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ABSTRACT OF THE DISSERTATION 

 

Toward Nitrogen-Neutral and Contamination-Resistant 

Biofuels and Chemicals 

for a Sustainable Future 

 

by 

 

  David Geoffrey Wernick 

Doctor of Philosophy in Chemical Engineering 

University of California, Los Angeles, 2015 

Professor James C. Liao, Chair 

 

 Biofuel and chemical production through microbial catalysts has been heralded as a route 

for a renewable future; however, several issues must be resolved before microbes become the 

workhorse of our energy and chemical industries. Chief amongst these problems is the non-

renewable use of reduced nitrogen fertilizers and susceptibility to contamination during 

fermentation. Previously, the use of engineered Escherichia coli has been demonstrated as a 

means to recycle reduced nitrogen from protein-rich wastes such as algal biomass and spent-

fermentation yeast – an a new bioprocess that brought the global nitrogen cycle towards closure 

by recycling fertilizers. This was accomplished by introducing novel transamination-deamination 

metabolic cycles, disrupting free ammonia assimilation, and using biofuels as a carbon sink. 

However, on a large scale, this process required 2 individual pretreatment steps of the protein 
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feedstock: biomass dissolution in alkaline conditions and polypeptide hydrolysis with in vitro 

protease addition. These pretreatment unit operations complicate industrial deployment of this 

nitrogen-neutral process. Additionally, it’s use of E. coli as the host microbe does not combat 

contamination risks. 

 We set out to consolidate this process by designing new protein-conversion bioprocesses 

in two other bacterial strains: Bacillus subtilis and Bacillus marmarensis. Bacillus subtilis is a 

model gram-positive bacterium known for secreting a potent mixture of extracellular proteases. 

With genetic tools already established for B. subtilis, several strains were quickly developed to 

test how we can drive the cell’s metabolism to consume protein and produce biofuels. Deletion 

of the branched-chain amino-acid and GTP-sensing regulator codY and branched-chain alpha 

ketoacid dihydrolipoamide transferase bkdB generated a B. subtilis strain which grew robustly on 

protein and still reclaimed high quantities of ammonia. Furthermore, deletion of codY 

upregulated the valine/isoleucine production pathway, that when combined with plasmid-based 

overexpressed of alcohol dehydrogenase yqhD of E. coli, leucine dehydrogenase of 

Thermoactinomyces intermedius, and alpha-ketoacid decarboxylase kivD of Lactococcus lactis 

led to biofuel and NH3 yields of 19 and 47% from amino acids, respectively. Further deletion of 

stringent starvation response regulator relA in this production strain increased biofuel and NH3 

yields to 32 and 60 % of the theoretical maximum. This strain presented the first consolidated 

conversion of protein by direct fermentation of polypeptides to 2.0 and 4.8 g/l of biofuels and 

NH3. However, the system remains highly-susceptible to contamination and retains 1 of 2 pre-

treatment steps. 

 To further consolidate the process, we explored the unstudied extreme alkaliphile 

Bacillus marmarensis DSM 21297. To begin, we sequenced and annotated the genome of this 
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strain. We then developed the first entirely-alkaline electrotransformation protocol and identified 

useable genetic tools to metabolically engineer this strain. B. marmarensis was found to grow 

optimally between pH 9.0 and 10.5, with residual growth observed up to pH 12.5. Through 16s 

rDNA library studies, we found it to be highly resistant to intentionally-introduced 

environmental contaminates. An NH3-recycling process was then designed with this strain. In 

this process, B. marmarensis was culture on protein in alkaline conditions with air-stripping. 

This removed NH3 from the media as it was secreted from B. marmarensis cells, and it was then 

collected in a neutral-buffered solution. This setup recovered 27% of the reduced nitrogen 

fertilizers of proteinaceous material, all while maintaining contamination resistance. Engineering 

B. marmarensis in this process added about 1 g/l ethanol production on top of NH3 recycling, 

and opened the door to a contamination-resistant, no pre-treatment protein conversion process. 

Additionally, B. marmarensis was found to grow on the complex 

carbohydrates/cellulose-degradation production cellobiose and xylose. A process was designed 

in which B. marmarensis expressing pyruvate decarboxylase pdc and alcohol dehyodrgenase 

adhB of Zymomonas mobilis produced ethanol at 65% the maximum yield and titers of 38 g/l.  

Similar yields were obtained from cellobiose and xylose mixtures in contaminated media using 

seawater. This presents a novel approach to the contamination-resistance conversion of cellulosic 

material, on top of multivariate consolidation of the protein conversion process. 
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1 Introduction 

 

1.1 Background 

Environmental concerns and an increasing global energy demand have spurred scientific 

research into large-scale production of sustainable biofuels and chemicals. Current renewable 

bioprocesses and developing approaches have focused on closing the carbon cycle by biological 

fixation of atmospheric carbon dioxide and conversion of biomass to fuels and chemicals. To 

date, these processes have relied on nitrogenous fertilizer produced by the energy-intensive 

Haber-Bosch process, and have not addressed the global nitrogen cycle and its environmental 

implications. Furthermore, many processes do not introduce anti-contamination measures, which 

leave industrial equipment susceptible to intermittent, multiday shutdowns for sterilization. The 

recently demonstrated conversion of protein into advanced biofuels and chemicals, while 

recycling nitrogen fertilizers, offers a glimpse of the efforts needed to balance the nitrogen cycle 

at scale. However, this emergent process requires further development to be industrially viable. 

The central objective of this proposal is to advance this technology through investigation of 

different Bacillus host strains with natural phenotypes to both consolidate nitrogen-neutral 

protein conversions and introduce a new mode of contamination resistance to biorefining. 

 

1.2 Overview 

 The first demonstration of a nitrogen-neutral biofuel process was performed by 

engineering Escherichia coli to convert amino acids into biofuels and NH3. Following a 2-stage 

pretreatment of alkaline protein-biomass dissolution and polypeptide hydrolysis with in vitro 

addition of proteases, this strain of E. coli could convert protein such as spent fermentation yeast 

and algae into the same products, thereby generating energy and fertilizers with a closed carbon 



2 
 

and nitrogen cycle (Fig. 1-1). The development of this strain is described in chapters 2 and 3. 

The advantages of using protein as a feedstock in this manner are discussed in Chapter 2, and 

chemical products that may be derived from individual amino acids are included in Chapter 3. 

 To move protein conversion towards industrial integration, we first set out to engineer the 

model protease secreting strain Bacillus subtilis for the direction conversion of polypeptides into 

biofuels and NH3. Our first success and demonstration of converting polypeptides with this 

species is presented in Chapter 4. Later yield improvements were made by investigating the B. 

subtilis ΔcodYΔbkdB response to partial amino-acid starvation (Chapter 5). 

 To further consolidate the process and incorporate contamination resistance, we then 

studied the relatively unexplored extreme, obligate alkaliphile Bacillus marmarensis DSM 

21297. Discussion of the B. marmarensis genome and relevant and unique finding are presented 

in Chapter 6. Development of genetic tools, contamination-resistance studies, and metabolic 

engineering work for production of ethanol from unsterilized, cellulose degradation products is 

discussed in Chapter 7. The application of this strain for recycling of NH3 with biofuel 

production is given in Chapter 8. This represents the first demonstration of a contamination-

resistant, nitrogen-neutral consolidated bioprocess. 

 The final chapter of this dissertation presents one example of integrating this process 

industrially. Protein conversion is presented as a component multi-strain industrial process to fix 

CO2 and convert manure into energy molecules and fertilizers. It was a process proposed to the 

Climate Change and Emissions Management Corporation for scale-up in Alberta, Canada. The 

grant application includes strain engineering strategies, integrated process design, and estimated 

emission mitigation calculations. 

  



3 
 

2 Toward Nitrogen-Neutral Biofuel Production 

 

Environmental concerns and an increasing global energy demand have spurred scientific 

research and political action to deliver large scale production of liquid biofuels. Current biofuel 

processes and developing approaches have focused on closing the carbon cycle by biological 

fixation of atmospheric carbon dioxide and conversion of biomass to fuels. Until recently, all 

processes have heavily relied on fertilizer produced by the energy-intensive Haber-Bosch 

process. Furthermore, they have ignored the global nitrogen cycle and its environmental 

implications. Recent developments to convert protein to fuel and ammonia may guide biofuel 

processes away from these pitfalls. Recycling ammonia to either plant or algal feedstocks 

reduces the demand for synthetic fertilizer supplementation. Further development of this 

technology will realize its advantages of high carbon fixation rates, inexpensive and simple 

feedstock processing, and reduced fertilizer requirements. 

 

2.1 Introduction 

Nitrogen is a biologically essential element for the synthesis of basic building blocks for 

cells, such as amino acids and nucleotides. It compromises around 2-10% of living organisms by 

weight in biomolecules, and around 78% of Earth’s atmosphere on a molar basis as dinitrogen. 

Despite the atmospheric abundance of molecular nitrogen, most organisms, including all plants 

and animals, cannot directly utilize nitrogen gas as a source for synthesizing amino acids and 

nucleotides. Instead, only diazotrophic microbes, such as Rhizobia and Anabaena, can fix 

nitrogen through reduction of dinitrogen to ammonium. This biological nitrogen fixation (BNF) 

was once a limiting process for global food production, which in turn limited the world 
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population1. The invention of Haber-Bosch process in 1909, which chemically converts nitrogen 

 

Figure 2-1 Carbon and nitrogen cycles in biofuel production. (a) Traditional biofuel production from plant or algal 
feedstocks closes the carbon cycle but imbalances global nitrogen flux. Nitrogen is fixed through the Habor-Bosch 
process to synthesize fertilizer, which is assimilated to proteins in biomass. The nitrogen-rich residual is commonly 
sold as an animal feed by-product and leads to NOx emissions from animal wastes. (b) Utilization of proteins for 
fuel production can close both the carbon and nitrogen cycles. Protein conversion releases ammonia as a by-product. 
The ammonia may be reapplied as a fertilizer or nitrogen source for fermentation. (c) A conceptual process for 
biofuels from plant biomass can recycle fertilizer when protein residual is utilized for ammonia recycling and fuel 
production. (d) Biofuel production from protein-rich algae also releases ammonia to be directly reapplied for 
subsequent algae growth. 
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gas into ammonia, relieved the limitation of BNF and bolstered crop yields significantly2. It 

became the first successful large-scale fertilizer production method and supported the immense 

rise in agricultural productivity and worldwide population witnessed in the previous century1,2. 

Furthermore, it has allowed for growth of crops used in biofuel manufacturing. However, the 

energy and environmental impact of the Haber-Bosch process has become evident as the demand 

for biofuels, and thereby nitrogen fertilizer production, has risen over the last decade3-6.  

Currently, biofuel process development has only focused on closure the carbon cycle and 

not on closure of the nitrogen cycle. Either plant-based or algae-based biofuels require 

application of nitrogen fertilizer produced from the Haber-Bosch process. The reduced nitrogen 

is assimilated by the plant or algal species to make proteins and nucleic acids, which are not 

utilized for fuel production. Instead, the high-nitrogen containing residuals are used mainly as 

animal feed, and eventually result in dispersion of reduced nitrogen on earth, which increases the 

production of nitrous oxide (N2O), a greenhouse gas 300 times worse than CO2
7. Feeding biofuel 

production residues to animals is currently economically attractive and may offset the energy and 

environmental cost of feed production, but is not a scalable solution if biofuels are to replace the 

majority of the liquid fuel used today. 

Recycling the ammonia from the protein-rich residuals as a fertilizer for photosynthetic 

feedstocks can close the nitrogen cycle. Corn ethanol, algal biodiesel, and other traditional 

feedstock (Fig. 2-1a) do not utilize proteins and thus the reduced nitrogen is lost from the biofuel 

production cycle7. Only the utilization of protein in a controlled manner will allow for the 

recycling of ammonia. Figure 2-1b shows the conceptual scheme for closed carbon and nitrogen 

cycles to optimize biofuel production. This idea may be implemented in both plant (Fig. 2-1c) 
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and algal (Fig. 2-1d) biofuel production processes to recycle nitrogen fertilizer. The rationale and 

technical challenges of this scheme are elaborated here.  

