGGTATTAAATTTGTAACAAGACAAATGGGTCCAATGATCCAAAGATTCCAAACAGAGTGTGATGTCTGTCACGGTACTGGTGATATCATTGATCCTAAGGATCGTTGTAAATCTTGTAACGGTAAGAAAGTTGAAAACGAAAGGAAGATCCTAGAAGTCCATGTCGAACCAGGTATGAAAGATGGTCAAAGAATCGTTTTCAAAGGTGAAGCTGACCAAGCCCCAGATGTCATTCCAGGTGATGTTGTCTTCATAGTTTCTGAGAGACCACACAAGAGCTTCAAGAGAGATGGTGATGATTTAGTATATGAGGCTGAAATTGATCTATTGACTGCTATCGCTGGTGGTGAATTTGCATTGGAACATGTTTCTGGTGATTGGTTAAAGGTCGGTATTGTTCCAGGTGAAGTTATTGCCCCAGGTATGCGTAAGGTCATCGAAGGTAAAGGTATGCCAATTCCAAAATACGGTGGCTATGGTAATTTAATCATCAAATTTACTATCAAGTTCCCAGAAAACCATTTCACATCAGAAGAAAACTTGAAGAAGTTAGAAGAAATTTTGCCTCCAAGAATTGTCCCAGCCATTCCAAAGAAAGCTACTGTGGACGAATGTGTACTCGCAGACTTTGACCCAGCCAAATACAACAGAACACGGGCCTCCAGGGGTGGTGCAAACTATGATTCCGATGAAGAAGAACAAGGTGGCGAAGGTGTTCAATGTGCATCTCAATGA

HLJ1
ATGTCTTTCACTGAGGATCAAGAAAAAATCGCGCTAGAAATACTGTCAAAAGACAAGCATGAGTTTTACGAAATTTTGAAGGTAGATAGGAAAGCCACAGATAGTGAGATCAAGAAGGCATACAGAAAACTAGCAATCAAATTGCATCCTGATAAAAACTCTCATCCAAAAGCGGGAGAAGCTTTCAAAGTAATTAATAGGGCATTTGAAGTACTAAGCAATGAGGAAAAGCGCAGTATTTATGACAGGATAGGTAGGGATCCTGACGATAGACAAATGCCATCCAGAGGTGCTGCTTCAGGGTTCCGAGGAAGTGCAGGTGGGTCTCCAATGGGTGGCGGATTTGAAGACATGTTTTTCAATTCACGTTTCGGTGGTCAAAGAGCTGGACCACCAGAGGACATATTCGACTTTTTGTTCAACGCAGGCGGCAGCCCATTCGGCGCTTCACCATTTGGGCCTTCTGCTTCCACTTTTTCATTTGGAGGCCCCGGTGGTTTCAGAGTTTATACTAATAATCGTGGTGGCTCACCGTTCATGCGTCAACAACCCCGCTCAAGACAGCAGCAACAACAAGCAGAAGAAAATGCAGTGAATTCGCAATTAAAAAATATGCTCGTTCTTTTCATCATCTTTATTGTTCTTCCTATGATTAAAGATTACCTGTTTAGTTAA


[bookmark: _Toc380843833]Growth curve of C. cerevisiae species YSC2
This experiment was utilised in determining when along the yeast growth cycle an appropriate density of cells for the pitch had been reached while ensuring that cells are growing exponentially and will not suffer excessive lag. 

[bookmark: _Toc380843834]Effect of varying concentrations of the antibiotic cefadroxil on L. casei and L. paracasei. 
This data was used to determine appropriate concentrations of the antibiotic cefadroxil. Resistance to the antibiotic varied significantly between the two species which is an interesting issue for addition of antibiotics to an ethanol fermentation.



[bookmark: _Toc380843835]The effects of lab made hop extract on lactic acid bacteria
Lab made hops created by boiling hops plants in sterile H2O for 2h, effect on bacterial growth. This extract was originally to be used during the hops experiments in publication 3 and was used as initial groundwork for the hops experiments. Due to difficulties in quantifying the α and β acids present, the decision was made to use a premade extract from a brewing supplier. This experiment formed the basis of subsequent work with hop extract. The bacterium used in these experiments was L. paracasei.
The hop extracts were treated after the boiling to clarify the extract. The below graphs show the effect of raw extract, extract following centrifugation at 5000xg for 10 min, and an extract filtered at 0.2 µm to remove any further particles.