 

2.2 The energy-intensive Haber-Bosch process limits biofuel efficiency 

The large energy cost of the Haber-Bosch process reduces the overall energy efficiency 

of terrestrial crops. Production of 1 Kg of fixed nitrogen fertilizer costs 57 MJ of energy8. 

Current Haber-Bosch production exceeds 100 million tons fertilizer per year and consumes 8 EJ 

of energy, or 2.5% of the global primary energy supply9. On average, United States corn and 

Brazilian sugarcane fields receive 160 and 100 kg N-fertilizer ha-1 yr-1 and cover nearly 29 

million and 7 million ha of land, respectively1. Increased biofuel production from carbohydrates 

and lipids of land-based feedstocks will push this 0.4 EJ yr-1 energy debt in nitrogen fertilizer 

production to new heights.  

The limited efficiency of current biofuel production processes puts the magnitude of the 

Haber-Bosch process’ energy debt into perspective. Production of 60 billion gallons of corn 

ethanol (roughly 30% of US transportation fuel consumption in 2010) requires 9.4 million tons 

of fixed nitrogen (Table 2-1). Production of the same volume of more energy-dense algal 

biodiesel requires 36 million tons of nitrogen fertilizer. This volume of biofuels contains 

respectively 5.3 and 8.9 EJ of energy. However, to produce this volume of biofuels, energy equal 

to between 10% and 26% of that contained within the fuel is spent in fertilizer production (Table 

2-1), significantly decreasing the biofuels’ net energy yield. More in-depth evaluations of 

harvesting, transporting, and fermenting energy expenditures suggest much lower net energy 

yields10-12. Serious process revisions to reduce the demand of Haber-Bosch fertilizer may greatly 

enhance the energy gains and minimize the initial-energy debt of biofuel synthesis. 
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  Nitrogen uptake inefficiency of land-based agriculture is another problem of 

contemporary biofuel production since unused nutrients may become environmental pollutants. 

Terrestrial crops assimilate less than a majority of applied nitrogen fertilizer1. The remainder 

enters nature as farmland runoff into waterways or through oxidation to nitrous oxide (N2O). 

Increasing terrestrial feedstock land area results in more N2O emissions, as around 3-5% of 

applied nitrogen vaporizes as N2O
7. These emissions can offset of the majority of GHG removal 

by agricultural CO2 sequestration13-15.  

Table 2-1 Comparison of the nitrogen fertilizer requirement, fertilizer energy cost, and nitrogen by-product output 
for current plant biofuel processes and projected plant and algae biofuel production. In an ideal process, there would 
be neither need for nitrogen supplementation nor by-product generation. 

 

 

 

2.3 Utilizing protein-rich residues in plant-based biofuel production cycles ammonia and 

boosts fuel production 

Nitrogen-rich biofuel production residuals come from both the protein content of plant 

biomass, enzymes added during processing, and fermentation organisms. The market of this 

material, known as distiller’s dried grains with soluble (DDGS) serves as a substantial income 

source for biofuel production, but is unable to reclaim reduced nitrogen from protein16,17. Its sale 

as animal feed provides another use of for the nitrogen. Although current animal feed market can 

still absorb DDGS produced from the biofuel industry, it is unknown whether the market will 

continue to expand to match the mandated requirement of biofuel production. Moreover, 

lignocellulosic biofuel production residues contain much more complex mixtures. Whether such 
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residues can be digested effectively by animals is uncertain. Without recycling reduced nitrogen 

as fertilizer, it must be replenished with new fertilizer from the Haber-Bosch process to continue 

biomass growth. A feasible scheme is to deaminate the protein-residues to ammonia, which is 

used both as fertilizer for plant growth and nitrogen source for fermentation. The carbon skeleton 

is converted to fuels, further boosting the energy output (Fig. 2-1c and 2-1d). Such a process has 

recently been described18. 

 

2.4 Algal biofuel is promising but still cost-prohibitive  

Conversion of algae to biofuels circumvents several problems presented by land-based 

crops, but also presents its own challenges. First, photosynthetic microbes produce negligible 

levels of cellulosic polysaccharides19. The difficult task of degrading lignocellulose does not 

exist and will not limit overall energy efficiency. Second, photoautotrophic organisms may be 

grown in plastic-lined ponds which reduce environmental runoff from unused fertilizer20. An 

analogous setup cannot be established for terrestrial crops21. Third, photosynthetic microbes fix 

carbon at a much higher rate than terrestrial plants. The fastest carbon fixation rate measured in 

an algae pond was 40 g/m2/day22, while that of terrestrial plants has not risen above 1 g/m2/day 

20,22-25. 

However, algae harvesting remains an emergent technology. Algal growth research has 

yet to establish an inexpensive, closed system to replace open ponds and raceways which limit 

biomass growth due to contamination of predatory species26,27. Closed photobioreactors (PBRs) 

prevent contamination but are cost-prohibitive for current algal biofuels26,28,29. Furthermore, 

efficient means of harvesting algae remain unresolved. Currently, lipid is the component utilized 

for fuel production, which exacerbates the technical problems. The nutrient starvation period 
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required to bolster lipid content slows carbon sequestration and prolongs the growth period30-32. 

The reduced growth rate invites contamination and increases overall production costs. 

Furthermore, lipid processing requires dewatering and generates glycerol as a byproduct. A 

recently developed dewatering system33 offers advantages to the traditional centrifugation, 

flocculation, filtration and sedimentation methods23,34,35, but has not been fully developed for 

industrial operation30,42,43. Without recycling of ammonia38-40, loss of reduced nitrogen from 

algal protein is more significant than in terrestrial crops due to the higher protein content of these 

species36. Rise in algal biodiesel scale will expand the global nitrogen imbalance with further 

protein-rich byproduct creation.  

 

2.5 Protein-rich algae are a potential solution 

To solve many of the above-mentioned problems in algal biofuel production, utilizing 

protein instead of lipid appears to be an attractive solution. In this scenario, protein-rich algae are 

cultured in open ponds, harvested, and hydrolyzed to release short peptides and amino acids. The 

protein hydrolysates are then fed to a microbial culture, which deaminates amino acids and 

converts the carbon skeletons to fuels. The ammonia released is recycled for algae growth. This 

scheme has several advantages. First, enzymes are the machinery to fix CO2, making protein a 

self-renewing biomolecule. Lipids however, are energy storage molecules, and, as shown in 

Figure 2-2, higher lipid content correlates to lower biomass productivity. In Figure 2-2, literature 

data37 on growth rate and lipid content of different algae species was graphed to demonstrate the 

magnitude of carbon-fixation encumbrance in lipid-rich species. With lipid content around 40%, 

biomass productivity has been reported as low as 5 g/m2/day. However, protein-rich species with 

10% lipid content have grown in an open pond at almost 40 g/m2/day. Furthermore, protein 
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production does not require a 

nutrient starvation period as used 

for lipid-rich species36. This 

avoids the slower carbon fixation 

during nutrient limitation and 

allows for continuous fast CO2 

fixation and biomass growth with 

a high protein-content species. 

Second, the fast growth 

rate of protein rich microalgae enables their growth in inexpensive open pond systems. Fast 

growing species can thrive in open ponds with biomass productivity well beyond both protein-

poor algae and any land-based crops. It also avoids use of costly PBRs because fast-growth algae 

will be contamination-insensitive as they outgrow predators in rich media. Third, lignocellulose 

recalcitrance is not an issue with protein-rich algae as it is with terrestrial crops. Hydrolysis of 

peptides requires less energy than that of cellulose, allowing for efficient and easy extraction of 

protein with mild heat and protease treatments18. 

Most importantly, production of fuel from proteins releases reduced nitrogen and can 

therefore close the nitrogen cycle. Higher alcohols are derived from the carbon skeleton of amino 

acids following deamination. The released ammonium can serve as a fertilizer byproduct for 

subsequent feedstock growth18. 

 

 

 

Figure 2-2 Algal biomass productivity as a function of lipid content. 
Algal pond growth data (ref. 37) were converted from g/L/day to 
g/m2/day, assuming a pond depth is 0.1 m. The best fit to an exponential 
function (trend line) is shown. A lower lipid content increases biomass 
productivity. 
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2.6 Protein to fuel conversion requires engineering nitrogen flux 

Complete conversion of protein for fuel and chemical production requires host microbes to 

catabolize amino acids to produce metabolites. However, E. coli, a model fermentation and 

genetic engineering microbe, lacks complete utilization of amino acids18. To raise amino acid 

consumption, Huo, et al. performed random mutagenesis with selection by growth on individual 

amino acids as the sole carbon source. The resulting strain increased consumption to 10 amino 

acids. Transformation of the strain with the keto acid pathway for higher alcohol production38-44 

and fermentation in an amino acid media resulted in improved but still low biofuel titers of 170 

mg/l with high cell growth. 

To improve production, mutants were scanned with disruption of regulators that might be 

involved in carbon and nitrogen regulations. Interestingly, results revealed that disablement of 

quorum sensing signal re-uptake system increases fuel production threefold. This overshadowed 

production gains by the nitrogen and carbon regulation knockouts in the library which showed 

less-drastic titer increases. Although the underlying mechanism remains elusive, it is possible 

that the quorum sensing system may participate in managing the stress created by the fuel 

production.  

 While the regulatory system scan revealed the effects of quorum sensing, further fuel 

production could only be achieved by a driving force. Recent enhancement of 1-butanol 

synthesis by creation of artificial driving forces served as a model43. In protein to fuel 

fermentation, disruption of the cells’ highly efficient ammonia assimilation and establishment of 

transamination cycles drove consumption of amino acids towards completion18. Inactivation of 

glutamate dehydrogenase (gdhA) and glutamine synthase (gltB) eliminated the cell’s ability to re-

uptake the ammonia released by deamination of amino acids. This halted the reversibility of 
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amino acid degradation and forced deaminated carbon skeletons toward higher alcohol 

production. Additionally, free ammonia is excreted from cells as a byproduct. Further 

overexpression of three artificial transamination cycles expedited amine flux towards 

deamination reactions. The disruption of quorum sensing, three transaminase cycles, combined 

with irreversible ammonia release, boosted fuel production to over 4 g/l, or 56% maximum 

theoretical yield. 

 

2.7 Conversion of proteins to fuel enables nitrogen-neutral, sustainable biofuels 

With a high biofuel yield and excretion of ammonia as a byproduct, conversion of 

proteins to fuel regenerates nitrogen fertilizer. Figure 2-3a shows a conceptual process flow 

diagram to reapply ammonia for biomass growth in a combined protein and lipid biofuel process. 

Blue and red pathways respectively detail carbon and nitrogen cycles. All numbers are in units of 

millions tons yr-1, with the production of 130.6 million tons yr-1 of higher alcohols equal to 60 

billion gallons of biofuel. The minimal size of the open ponds needed for this volume of biofuels 

based on protein-rich microalgae growth is about 24,600 square kilometers, equivalent to 1.9% 

of the U.S. agriculture land37. Following biomass growth, the feedstock may be collected and the 

protein portion will be hydrolyzed. This scenario uses a lipid content of 10% for synthesis of 

biodiesel. Assuming consumption of 14 amino acids as previously demonstrated18, the protein 

may be consumed to generate 97.5 and 54.8 million tons yr-1 of biofuel and ammonia, 

respectively.  

Furthermore, protein from fermentation microbes may be consumed to enhance overall 

yields of the original feedstocks. Incorporating protein consumption into biofuel process designs, 

as shown in Figure 2-3a, recycles biomass by consuming the fuel producers to drive feedstock 
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utilization towards completion. All cells used in fermentation can be harvested in the same 

manner as the original feedstock. This may even be applied to cyanobacteria feedstocks 

engineered to directly produce higher alcohols themselves45-48. The cyanobacteria and other next-

generation fermentation microbes produced in these processes may be harvested as a protein 

source for further fuel synthesis. 

Figure 2-3 Process flow diagram and productivity advantages of an ideal biofuel process to generate 60 billion 
gallons of fuel per year. (a) The carbon and nitrogen flux is calculated based on the chemical component of biomass 
and biofuels. Carbon (blue) leaves the system as CO2 but is re-sequestered into biomass. Nitrogen (red) is recycled 
as ammonia fertilizer. In this ideal system, no nitrogen is lost and production does not depend on the Haber-Bosch 
process. All units are in million tons year−1, 130.6 million tons fuel year−1equals 60 billion gallons year−1. All the 
numbers are calculated for case study and are not real data from the current biofuel processes. (b) Comparison of 
total biofuel areal productivities by various biofuel production processes. Corn ethanol and algal biodiesel are shown 
in green and white, respectively. Protein-derived alcohol is shown in red. The effect of protein (c) and lipid (d)on the 
overall biofuel productivity through a combined protein–lipid process (red line) or lipid process only (blue line) 
based on the biomass productivity in Figure 2-2, and 90% of the theoretical conversion yield of protein or lipid to 
biofuels. The overall productivity of the protein–lipid process increases as protein content increases. 
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This process also reduces waste and environmental pollution with further consumption of 

each cell. Protein fermentation eliminates DDGS byproducts which imbalance the nitrogen 

cycle. Reapplication of the ammonia byproduct prevents eventual environmental runoff when 

used as an animal feed and lessens energy expenditure for fresh fertilizer from the Haber-Bosch 

process. Beyond microbes, societal waste of activated sludge from wastewater reclamation and 

animal refuse from slaughterhouses may be used as protein source. Both products find limited 

agricultural and food uses, but portions of each enter landfills49. Therefore consumption of both 

materials will help balance the nitrogen cycle and reduce garbage generation. 

Additionally, use of fast-growth protein-rich species will minimize areal requirements to 

meet biofuel demands. A comparison of total biofuel areal productivities in various processes is 

shown in Figure 2-3b18,50. The areal efficiency of corn ethanol and algal biodiesel fail in 

comparison to that of the proposed alcohol production from algal protein (algal lipid content is 

assumed as 40%). To characterize the effects of lipid and protein content on biofuel systems, fuel 

productivity for a combined protein-lipid process (Fig. 2-3a), assuming a 90% conversion of 

each component, is compared to a lipid-only process in Figures 2-3c and 2-3d. The red line 

represents the combined process and the blue line represents a lipid only process. Each trend is a 

regression fit based on lipid and protein contents of species in Figure 2-237,50. Productivity is 

maximized with the highest protein and lowest lipid contents. 

 

2.8 Conclusion 

The first reported consumption of protein to produce fuel and fertilizer by Huo, et al18 

presents a biofuel production process for closure of the nitrogen cycle. Fast-growing protein-rich 

algae serve as an inexpensive and rapid carbon-fixing feedstock. This fuel source can also be 
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supplemented with several other waste products to amplify fuel production. Most importantly, 

production of ammonia allows for recycling of fertilizer to minimize dependence on the Haber-

Bosch process. This in turn reduces environmental eutrophication and food-biofuel fertilizer 

competition. Scaling this process up to replace traditional biofuel production methods will lead 

to nitrogen neutral biofuels. 
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3 Protein-based biorefining: metabolic engineering for production of chemicals and fuel 

while regeneration of nitrogen fertilizers 

 

Threats to stable oil supplies and concerns over environmental emissions have pushed for 

renewable biofuel developments to minimize dependence on fossil resources. Recent biofuel 

progress has moved towards fossil resource-independent carbon cycles, but environmental issues 

regarding use of nitrogen fertilizers have not been addressed on a global scale. The recently 

demonstrated conversion of waste protein biomass into advanced biofuels and renewable 

chemicals, while recycling nitrogen fertilizers, offers a glimpse of the efforts needed to balance 

the nitrogen cycle at scale. In general, the catabolism of protein into biofuels is challenging 

because of physiological regulation and thermodynamic limitations. This conversion became 

possible with metabolic engineering around ammonia assimilation, intracellular nitrogen flux, 

and quorum sensing. This review highlights the metabolic engineering solutions in transforming 

those cellular processes into driving forces for the high yield of chemical products from protein. 

 

3.1 Introduction 

Concerns over the sustainability of fossil raw materials and greenhouse-gas emissions 

have led to broad research efforts for renewable energy production1. While in contrast, the 

rapidly growing global energy demand witnessed in the last century have been satisfied primarily 

with non-renewable fossil fuels2. Although recent advances have laid the foundation for a future 

powered by clean energy3-5, several technological bottlenecks currently prevent global-scale 

implementation of these processes as crude-oil replacements. 

Design of engineered microorganisms for conversion of biomass into renewable fuels6-8 

and chemicals9-11 remains an emergent and growing field, but these efforts did not address the 
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overall nitrogen cycles. From early developments in the conversion of corn and rapeseed oil into 

ethanol and biodiesel, to modern advances utilizing engineered, photosynthetic organisms and 

biosynthesis of advanced fuel molecules, all biofuel processes have relied on nitrogen fertilizers. 

The use of either ammonium or nitrate fertilizers for growth of both feedstock plants and 

bioconversion microbes must be minimized for biofuels to be economically and 

environmentally-sound on a global scale12. The need for high volumes of nitrogen fertilizer 

forces biofuel producers to directly compete with the agricultural industry for ammonium and 

nitrate salts, and leads to new environmental issues from releasing of reduced nitrogen 

compounds into the environment. The recently demonstrated conversion of protein biomass to 

fuels and ammonia has addressed this limitation and has presented a strategy to recycle nitrogen 

fertilizer and lower the demand for it in biofuel production and feedstock growth13. 

Recent reviews have discussed the biosynthesis of fuels and chemicals14-17, selection of 

production microbes18-20, and current dilemmas in metabolic engineering for chemical 

products21. In this review, we comment on the need to minimize nitrogen consumption and 

describe the technical and metabolic engineering challenges that must be overcome to drive 

fertilizer regeneration via protein conversion. 

 

3.2 Use of nitrogen fertilizers in biofuel production creates deleterious environmental 

emissions 

 In principle, biofuel production from either plant feedstocks or photosynthetic microbes 

closes the global carbon cycle by recycling CO2. However, current biofuel processes exacerbate 

environmental accumulation of non-carbon pollutants, such as those derived from nitrogen22. 

Growth of microbial biocatalysts and feedstock plants requires nitrogen fertilizers, but the 
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fertilizers are not reused23.Currently, all synthetic nitrogen fertilizers are initially derived from 

atmospheric dinitrogen by the Haber-Bosch process 24. The leakage of nitrogen fertilizers into 

the environment from this process causes significant accumulation of often-ignored nitrogenous 

greenhouse gases22. 

Nitrogen compounds produced by ammonium and nitrate enter the environment through 

erosion, aquatic runoff, oxidation to gases, and evaporation (Fig. 3-1). Estimates suggest 

agriculture and biofuel-feedstock crops assimilate less than half of applied nitrogen fertilizers25, 

leaving the remainder to leak into the environment. Ecologically-devastating harmful algal 

blooms26 and public health problems like blue baby syndrome27 have resulted from excess nitrate 

and ammonium pollution. 

Furthermore, oxidation of 

fertilizers, either directly 

via farmland or through 

waste of livestock that are 

fed fermentation 

byproducts (e.g. distiller’s 

dried grains with 

solubles, DDGS,28), have 

raised nitrous oxide 

emissions29. As a potent 

greenhouse gas 300 times 

more deleterious than 

CO2
30, the production of 

Figure 3-1 The imbalanced flow of nitrogen and proposed method to recycle 
fertilizers by converting protein into fuels and ammonia. Currently, biofuel 
production closes the carbon cycle by recycling CO2, but nitrogen fertilizers, 
derived from N2 by the Haber–Bosch process, leak into the environment through 
erosion, aquatic runoff, evaporation, and oxidation 
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nitrous oxide, as a result of fertilizer use, counteracts clean aspects of renewable, liquid fuels. 

Green energy must prevent such nitrogenous pollution. 

The conversion of protein into biofuels represents the first process to produce fuel and 

ammonia together in an effort to minimize dispersion of biologically-reduced nitrogen. In the 

catabolism of proteins, amino acids are degraded to a carbon skeleton and ammonia. The carbon 

may be converted into fuels or chemicals, and the ammonia is a useable fertilizer. Reapplication 

of this ammonia to subsequent feedstock growth minimizes the need for the energy-intensive and 

environmentally challenging Harbor-Bosch process (Fig. 3-1). This provides a first step to 

closing the global nitrogen cycle. 

 

3.3 Metabolic hurdles hinder conversion of protein into renewable chemicals 

Several barriers exist that prevent high conversion of protein biomass into chemical 

products. First, thermodynamic forces limit conversion of amino acids into nitrogen and carbon 

compounds. The transamination and deamination of amino acids are highly reversible enzymatic 

reactions31. Microbes have evolved physiological regulatory mechanisms to utilize this 

thermodynamic principle to favor amino-acid anabolism, and, therefore a high conversion of 

amino acids to chemical products may only be achieved by engineering metabolism around such 

endogenous control. Second, microbes have evolved to grow and divide as quickly as possible to 

ensure culture survival. Therefore, with rich nutrients of protein that serve as both a carbon and 

nitrogen source, cells may grow very dense and produce negligible titers of chemical products. 

However, the absence of carbohydrates in protein-rich medium may also trigger species-specific 

responses, such as quorum sensing, that may limit protein consumption. Third, protein contains 

20 different amino acids, which upon deamination, create a variety of carbon skeletons that may 
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be funneled into numerous products. However, high yields of desired products from protein may 

only be obtained with tactful metabolic engineering to direct multifaceted-carbon flux where it is 

desired.  

 

3.4 Thermodynamic barriers limit natural amino acid conversion 

Deamination is the first step in 

amino acid conversion. Amino acids are 

both directly deaminated to release 

ammonia and indirectly deaminated via 

transamination (Fig. 3-2a and Table 3-

1)32. Transamination involves the 

transfer of the amine group to a 2-

ketoglutrate (2Kg), which forms 

glutamate. Furthermore, although free 

ammonia produced by direct deamination of Thr, Gly, Cys, Asn, Gln, Arg, and Pro regenerates 

nitrogen fertilizer, microbes quickly assimilate it through either glutamate dehydrogenase (GDH) 

or glutamine synthetase (GS),(Figure 3-2a, 3-3)23. Both glutamate and glutamine serve as amine 

donors to form other amino acids, such as Asp, Ala, Ile, leu, Val, and Ser (Fig. 3-2b) ,and 

thereby prevent separation of ammonia as a chemical product. 

High conversions of protein require engineering metabolic flux towards deamination 

products, but the rapid re-uptake of ammonia and reversibility of transaminase enzymes 

encumbers simple solutions to circumnavigate this issue13. Microbes have evolved regulatory 

mechanisms to utilize this reversibility in favor of amino acid anabolism. Cells maintain high 

Table 3-1 Amino acid deamination routes of E. coli (ref. 32) 
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levels of intracellular glutamate relative to 2KG and other amino and alpha-keto acids31. 

Therefore, the ratio of amino acids and glutamate is below thermodynamic equilibrium and, 

when coupled with rapid ammonia assimilation and reversibility of transaminase, allows for 

Figure 3-2 The natural flux of nitrogen in amino acid metabolism. (a) Example amino acid degradation routes show 
both direct deamination to produce ammonia and transamination to synthesize glutamate. (b) The amine group from 
excess glutamate, which microbes have evolved to maintain, is diverted towards synthesis of several other amino 
acids (shown in highlighted circles) from α-keto acids (shown in plain text). (c) Transamination/deamination cycles 
engineered to bypass natural nitrogen flux and enhance direct deamination of amino acids. KMV 2- 
ketomethylvalerate, KIC 2- ketoisocaproate, Pyr pyruvate, KIV ketoisovalerate, OAA oxaloacetate, 3PHP 3- 
phosphohydroxypyruvate, 3PSer 3-phosphoserine 
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quick re-amination of available α-keto acids. The synthesis of amino acids from α-keto acids 

such as pyruvate (pyr), oxaloacetate (Oaa), ketomethylvalerate, and 3-phosphohydroxypyruvate 

(3PHP) will remained favored in a protein-rich medium where cells have excess nitrogen (Fig. 3-

2b). 

Therefore, even when deamination of some of the amino acids releases ammonia, the 

GDH and GS will quickly assimilate free ammonia when present in excess31. In E. coli, 

disruption of gdhA and glnA disabled ammonia assimilation and boosted both ammonia and 

biofuel production13. A production strain with gdhA and glnA knockouts and overexpression of 

the keto-acid pathway for alcohol production reached 13% the maximum theoretical yield of 

biofuels from a protein rich medium; more than 4-fold that of a wild-type strain with ammonia 

assimilation.  

In E. coli, deamination only works for the 7 amino acids shown in Fig 3-2a. Even when 

the ammonia re-uptake reactions are inactivated to drive the reaction towards ammonia release, 

the remaining amino acids remain unaffected. Thus, creating non-native cycles to couple 

transamination reactions to direct deamination becomes necessary to drive consumption of 

amino acids to bypass endogenous regulatory mechanisms. Huo et al. established 3 such cycles 

using both heterologous and native enzymes of E. coli. The first of such cycles utilized direct 

deamination of the branched-chain amino acids with leucine dehydrogenase (LeuDH) of 

Thermoacetomyces intermedius33. LeuDH directly deaminates the branched-chain amino acids 

(BCAAs), leucine, isoleucine, and valine, to form the corresponding α-keto acids and 

ammonia34. The resulting branched-chain, α-keto acids may be recycled as amine acceptors from 

IlvE to drive ammonia release from Glu (Fig. 3-2c). This reverses the favored direction of 

transaminases such as those used in synthesis of Ala and Asp, to drive nitrogen flux towards 
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deamination and bypass natural regulation which attempts to shift ammonia from excess 

glutamate towards synthesis of other amino acids. 

Two more transamination and deamination cycles were built with pyruvate as the α-keto 

acid which accepts ammonia via transamination (Fig. 3-2c). One such cycle utilizes valine 

produced by IlvE. The amine group of valine may be transferred to pyruvate by AvtA35. This 

reaction forms alanine, which may be directly deaminated by sequential reactions of DadX and 

DadA36. The pyruvate product of DadA reaction completes the cycle as it may again serve as an 

amine acceptor following release of ammonia. The final cycle (Fig. 3-2c) uses the serine 

biosynthesis pathway in which PpsA, Eno, GpmA, and SerA convert pyruvate to 3PHP. 3PHP is 

aminated by SerC to form 3-phospho-serine (3PSer), which is dephosphorylated to serine37. 

Activity of SdaB deaminates38 serine back into pyruvate to complete the cycle. 

As discussed above, while these three cycles combine to drive nitrogen flux away from amino 

acid anabolism and towards deamination, they are futile without disablement of ammonia 

assimilation (Fig. 3-3). When gdhA and glnA knockouts were combined with overexpression of 

the three transamination cycles and the keto-

acid pathway, titers reached 4 g/l, or 56% 

the theoretical maximum yield. Therefore, 

inactivation of ammonia uptake system as 

well as creating transamination-deamination 

cycles are essential to effective utilization of 

amino acids as carbon sources for product 

formation while releasing ammonia. 

 

Figure 3-3 Ammonia assimilation routes in amino acid 
biosynthesis. Glutamate dehydrogenase aminates 2KG to 
form glutamate, and glutamine synthetase aminates 
glutamate to form glutamine. Both amino acids serve as the 
amine donors for the remainder of amino acid biosynthesis 
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3.5 Physiological regulation stunts chemical production 

 In addition to the above challenges in amino acid catabolism, many physiological  

regulatory mechanisms prevent effective utilization of amino acids for product formation. As 

both a carbon and nitrogen source, protein and amino acids serve as an excellent growth nutrient. 

However, a microbe’s capacity for growth must be overcome to funnel carbon and nitrogen flux 

to desired products. The first example of fighting growth for production was already seen in re-

assimilation of ammonia, where GDH and GS must be disrupted allow ammonia secretion and to 

curb growth. On the other hand, organisms must also be engineered for a higher uptake of amino 

acids. For example, wild type E. coli has limited ability to utilize amino acids: it is only capable 

of growth on 5 individual amino acids as the sole carbon source13. Huo et al. selected for E. coli 

capable of growth on amino acids which wild-type E. coli could not utilize. Serial selection on 

single amino acids developed a final strain which exhibited growth on 14 amino acids 

individually and 2.4-fold more biofuel production than the wild type strain. 

 In addition to improving amino-acid consumption, cells may also require a bypass of 

endogenous quorum sensing if activated by an absence of carbohydrate. The role of quorum 

sensing in biofuel production was previously unexplored despite well-understood molecular 

signals and transcriptional profiles39. Quorum sensing responses vary by species, leading to 

sporulation and genetic competency in gram-positive strains and growth hindrance in gram-

negative strains40. Despite varying triggers, nutrient depletion initiates most responses. 

 In E. coli, quorum sensing activates upon depletion of carbohydrates, and has been 

shown to affect transcription of over 5% of all genes41. Previous synthetic biology research has 

integrated quorum sensing into genetic logic circuits42-44, but prior work had not harnessed it to 

enhance biofuel production. In an E. coli gene-deletion scan examining the influence of single-
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gene knockouts on protein-to-fuel conversion, Huo et al. showed that disruption of quorum 

sensing, by knocking out either luxS or lsrA, greatly enhances biofuel yields. A production strain 

without lsrA synthesized 950 mg/l of combined biofuels; increasing the yield4.5-fold13. 

Additionally, the lsrA-deletion strain grew to twice the density as wild type.  

The simultaneous increase in growth and production upon disruption of quorum sensing 

suggests that protein-to-fuel conversions are growth-dependent processes. Quorum sensing, 

possibly activated in this culture by depletion of carbohydrates, may inhibit cell growth in a 

protein-rich medium. To capitalize on such a growth-dependent process, metabolic engineering 

must alter such endogenous regulation to favor production over growth. 

 

3.6 Full utilization of amino acids will produce a large mixture of chemicals 

The complex combination of carbon skeletons presented by the natural mixture of amino 

acids presents a challenge to synthesizing a single product in a high yield. The various amino-

acid side chains range from simple hydrogen of glycine to the more complex indole-containing 

group of tryptophan. High product yields from amino acids must take into account these different 

chemical structures and design a route to convert as many as possible to marketable chemicals. 

Several biosynthetic routes to chemical products can utilize amino-acid catabolism products 

(examples in Table 3-2 and discussed below), but tactful metabolic engineering must combine 

these ideas, alongside elimination of competing pathways45,46 and proper alignment of 

cofactors4,47, to see high yields from protein. 

α-Keto acids are the deamination products of amino acids and also serve as the entry 

point to several biosynthetic pathways. The deaminase LeuDH, as used in one of the 

transamination/deamination cycles (Fig. 3-2c), converts branched-chain amino acids valine, 



29 
 

leucine, and 

isoluecine to 

KIV, KIC, 

and 

ketomethylv

alerate 

(KMV), 

respectively. 

These α-keto 

acids enter 

the Ehrlich 

pathway for 

production of the gasoline-replacement molecules isobutanol, 2-methylbutanol, and 3-

methylbutanol48-50 (Fig. 3-4). Previous engineering in E. coli has been applied to achieve high 

titers of each product from glucose. Furthermore, threonine and methionine may be converted by 

to 2-ketobutyrate through threonine dehydratase and methionine gamma lysase, respectively. 

Acetohydroxy acid synthase (AHAS) condenses 2-ketobutyrate and pyruvate in isoluecine 

biosynthesis, and also produce KMV en route to the fuel molecule 2-methylbutanol through the 

Ehrlich pathway49. Furthermore, hybrid “bio-catalytic conversions” of branched-chain α-keto 

acids to aliphatic ketones enables synthesis of these robust, synthetic-chemistry building 

blocks51. 

The remaining transamination/deamination cycles produce pyruvate in place of branched-

chain keto acids, which connects amino acid conversion to central metabolism. The link to 

Table 3-2 Example amino acid conversion products 



30 
 

central metabolism provides unlimited routes 

for use of the carbon skeletons from alanine, 

cysteine and serine. Two pyruvate molecules 

may be condensed by AHAS to form 

acetolactate and reduced and converted to KIV 

by ilvCD (Fig. 3-2) toward biosynthesis of the 

fuel molecule isobutanol, or directed towards 

the chemical building blocks isobutyric acid, 

imines, and acetals13,52. Additionally, 

acetolactate produced by AHAS can be 

diverted to the products acetoin, isobutene, and 

2,3-butanediol53-55. However, use of pyruvate 

extends well beyond AHAS-based routes. 

Pyruvate serves as a starting point in synthetic routes to a variety of compounds, including anti-

malarial drug artemisinin, the solvent acetone, isoprenoids and alkane fuels, and food and 

perfume additives derived from n-butyrate9,56-59. 

Central metabolism is again linked to amino acid catabolism through TCA-cycle 

intermediates that result from amino acid degradation. Asparaginase deaminates asparagine to 

aspartate, and aspartate transaminase produces oxaloacetate (OAA) from aspartate32. OAA can 

be diverted to TCA-cycle metabolites succinate and citrate as chemical products. Furthermore, 

more detailed biosynthetic routes can convert OAA to the 1,4-butanediol, gamma-butryolactone, 

pyrrolidinone, n-methylpyrrolidone, itaconate, and tetrahydrofuran13,60-62. Additionally, 

degradation of arginine, proline, histidine, glutamate, and glutamine leads to 2KG. 2KG may be 

Figure 3-4 The Ehrlich pathway for alcohol production 
in relation to amino acid metabolism. The synthesis of 
isobutanol from valine is provided as a concrete example 
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converted the artificial amino acid homoalanine, used in the pharmaceutical industry, or to the 

gasoline additive 1-propanol63,64. 

Similar to connections with central metabolism, the aromatic amino acids serve as 

platforms for conversion to a myriad of chemical products. Pharmaceutical intermediates 

homophenylalaine and tyrosol may be synthesized from phenylalanine and tyrosine, 

respectively65,66. Phenylalanine may also be converted to phenylethanol67. Several other aromatic 

compounds have been synthesized or proposed from phenylalanine and tyrosine, but their 

structural similarities may present a challenge to creating the single desired product68. Both 

amino acids share aminotransferases, and their corresponding α-keto acids will be produced 

simultaneously. Therefore, whichever pathway consumes the α-keto acid must distinguish 

between keto-phenylpyruvate and 4-hydroxyphenylpyruvate to avoid a downstream mixture of 

products. 

The indole side group of tryptophan leads itself to several marketable chemicals. 

Common tryptophan degradation produces pyruvate, ammonia, and indole through 

tryptophanase, but several other pathways exist69. Natural pathways for production of the 

pharmaceutical intermediates tryptamine and indole-3-ethanol convert tryptophan into a higher-

value product32. However, its low occurrence relative to other amino acids and the potential 

toxicity of indole limit its practical uses70,71. 

Conversion of lysine presents a unique challenge due to its independence from other 

amino acids. Naturally, several microbes decarboxylate lysine into cadaverine (1,5-

diaminopentane)72. The chemical structure of lysine may also allow for its conversion to adipic 

acid73. Both molecules serve as platform chemicals for renewable polymers. Additionally, the 

uncommon lysine fermentation pathway may be used for n-butanol, ethanol, and n-butyrate 
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production, but it consists of several enzymes whose expression in a foreign production host, 

along with other enzymes, presents a metabolic challenge for high-efficiency conversions74.  

Numerous pathways exist to convert amino acids into marketable chemicals, but 

unification of their conversion towards common products is limited. The metabolic network 

established by Huo et al combined conversion of 14 amino acids into the fuel molecules 

isobutanol, 2-methylbutanol, 3-methylbutanol, and ethanol. However, non-fuel products, 

including both pharmaceutical ingredients and platform chemicals, would require a high purity. 

Utilization of all amino acids necessitates overexpression of many enzymes the cells may be 

metabolically burdened, and complex, multistep separation processes may be needed for high-

quality products. New strategies must be devised to unify amino-acid conversion to avoid such 

situations 

 

3.7 Conclusion 

Protein is a common by-product of biofuel production, either from plant biomass or from 

algae. The conversion of protein biomass into marketable chemicals may renewably synthesize 

several platform and fuel chemicals and may move towards closure of the global nitrogen cycle. 

The challenges of thermodynamic barriers in the conversion of amino acids, growth and 

utilization of protein by microorganisms, and tactful selection of carbon-based products to avoid 

cost-prohibitive separation while utilizing the entire feedstock must be addressed in strain 

engineering to develop this technology. Initial success has been reported, but more work remains 

for large-scale production. 
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4 Consolidated conversion of protein waste into biofuels and ammonia using Bacillus 

subtilis 

 

The non-recyclable use of nitrogen fertilizers in microbial production of fuels and 

chemicals remains environmentally detrimental. Conversion of protein wastes into biofuels and 

ammonia by engineering nitrogen flux in Escherichia coli has been demonstrated as a method to 

reclaim reduced-nitrogen and curb its environmental deposition. However, protein biomass 

requires a proteolysis process before it can be taken up and converted by any microbe. Here, we 

metabolically engineered Bacillus subtilis to hydrolyze polypeptides through its secreted 

proteases and to convert amino acids into advanced biofuels and ammonia fertilizer. Redirection 

of B. subtilis metabolism for amino-acid conversion required inactivation of the branched-chain 

amino-acid (BCAA) global regulator CodY. Additionally, the dihydrolipoamide acyltransferase 

(bkdB) was deleted to prevent conversion of branched-chain 2-keto acids into their acyl-CoA 

derivatives. With these deletions and heterologous expression of a keto-acid decarboxylase and 

an alcohol dehydrogenase, the final strain produced biofuels and ammonia from an amino-acid 

media with 18.9 and 46.6% of the maximum theoretical yield. The process was also 

demonstrated on several waste proteins. The results demonstrate the feasibility of direct 

microbial conversion of polypeptides into sustainable products.  

 

4.1 Introduction 

Development of sustainable energy and chemical-production technologies from 

renewable feedstocks has become important to mitigate global climate change1,2. However, such 

efforts have often not taken full consideration of the impact of anthropogenic nitrogen pollutants 

resulting from non-renewable use of fertilizers3. To date, much research and process 
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development has focused on the production of biofuels from sugar-based feedstock4-9, cellulosic 

bio-refining7,10, and direct conversion of CO2
11-14 by metabolic engineering of microbes7,15,16. 

These processes require nitrogen fertilizers derived from the energy-intensive, Haber-Bosch 

process17, and do not regenerate or recycle them. The bulk of such fertilizers is fixed into protein 

wastes and eventually degrades to nitrous oxide and other environmental hazards18-20. 

Reclamation of nitrogen fertilizers from protein biomass will minimize the nitrogen impact of 

next generation energy and chemical production. 

Protein can be converted back into microbial central metabolism through deamination of 

amino acids. This catabolic reaction produces free ammonia and 2-keto acids. Free ammonia is 

re-assimilated and used for synthesis of all nitrogenous metabolites. 2-Keto acids are consumed 

according to the host strain’s metabolic capabilities. Metabolic engineering may enable secretion 

of ammonia as fertilizer and 2-keto acid flux may be shuttled to a myriad of marketable 

chemicals3. Previously, this was demonstrated with conversion of waste proteins by Escherichia 

coli (Fig. 4-1)21. While this demonstration successfully reclaims reduced-nitrogen by consuming 

protein, a proteolysis pre-treatment step is required to degrade polypeptides into hydrolysates 

which E. coli can uptake. This step reduces overall process productivity and profitability, thereby 

hindering scale up of this protein conversion process. 

Consolidated protein conversion combining polypeptide hydrolysis and amino acid 

conversion into a single step with the protease-secreting microbe Bacillus subtilis may simplify 

this process for industrial integration (Fig. 4-1). However, with branched-chain alcohols as 

products and branched-chain amino acids (BCAAs) amongst the substrate mixture, modification 

of B. subtilis’ unique BCAA-dependent regulation was required. Here, we report our metabolic 

design of B. subtilis for a consolidated protein-conversion process. This strategy enhances  
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nitrogen flux and biofuel synthesis via modified global regulation with minimal heterologous 

overexpression. 

 

Figure 4-1 continued on next page 
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Figure 4-1 Consolidated conversion of protein by Bacillus subtilis: metabolic network and polypeptide hydrolysis. 
(A) Extracellular proteases produced by B. subtilis hydrolyse polypeptide bonds. In B. subtilis, 2-keto acids are 
generated through both anabolism and catabolism of valine, leucine and isoleucine, which yields 2-ketoisovalerate 
(KIV), 2-ketoisocaprate (KIC) and 3-ketomethylvalerate (KMV), respectively. The initial step of BCAAs anabolism 
utilizes pyruvate condensation reaction followed by sequential reactions catalyzed by the enzymes in the ilv-leu 
operon. In this pathway, global transcriptional regulator CodY binds to BCAAs and together represses the 
transcription of ilv-leu oepron by negative feedback. The inactivation of CodY protein up-regulated AHAS and 
enzymes in Ilv-leu operon. (B) The liberation from CodY-dependent regulation de-repressed deamination cycle 
through YbgE, and additional expression of LeuDH accelerated deamination cycles simultaneously; Red, 
overexpressed enzymes; Green, de-repressed enzymes; Black, native enzymes (C) Degradation of BCAAs in B. 
subtilis involves a branched-chain 2-keto acid dehydrogenase complex (BCKDC). It converts BCAAs into acyl-CoA 
derivatives irreversibly. This enzyme complex is composed of three catalytic components: alpha-ketoacid 
dehydrogenase (BkdA), dihydrolipoyl transacylase (BkdB), and dihydrolipoamide dehydrogenase (IpdV). 
Inactivation of BkdB led to accumulation of 2-keto acid pool, there by reaching highest titers of higher alcohols and 
ammonia. The heterologous expression of Ehrlich pathway enzymes lead to production of higher alcohols from 
branched chain 2-keto acids. (D) The proteolytic activities of secreted proteases against polypeptides were measured. 
(E) Growth curves of E. coli and B. subtilis on various polypeptides.  
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4.2 Materials and Methods 

 

4.2.1 Reagents 

Yeast Extract, Peptone and Trypticase Peptone were purchased from BD Biocience 

(Technical, BactoTM). Amino acid standard mixture (0.25 nmol/μl), o-phtaldialdehyde (OPA 

Reagent) and FMOC Reagent were purchased from Agilent. PCRs were performed with KOD 

Xtreme Hot Start DNA Polyermase purchased from EMD Millipore. All additional chemicals 

and reagents were obtained from Sigma-Aldrich.  

 

4.2.2 Strains and Plasmids 

B. subtilis 168 (1A1) was obtained from the Bacillus Genetic Stock Center (BGSC). E. coli 

XL1B (Agilent) was used for plasmid cloning and as E. coli biomass. S. elongatus was obtained 

from Lan, et al.22. Plasmids pHCMC0523 and pDG148-Stu24 were obtained from BGSC. The 

ΔrocG, ΔgudB, ΔglnA deletions were constructed using a previously reported marker-free 

deletion method25. ΔcodY, ΔbkdB and ΔcodYΔbkdB strains were constructed by integrating 

antibiotic coding sequences through chromosomal double crossover by homologous 

recombination (primer sequences are in Appendix A). The plasmid (pKY2) expressing 

transamination cycle (IlvE, AvtA and sdaB) was constructed in pHCMC05 B. subtilis under the 

control of Pspac promoter. Isobutanol pathway genes (alsS, ilvC and ilvD) and deamination-

Ehrlich pathway genes (leuDH from Thermoactinomycetes intermedius, kivD from Lactococcus 

lactis, and yqhD from E. coli), which were used for construction of KY1, KY2, KY5 and KY7 

strain, were constructed in pDG148-StuI expression vector under the Pspac promoter. Plasmid 

pKY11 was designed with lueDH, kivD, and yqhD each expressed monocistronically behind the 
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Pspac promoter in the pHCMC05 cloning site. A list of the plasmids and primers are given in 

supplementary Appendix A. All genes were cloned from host organisms as previously reported21. 

 

4.2.3 Culture Medium and Conditions 

Amino acid media (4% Yeast extract media) was prepared by mixing 40 g/L BD bacto yeast 

extract (containing 21.64 g/L amino acids, 4.48 g/L ash, 3.05 g/L various salts, 1.24 g/L H2O as 

well as 6.53 g/L carbohydrate) with M9 salts (6.3 g/L NaHP4, 3.0 g/L KH2PO4, 0.5 g/L NaCl, 24 

mg/L MgSO4, 2.2 mg/L CaCl2 and 2 mg/L vitamin B1 per liter water) as done previously21. 4% 

polypeptides media were 40 g/L BC bacto peptone, trypticase peptone or casein. Spectinomycin 

(100 μg/mL), chloramphenicol (5 μg/mL) and erythromycin (1 μg/mL) were added as 

appropriate. Seed-culture in test tubes containing 2 ml of medium was incubated at 37 0C 

overnight on a rotary shaker (250 r.p.m.). 2% of overnight culture was inoculated into 20 mL of 

fresh medium in a 250 ml screw-cap conical flask. Cells were grown at 37 0C until OD 600nm 

reached 0.6, and were then induced with 3 mM of isopropyl-β-D-thiogalactoside (IPTG). To 

obtain cell mass as protein source, E. coli was grown in Terrific Broth and Synechococcus 

elongatus PCC7942 was grown in BG-11 medium until obtaining enough cell mass21. After 

harvest, the cells were washed twice with distilled water in order to remove cell waste. Cell 

biomass was sterilized by autoclave (121°C, 15 psi for 30 min). After sterilization, the cell 

biomass was collected and filtered to obtain soluble protein biomass. From 2 L fermentation of 

each organism, we usually obtained approximately 1.0 g of soluble protein biomass (50 mg 

biomass/g DCW). Finally, protein concentration was adjusted to 21.6 g/L and use directly for 

protein conversions.  
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4.2.4 Enzyme Assay 

QuantiCleaveTM Protease Assay Kit (Thermo Scientific) was used for extracellular 

protease activity assay. The cells were incubated in each 4% polypeptide media and the 1 mL 

aliquots of supernatant samples were prepared for protease activity assay following 

manufacturer’s procotol. For crude extract enzyme assay of AHAS and IlvC, wild-type and 

ΔcodY strains were grown at 30 0C in 10 mL 4% yeast extract for 12 hrs. Crude extract was 

prepared by harvesting cells followed by lysozyme treatment (20 mg/mL, 37 0C, 1hr), then by 

centrifugation at 4 0C. Total protein concentration was measured by Bradford assay kit from Bio-

Rad. For crude extract enzyme assay of LeuDH, KivD and YqhD, B. subtilis ΔcodYΔbkdB strain 

with or without pKY11 plasmid was prepared as stated above. Enzyme assays of AHAS, IlvC, 

LeuDH, KivD and YqhD were described elsewhere21.  

 

4.2.5 Quantification of alcohols, amino acids, and ammonia 

Ethanol, isobutanol, 2-methylbutanol, and 3-methylbutanol were quantified using a gas 

chromatogram with the method of Lan, et. al 2013. Amino acids were quantified by HPLC using 

a ZORBAX Eclipse AAA column and derivatization with OPA and FMOC reagents (all 

components and protocols from Agilent). NH4
+ concentrations were measured by a NeuLog 

Ammonium Ion-Selective Sensor System. 

 

4.2.6 Calculation of the maximum theoretical yields 

Maximum theoretical yield of biofuels from amino acids was determined as previously 

described21. 4% yeast extract (amino acids) media has a maximum theoretical yield of biofuels 

equal to 7.21 g/L. Maximum theoretical yield of ammonia was determined from the 
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manufacturer (BD Biosciences) as given on the Certificate of Analysis. Amino acid media has a 

maximum theoretical yield of 4.72 g/L (4.4 g/L from 40 g/L yeast extract and 0.32 g/L from M9 

salts).  

 

4.3 Results 

 

4.3.1 Extracellular protease activity from B. subtilis 

Conversion of protein biomass into higher alcohols and ammonia requires in vitro 

addition of proteases to hydrolyze polypeptides. B. subtilis 168 secretes a potent mixture of free 

and membrane-bound extracellular proteases, thereby making consolidated conversion of protein 

feasible (Fig. 4-1A). Previous studies with E. coli used yeast extract as the protein source. Over 

70% of yeast extract protein is free amino acids, and another 20% consists of di- and tri-peptides 

that may still be taken up by E. coli. B. subtilis 168 proteolysis capabilities were investigated by 

measuring protease activities against model polypeptides: peptone, trypticase peptone, and 

casein. All three materials are derived from milk protein. Casein consists entirely of long 

polypeptides. Peptone and trypticase peptone contain the majority of protein as penta-peptides or 

longer and less than 35% of protein present as free amino acids. 

Secreted proteases in cell-free fermentation broth exhibited a degree of specificity with 

respect to the hydrolysis of polypeptide substrates. In peptone, trypticase peptone, and casein 

media, secreted protease activity reached 1.15 ± 0.43, 2.49 ± 0.68 and 4.32 ± 0.31 U/mg DCW 

(Dry Cell Weight), respectively (Fig. 4-1D). These enzymatic activities were standardized and 

equivalent to Trypsin concentrations of 14.2 ± 5.3, 31.8 ± 8.7 and 25.1 ± 1.8 mg Trypsin/g 

DCW. Additionally, B. subtilis grew on each polypeptide and microbial protein biomass as the 

sole nitrogen and carbon source, while E. coli BL21 did not (Fig. 4-1E). These results indicate 
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that extracellular proteases are significantly active and enable B. subtilis to grow directly from 

polypeptides. 

 

4.3.2 Driving de-amination of amino acids 

Catabolism of amino acids produces free ammonia as a product. Initial studies in E. coli 

revealed the necessity of disabling free-ammonia assimilation to drive high-yielding conversion 

of amino acids21. In E. coli, this was accomplished with disruption of glutamate dehydrogenase 

(GDH) and glutamine synthetase (GS). E. coli’s genome encodes a single homologue of each 

enzyme class (e.g. gdhA, glnA), and the gene products are known to have only enzymatic and not 

regulatory roles in the cell26. 

 Ammonia assimilation in B. subtilis differs from E. coli in both the enzymes involved and 

the global regulation, and therefore required different genetic manipulations to force amino acid 

consumption (Fig. 4-2A and B). Several initial strains were constructed to evaluate ammonia 

production (Table 4-1). The first genetic manipulation systematically studied the role of each 

ammonia-assimilation enzyme class, GDH and GS, on NH3 production. Deletion of both GDHs 

(rocG, gudB) and GS (glnA) led to production of 1.02 ± 0.06 and 1.18 ± 0.08 g/L NH3, 

respectively (Fig. 4-2B). When all three genes were   and slower growth present concerns for 

further metabolic engineering of this strain. This may be attributed to the dual regulatory and 

enzymatic roles of GlnA that are not observed in E. coli, or metabolic imbalances of GDH 

disruption27. Regardless of the cause, the lower ammonia production and slower growth present 

concerns for further metabolic engineering of this strain. 
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To develop a new background strain, both the role of global regulators, BCAA-catabolic 

enzymes, and transaminases were investigated. The nitrogen-sensing regulator TnrA up- 

regulates nitrogen uptake genes and represses central-carbon metabolism genes27-29. Deletion of  

Figure 4-2 Expression of BCAA biosynthesis is regulated by the global regulator CodY in B. subtilis, and its 
deletion enables high yields of nitrogen from protein. (A) CodY binds BCAAs then represses transcription of the 
ilv-leu oepron via negative feedback. (B) NH3 production from different strains of B. subtilis. Strain ΔN lacks both 
GDHs and GSs (i.e. ΔglnAΔrocGΔgudB). Inactivation of nitrogen-sensing regulator TnrA did not help ammonia 
production, but its overexpression did. Inactivation of global regulator CodY did improve ammonia production. 
Further disruption of BkdB and expression of the Ehrlich pathway improved biofuel production to >2 g/L and 46% 
the maximum theoretical yield. (C) Ilv-leu operon structure and CodY-dependent changes in enzymatic expression. 
Under BCAA-rich conditions, the ilvBH (encoding AHAS), and ilvC and were observed to be highly activated 
compared to those in wild-type strain by inactivation of CodY regulator. These enzymes help are key components of 
higher alcohol biosynthesis. (D) Higher alcohol production comparison between B. subtilis wild type, ΔN, and 
ΔcodY overexpressing LeuDH, KivD, and YqhD. 
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Table 4-1 Higher alcohols (C≥4) production in B. subtilis from a yeast extract medium 
No. Host strain Genes overexpressed Genes deleted Biofuel 

C≥4 (g/L) 
NH3 
(g/L) 

Remarks 

(1) B. subtilis 168 None None 0 0.45 ± 
0.02 

Wild-type 

(2) ΔrocGΔgudB None ΔrocGΔgudB 0 1.02 ± 
0.06 

(1) + GDH deletion 

(3) ΔglnA None ΔglnA 0 1.18 ± 
0.08 

(1) + GS deletion 

(4) ΔN None ΔrocGΔgudBΔglnA 0 0.75 ± 
0.07 

(1) + Ammonia 
assimilation deletion 

(5) ΔtnrA None ΔtnrA 0 0.34 ± 
0.08 

(1) + Global regulator 
deletion 

(6) TnrA tnrA None 0 1.24 ± 
0.17 

(1) + Global regulator  

(7) ΔcodY None ΔcodY 0 1.26 ± 
0.10 

(1) + Global regulator 
deletion 

(8) ΔbkdB None ΔbkdB 0 0.47 ± 
0.05 

(1) + bkdB (BCKDC E3) 
deletion 

(9) ΔcodYΔbkdB None ΔcodYΔbkdB 0 1.35 ± 
0.16 

(7) + bkdB (BCKDC E3) 
deletion 

(10) KY2 ilvE, avtA, sdaB None 0 0.94 ± 
0.15 

(1) + Transamination 
cycle 

(11) KY1ΔN kivD,yqhD ΔrocGΔgudBΔglnA 0.03 ± 
0.01 

0.44 ± 
0.06 

(4) + Ehrlich pathway  

(12) KY5ΔN alsS, ilvC, ilvD, kivD, 
yqhD 

ΔrocGΔgudBΔglnA 0.06 ± 
0.01 

0.28 ± 
0.11 

(11) + Isobutanol 
pathway  

(13) KY7ΔN alsS, ilvC, ilvD, kivD, 
yqhD, leuDH, avtA, 
ilvE, ilvA, sdaB 

ΔrocGΔgudBΔglnA 0.13 ± 
0.03 

0.94 ± 
0.15 

(12) + Transamination 
cycles 

(14) KY11 leuDH, kivD, yqhD None 0.06 ± 
0.02 

0.53 ± 
0.28 

(1) + Deamination, 
Ehrlich pathway 

(15) KY11ΔN leuDH, kivD, yqhD ΔrocGΔgudBΔglnA 0.06 ± 
0.01 

0.68 ± 
0.33 

(4) + Deamination, 
Ehrlich pathway 

(16) KY11ΔcodY leuDH, kivD, yqhD ΔcodY 0.25 ± 
0.05 

2.07 ± 
0.18 

(14) + Global regulator 
deletion 

(17) KY11ΔcodY 
ΔbkdB 

leuDH, kivD, yqhD ΔcodYΔbkdB 1.00 ± 
0.13 

2.22 ± 
0.09 

(16) + 
Dihydrolipoamide 
acyltransferase 
(BCKDC E3) deletion 

(18) KY12ΔcodYΔbkdB leuDH, kivD, yqhD, 
alsS, ilvC, ilvD 

ΔcodYΔbkdB 0.86 ± 
0.17 

2.05 ± 
0.27 

(17) + Isobutanol 
pathway 

(19) KY13ΔcodYΔbkdB leuDH, kivD, yqhD, 
ilvE, avtA 

ΔcodYΔbkdB 0.90 ± 
0.14 

1.93 ± 
0.31 

(17) + Transamination 
cycles 

  

tnrA did not help NH3 production – it provided a final titer of only 0.34 ± 0.08 g/L (Fig. 4-2B). 

Conversely, overexpression of tnrA raised ammonia titers to 1.24 ± 0.17 g/L. The second 

regulator tested, CodY, is a global regulator displaying tight control over BCAA biosynthesis 

and degradation (Fig. 4-2A)30. Chromosomal deletion of codY again produced high NH3 titers at 

1.26 ± 0.10 g/L. However, overexpression of TnrA in the ΔcodY background did not further raise 

NH3 production. Finally, bkdB, the gene coding for the dihydrolipoamide acetlytransferase 
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subunit of branched-chain keto acid dehydrogenase complex (BCKDC), was deleted to 

investigate the effect of BCAA catabolism on NH3 production (Fig. 4-1C). Deletion of bkdB 

alone did not raise NH3 production above that of wild type, but its deletion in the ΔcodY 

background gave the highest production titers yet at 1.35 ± 0.16 g/L. 

 

4.3.3 Alcohol production and nitrogen flux in protein-rich media  

 In addition to preventing assimilation of free ammonia, high-yielding microbial 

conversion of protein requires engineering nitrogen flux and synthesis of a carbon product3. E. 

coli metabolic engineering strategies for protein conversion were directly transplanted through 

overexpression of nitrogen transamination cycles and the pathway for branched-chain alcohol 

production4,21. The latter pathway involves the critical enzymes- acetolactate synthase (AlsS, 

AHAS), ketol-acid reductoisomerase (IlvC), dihidyroxyacid dehydratase (IlvD), 2-keto acid 

decarboxylase (KivD), and an alcohol dehydrogenase (YqhD) (Fig. 4-1A)4,31. It has been applied 

to engineer bacteria for higher alcohol production from glucose, CO2, formate, and amino 

acids11,21,32,33. However, with protein-conversion occurring in an unnaturally BCAA-rich 

environment, it was uncertain if this system would exhibit the same titers in the conversion of 

amino acids in B. subtilis as in E. coli. 

 Production of alcohols (isobutanol, 2-methyl-1-butanol, and 3-methyl-1-butanol) was 

measured in the B. subtilis ΔN strain. KivD and YqhD of the Ehrlich pathway stood as the 

minimally-required heterologous enzymes for higher-alcohol production. The overexpression of 

both proteins on a single plasmid (pKY1) in B. subtilis KY1ΔN produced only 30 ± 10 mg/L of 

combined biofuels (Table 4-1). Overexpression of the complete pathway using pKY5 plasmid 

(alsS, ilvCD, kivD and yqhD) in the ΔN strain doubled production to 60 ± 10 mg/L (KY5ΔN). 
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Lastly, the complete pathway and transaminase cycles (leuDH, avtA, ilvE, ilvA and sdaB from E. 

coli) were overexpressed in the ΔN strain using two plasmids (pKY5 and pKY7, Table S2). This 

KY7ΔN strain gave the highest biofuel titer yet of 130 ± 30 mg/L. While this is more than a 

fourfold improvement over the minimal alcohol producing strain KY1ΔN (pKY1), this titer pales 

in comparison to that of the E. coli strain with comparable genetic manipulations21, which 

produces 4.0 g/L of combined biofuels. 

Biofuel production was evaluated in the ΔcodY background because of its high ammonia 

titer observed earlier. BCAA biosynthesis from pyruvate and threonine in B. subtilis consists of 

the seven genes of the ilvBHC-leuABCD operon, and is controlled by the global regulator protein 

CodY (Fig. 4-1A)34. CodY inhibits ilv-leu expression through negative feedback, but its deletion 

de-represses the operon’s transcription. Additionally, CodY negatively regulates enzymes of 

nitrogen transamination cycles involved in BCAA degradation that were overexpressed in E. coli 

(Fig. 4-1B)34. YbgE (branched-chain amino-acid aminotransferase) is a key enzyme in such 

cycles, and is also repressed by CodY. Thus, we deleted codY, and demonstrated several-fold 

increases in AHAS, IlvC, and YbgE enzymatic activities (Fig. 4-2C and 34). 

The higher alcohol pathway and key deaminase genes (leuDH, kivD, and yqhD) were 

introduced into this strain (KY11ΔcodYΔbkdB) with monocistronic overexpression (pKY11). 

The single plasmid overexpressing only these three enzymes completed the isobutanol 

biosynthetic pathway and further enhanced nitrogen flux (Fig. 4-3A). B. subtilis KY11ΔcodY 

harboring pKY11 produced 250 mg/L biofuels: 91.5 ± 20.5 mg/L of isobutanol and 160.0 ± 14.8 

mg/L of methylbutanols (Fig. 4-2D). The concentration of released ammonia using this strain 

was measured as 2.07 ± 0.18 g/L (Fig. 4-2B). Control protein conversions using B. subtilis wild-



52 
 

type and ΔN strains harboring pKY11 produced much lower biofuel titers of 60 ± 10 and 60 ± 20 

mg/L biofuels, respectively. 

Overexpression of the complete isobutanol pathway and overexpression of additional 

transaminase genes (ilvE and avtA) did not improve biofuel yields (Table 4-1). B. subtilis ΔcodY 

harboring pKY12 overexpressing alsS, ilvC, and ilvD genes in addition to pKY11 (leuDH, kivD, 

and yqhD) gave lower biofuel titers of 0.86 ± 0.17 g/L. Also, overexpression of transaminases 

ilvE and avtA from E. coli on pKY13 in place of pKY12 also did not raise biofuel yields – titers 

of 0.90 ± 0.14 g/L were produced. 

 

4.3.4 Enhanced biofuel production by blocking BCAA catabolism 

 Degradation of BCAAs in B. subtilis involves a BCKDC which irreversibly converts 

BCAAs into acyl-CoA derivatives (Fig. 4-3A). After BCKDC activity, the resulting acyl-coA 

compounds are metabolized into branched-chain fatty acids35. This enzyme complex is 

composed of three catalytic components: alpha-keto acid dehydrogenase (BkdA), 

dihydrolipoamide acyltransferase (BkdB), and dihydrolipoamide dehydrogenase (IpdV) (Fig. 

3A)19. BkdA catalyzes the decarboxylation of branched-chain 2-keto acids to aldehydes. BkdB 

and IpdV ligate the aldehydes to coenzyme A. But the 2-keto acid substrates of this enzyme 

complex serve as higher alcohol-convertible carbon skeletons, and BkdB exhausts Ehrlich 

pathway intermediates by catalyzing a transfer of CoA on the lipoylmoiety of 2-keto acids36. To 

examine the effects of elimination of BCKDC-BkdB catalytic step on higher alcohol production, 

we disrupted the bkdB gene in the ΔcodY knockout template. The growth of this strain was not 

affected by bkdB disruption when grown in amino acid-rich media (Appendix A). 
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 The ΔcodYΔbkdB mutations with heterologous overexpression of LeuDH-KivD-YqhD 

(KY11ΔcodYΔbkdB) resulted in the highest production titers of both ammonia and higher 

alcohols (Table 1). First, all enzymatic activities of overexpressed enzymes (LeuDH, KivD, and 

Figure 4-3 Disruption of the branched-chain 2-keto acid dehydrogenase complex (BCKDC) improves biofuel 
yields. (A) Wild-type BCKDC converts 2-keto acids into acyl-CoA compounds. BCKDC is composed of three 
catalytic components: alpha-ketoacid dehydrogenase (bkdAA), dihydrolipoyl transacylase (bkdAB), and 
dihydrolipoamide dehydrogenase (bkdB). The bkdB gene was deleted to remove coenzyme A ligation. The 
deamination (LeuDH) and Ehrlich pathway enzymes (KivD from Lactococcucs lactis and YqhD from E. coli) were 
constructed in pKY11 plasmid. To increase expression, each gene was transcribed monocistronically by the strong, 
ITGP-inducible Pspac promoter. (B) Enzyme activities of the overexpressed genes were measured and confirmed 
as functional. For LeuDH and KivD, the substrates of specific reactions are given in parentheses; IBA, 
isobutylaldehyde; MBA, 2-methylbutrylaldehyde. (C) Production of biofuel and ammonia by KY11ΔcodYΔbkdB. 
The maximum titers of 1.3 g/L biofuels and 2.2 g/L ammonia were reached after 7 days. (D) Biofuel composition 
through the conversion. The maximum titer of 1.3 g/L biofuels is comprised of 28% ethanol, 16% isobutanol (C4) 
and 56% methylbutanols (C5). 
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YqhD) were measured and confirmed to be functional, and corresponding higher alcohol 

production and ammonia release were investigated (Fig. 4-3B). From 21.6 g/L of amino acids, 

the strain produced 1.36 ± 0.03 g/L of total biofuel (C≥2) and  2.22 ± 0.09 g/L of ammonia, 

which represents 18.9 % and 46.6 % of the theoretical yields, respectively (Fig. 4-3C). The final 

biofuel product was 28% ethanol, 16% isobutanol (C4) and 56% methylbutanols (C5) (Fig. 4-

3D). These results demonstrate that engineering nitrogen and 2-keto acid flux by modifying 

metabolic regulation in B. subtilis enables fuel and fertilizer production.  

 

4.3.5 Conversion of polypeptides and spent bacterial biomass into higher alcohols and ammonia  

Consolidated conversion of polypeptides and cell biomass into higher alcohols and 

ammonia was investigated using the final strain, KY11ΔcodYΔbkdB. Model polypeptides, 

cyanobacterium Synehcococcus elongatus, and E. coli biomass served as the protein feedstock.  

Except for casein, conversion of each protein source yielded approximately 45-75% of biofuel 

and NH3 products as observed from amino acids (Fig. 4-4). Casein contains a fairly high number 

of proline residues which contribute to high hydrophobic properties, attributing to poor water 

solubility 37. These structural and physical features might hinder casein polypeptide conversion 

into usable energy as demonstrated by low cell growth in casein (Fig. 4-1F). Biofuel and 

ammonia titers reached 0.88 ± 0.12 g/L and 1.35 ± 0.21 g/L, respectively, when using S. 

elongatus cell mass as the protein source. Cyanobacteria may therefore be a good candidate 

feedstock for protein conversion process to drive conversion of CO2-derived protein into 

biofuels, as previously suggested18. Likewise, we achieved 0.72 ± 0.08 g/L biofuel and 1.62 ± 

0.07 g/L ammonia titers using the protein biomass harvested from E. coli cultures. Similar to S. 
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elongatus, E. coli in industrial waste may thereby be recycled for energy and fertilizer 

regeneration with this approach. 

4.4 Discussion 

In this study, we developed a protease-secreting B. subtilis strain for consolidated protein 

conversion to recycle ammonia and produce biofuels. To efficiently achieve the direct 

conversion of polypeptides and protein biomass, different strategies to redirect both carbon and 

nitrogen flux were tested.  Previous findings using chromatin immune-precipitation and genome-

wide transcript analysis 34 suggested that CodY-dependent regulation, a system not found in 

other protein-converting strains 21,26, repressed the expression of many genes, including 

ilvABHCD, leuABCD, ybgE, ald (alanine dehydrogenase), yhdG (amino acid transporter), appBC 

(oligopeptide permease), and dppBC (dipeptide permease). The ilvABHCD and leuABCD genes 

are involved in BCAA biosynthesis, and the last three are involved in the deamination cycles 

(Fig. 4-1B). The yhdG, appBC and dppBC genes are involved in the proteolytic process which 

facilitate the uptake of free amino acids, oligopetides, and dipeptides generated from protein 

Figure 4-4 Direct biofuel production from protein polypeptides by B. subtilis KY11ΔcodYΔbkdB. Various 
bacterial, algal, and waste proteins were used at 21.6 g/l polypeptides for conversions. Titers above 1.6 g/L of 
ammonia and 1.1 g/L biofuels were produced. 
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waste digestion (Fig. 4-1A).  On the basis of this result, we chose to delete codY and overexpress 

LeuDH to accelerate amino-acid nitrogen flux (Fig. 4-1C). The inactivation of CodY up-

regulated BCAA synthesis through the dereprssed ilv-leu operon. Concurrent inactivation of 

BkdB prevented branched fatty acid biosynthesis and produced the highest titers of biofuels and 

NH3. These results show that metabolic regulation, presumably evolved in less nutrient-rich 

conditions, must be modified to enable product formation by B. subtilis in protein-rich media.   

Next, it has previously not been determined if the wild-type extracellular protease activity 

of B. subtilis limits its growth on polypeptides, and thereby limits its biofuel productivity from 

protein. To investigate this possibility, we initially added commercially prepared proteases into a 

casein protein conversion by the final production strain KY11∆codY∆bkdB (Appendix A). 

Addition of proteases increased the growth rate of this strain. In order to enhance proteolysis 

without addition of proteases, two endogenous B. subtilis proteases, alkaline protease (aprE) and 

neutral protease (nprE), were overexpressed individually in strain KY11∆codY∆bkdB. The 

proteolytic activities and cell growth rates of each protease over-expressing strain against defined 

protein media were determined to have slightly higher values than those of KY11 ΔcodYΔbkdB 

(Appendix A).  Both of the strains, however, did not show increased biofuel production. This 

may be due to metabolic imbalances between protein hydrolysis and amino acid-to-biofuel 

conversions. Additionally, this could be explained by growth inhibition induced by amino acid 

imbalances during fermentation and not because of low proteolysis activities following CodY 

protein disruption. For example, completely depleted amino acids such as Arg, Asp, Asn, and 

Ser might give cells a relative nutrient starvation stress and trigger limitations on cell growth 

even in the presence of other available nutrient amino acids38.  
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The platform designed in this study provides both economic advantages through 

synthesis of multiple products and a positive environmental impact with conversion of nitrogen 

pollutants. Agricultural and civil wastes produce considerable protein-rich pollution, which 

unless properly treated, spreads through ecosystems to cause ground water contamination, soil 

acidification, aquatic dead zones, greenhouse gas emissions, and other environmental 

problems3,20,39. B. subtilis proved to be a useful host strain to convert these wastes and prevent 

their environmental deposition. Also, B. subtilis may simplify this process on industrial scales 

because it eliminates the need for a separated proteolysis step. This consolidation lowers both 

operating costs and capital expenditures by not requiring proteases additives and streamlining the 

necessary bioreactors, respectively. Furthermore, the high-value amino acids lysine, tryptophan, 

and methionine are not consumed by this strain, and can be collected and sold as livestock feed. 

These by products are several times more valuable than biofuels by weight40, and considerably 

boost process profitability. These amino acids have a multi-billion dollar market as livestock 

feed additives41. Their market will grow larger as the world population and demand for meat 

rises.   

 Interestingly, lysine was not consumed at all by the KY11ΔcodYΔbkdB strain, while 

lysine was completely consumed by wild-type B. subtilis. This result is not completely 

understood, but could be partially explained by the disruption of global regulatory protein CodY, 

which is reported to be involved in a wide variety of cellular processes including carbon-nitrogen 

source transport and utilization42. Lysine uptake or consumption might be inactivated with the 

deregulation of CodY43.  

 Successful commercial deployment of biofuels requires cutting-edge biotechnology to 

optimize the production of advanced fuels such as isobutanol and methylbutanols. To date, 
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various metabolic engineering studies on biofuel producing strains have demonstrated usage of 

sugar-based biomass or atmospheric carbon dioxide33,44. The focus of these works is on the 

biosynthesis of the products without regarding to recycling of protein-rich fermentation 

wastes3,16,45. Although most protein biomass has been utilized for biogas production through 

anaerobic digestion or for livestock feed after several steps of purification, those processes could 

not produce any liquid-based fuels and usually require expensive capital expenditures46-49. The 

protein conversion process developed here will create value-added chemicals by recycling 

ammonia and releasing biofuels and high-value amino acids, resulting in cost reduction by 

utilizing fermentation waste. Additionally, consolidation of polypeptide hydrolysis with amino 

acid conversion and utilization of waste as feedstock greatly reduce total process costs.  
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5 Bypassing stress response to maintain biorefining capacity: improved biofuels and 

ammonia yields from relaxed Bacillus subtilis mutants. 

 

 Microbial biofuels and biorefining are a highly-sought after solution for a sustainable 

energy and chemical future. Processes for bioconversion of advanced feedstocks, such as 

cellulosic biomass, manure protein, and carbon dioxide are being rapidly researched, with greater 

interest being expressed in gram-positive bacterial hosts. However, gram-positive bacteria 

possess complex stress-response signaling networks which can cease metabolism, and in 

industrial settings, may result in incomplete conversion of feedstocks, and a low yielding 

process. We investigated this issue studying the consolidated conversion of protein biomass by 

engineered B. subtilis. B. subtilis BC-11 was found to stop metabolic activity and biofuel 

production as 8 of 20 amino acids depleted. Supplementing these amino acids did not improve 

production, but addition of a stress-reducing lantibiotic nisin boosted biofuel yields to 1.5 g/l in 4 

days (vs. 1.3 g/l in 7 days). We attempted to replicate this phenotype by deleting key genes of 

sporulation signal transduction pathways. Deletion of stringent response protein and guanosine 

pentaphosphate synthase relA doubled biofuel productivity 5.4-fold to reach 30 % the maximum 

theoretical yield in only 2 days; moving this consolidated process towards an industrially viable 

solution by weakening stress-signal reception. 

 

5.1 Introduction 

 Engineering microbial hosts has proven to be a robust approach to lead us into a 

sustainable energy and chemical future1. The immense diversity of enzymatic synthetic systems 

has been integrated into microbes for production a wide array of compounds; ranging from fuels 

and fertilizers to pharmaceuticals and polymers2-6. In all these cases of microbial production, 
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compounds are derived from renewable feedstocks. Yet major challenges exist in scaling up 

these systems, such as providing an inexpensive feedstock that can also be converted with a high 

yield7. 

 Glucose is typically used as the first demonstration feedstock, but production of relatively 

low-value compounds, such as fuels, fertilizers, and plastics monomers, should be done with 

other substrates at industrial scales. Cellulosic biomass, protein-rich manure and yeast wastes, 

and carbon dioxide-rich flue gas and syngas stand as cheap and abundant sources8-11. However, 

their conversion remains difficult despite metabolic engineering efforts in commonly used model 

strains12. 

 Several bacterial species capable of converting these advanced feedstocks are being 

explored for practical bioprocesses. This includes several gram-positive strains from genera such 

as Clostridium, Bacillus, and Geobacillus11,13-16. These strains have been engineered in emergent 

processes, yet require further development for industrially-viable production. Specifically, 

Clostridium thermocellum is a natural cellulose degrader and ethanol producer, but it does not 

utilize all saccharides present in lignocellulose, and produces acid byproducts13,17. Geobacillus 

thermoglucosidasius has been engineered for isobutanol production, but fuel titers from 

cellulose-derived disaccharide cellobiose remain an order of magnitude lower than those 

obtained from glucose18. Finally, Bacillus subtilis was engineered to convert protein wastes to 

biofuels in a consolidated process, but yields were only one third of that achieved from 

engineered Escherichia coli19-21. 

 Differing from E. coli, these gram-positive strains all sporulate. Upon deprivation of 

particular nutrients or energy sources, a fraction of each culture will begin to sporulate and cease 

metabolic activity22. This nutrient-stress response may limit feedstock conversions and product 
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yields. Identifying a metabolic-engineering strategy to bypass this response could boost titers 

from these advanced substrates, and move these bioprocesses closer to industrial deployment. 

 Here, we have studied stress-response during the conversion of protein biomass into 

biofuels and ammonia by Bacillus subtilis. Previously, Bacillus subtilis was engineered to 

produce isobutanol, 2-methylbutanol, and 3-methylbutanol biofuels from amino acids by 

overexpressing leucine dehydrogenase leuDH, alcohol dehydrogenase yqhD, and keto acid 

decarboxylase kivD with deletion of branched-chain amino acid and GTP-sensing regulator codY 

and dihydrolipoamide acyltransferase bkdB19. Together, these deletions led to branched-chain 

amino acid overproduction, which with overexpression of leuDH, yqhD, and kivD produced 

biofuel and ammonia yields at 18.9 and 46.6 % the theoretical maximum, respectively, in 7 days. 

The low biofuel yield may be the result of partial nutrient starvation and sporulation initiation 

(Fig. 5-1).We begin study here examining the fermentation broth following production, and 

identified a genetic modification to relieve stress and significantly boost yields. We believe these 

findings can be expanded to other spore-forming bioprocess hosts. 

 

5.2 Materials and Methods 

  

5.2.1 Strains, plasmids, transformation  

Bacillus subtilis BC-11 (or B. subtilis ∆codY∆bkdB (pKY-11)) was previously generated, 

and additional deletions were using the same method19. In short, linear knockout constructs were 

made with antibiotic selection markers flanked by approximately 1.0 kilo base pair homologous 

regions.  sigH, spo0A, and relA were deleted by inserting a kanamycin resistance cassette. ywaC 

deletion was made by inserting a gentamycin resistance cassette. 
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These constructs were transformed through starvation-based natural transformation as 

described by Zhang, et al23. Plasmid pKY-11 was constructed previously19. It used pHCMC0524 

backbone with three copies IPTG-inducible Pspac promoter to monocistronically drive 

expression of leucine dehydrogenase leuDH from Thermoactinomyces intermedius, yqhD from 

Escherichia coli, and alpha-keto acid decarboxylase kivD from Lactococcus lactis.  
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5.2.2 Media, cultivation, and transformation  

All media chemicals were purchased through Fisher Scientific and manufactured by BD 

Biosciences unless otherwise noted. Amino acid media was 40 g/l yeast extract with M9 salts 

(6.3 g/L NaHP4, 3.0 g/L KH2PO4, 0.5 g/L NaCl, 24 mg/L MgSO4, 2.2 mg/L CaCl2 and 2 mg/L 

vitamin B1 per liter water). Casein media was 40 g/l casein sodium salts (Sigma-Aldrich) with 

M9 salts. All media were sterilized by autoclaving. Spectinomycin (100 μg/mL), 

chloramphenicol (5 μg/mL), and kanamycin (20 μg/mL), and erythromycin (1 μg/mL), and 

gentamycin (20 μg/mL) were added as appropriate. 

Protein conversions were performed as follows. An overnight culture of each strain to be 

tested was grown overnight in amino acid media at 37 0C, and inoculated from a single colony on 

a plate. The overnight  culture was inoculated at 1% into 50 ml of protein media into a 250ml 

screw-top flask. The flask was sealed and cells grew to a visible density (~OD600nm = 0.4, after 

~5-7 hours). IPTG was added to a final concentration of 0.4 mM. Flasks were sealed and 

incubated at 37 0C and shaking at 250 rpm. Samples were periodically drawn. 

 

5.2.3 Spent media and supplementation  

Spent media was collected following a 7-day fermentation of B. subtilis BC-11. Cells 

were harvested by centrifugation, and the supernatant was filter sterilized. Hydrochloric acid was 

added to return the pH to 6.9. Water was added to dilute the media 5-fold. Glucose was added to 

10 g/l. Casamino acids was added to 1 g/l. Individual amino acids were added to 0.5 g/l. Cells 

were grown in 3 ml cultures in 14 ml snap cap tubes (BD Biosciences) and incubated at 37 0C 

shaking at 250 rpm. 
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5.2.4 Analytical analysis of optical density, amino acids, ammonia, and alcohols.  

Optical density was measured using spectrophotometerically at 600nm wavelength of 

light in 1 cm cuvettes. Samples were diluted to avoid readings above OD600nm of 0.7. Ethanol, 

isobutanol, 2-methylbutanol and 3-methylbutanol were quantified with an Agilent 6850 Gas 

Chromatogram with Flame Ionization detection as described in Lan, et al 20139. Amino acid 

were quantified by Agilent HPLC with a ZORBAX Eclipse AAA column and OPA/FMOC 

derivization with Agilent reagents as directed by the manufacturer and described elsewhere19. 

Residual amino acids were the summation of remaining amino acids. NH4
+ concentrations were 

measured by a Neulog Ammonium Ion-Selective Sensor System (Fisher Scientific). 

 

5.3 Results and Discussion 

 

5.3.1 Late-stage fermentation impedes B. subtilis production and growth 

 We began this study examining the limiting influence in B. subtilis protein conversions 

by analyzing the amino acid composition of the media overtime (Fig. 5-2A). B. subtilis BC-11 

converted amino acids to 1.3 g/l biofuels and 2.2 g/l ammonia in 7 days – matching previous 

productivities19. The residual amino acids were analyzed, and several were found to become 

depleted rather quickly in the fermentation. Glutamine, cysteine, and proline are completely 

consumed within 2 days, asparagine and serine are completely consumed within 4 days, and 

aspartate and arginine are completely consumed within 6 days. Also, alanine, glutamate, and 

isoleucine reached near complete consumption during the end of the fermentation. Interestingly, 

leucine remains present in a relatively-high concentration; only a 50% drop in concentration was 

found at the end of the fermentation. However, this should quickly be converted to 3-
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methylbutanol, as isoluecine is converted to 2-methylbutanol via synergy of LeuDh, YqhD, and 

KivD25. Also, the final pH of the media drifted from 6.9 to 8.0. The presence of alcohols, shift in 

pH, and partial depletion of amino acids my multiplicatively stress the cell. 

 To identify if any individual stressors were the major factors of this incomplete amino 

acid conversion, we assayed the effect of several nutrients on spent media (Fig. 5-2B). Spent 

media was collected following a 7-day fermentation of B. subtilis BC-11. Cultures were 

supplemented with one or more nutrients, and a new B. subtilis seed was inoculated. Addition of 

HCl was made to neutralize pH, and growth to an optical density of 1.0 ± 0.1 was observed after 

72 hours. To dilute potential toxins, spent media was diluted 5-fold. However, this did also not 

render growth. Addition of glucose as a high energy nutrient did not yield growth. Addition of 

Casamino acids (CasAA) to replace all amino acids did not give growth. Interestingly, 

supplementing alanine, arginine, aspartate, cysteine, glutamate, glutamine, proline, and serine 

individually did not provide growth, but addition of isoluecine alone enabled further biomass 

accumulation. However, the growth was minor, reaching only an OD600nm of 0.3 ± 0.1 over 72 

Figure 5-2 Analysis of spent fermentation media generated by B. subtilis BC-11 (A) Amino acid profile throughout 
the fermentation. (B) Growth of B. subtilis BC-11 in spent media supplemented with the given nutrients. 
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hours. Both neutralizing media and supplementing isoleucine did not improve growth further, as 

optical density did not exceed 1.0 after 72 hours. 

 Next, we tested the biofuel production capacity of a fresh B. subtilis BC-11 inoculation 

cultured in neutralized and isoleucine-fortified spent media. Cells were inoculated as before and 

induced with IPTG after 8 hours, although no growth was visible at this time. However, as cells 

grew, no further biofuel production was observed. Furthermore, additional amino acid 

consumption was negligible, with no changes in concentration of remaining amino acids 

observed outside of statistical confidence intervals. Therefore, although the pH drift and partial 

amino acid depletion stopped B. subtilis growth towards the end of the fermentation, additional 

limitations are present. By the end of the fermentation, other molecular signals may accumulate 

in the media that prevent complete utilization. 

 

5.3.2 Stress-signal transduction hinders production 

 We next examined the effect of individual amino-acid on B. subtilis BC-11 in fresh 

media. An amino acid dropout study, growth on 19 common amino acids with the absence of the 

20th, was performed to test if depletion of a single amino acid hurt biofuel production and cell 

growth before additional stressors accumulate. Cell growth was assessed after 24 hrs in each 

media (Fig. 5-3A). The individual absence of most amino acids had no major effect on cell 

growth, with all but one media giving similar growth to the 20-amino acid control. Cysteine was 

the exception. Its absence resulted in negligible growth. This may be due to biosynthetic 

regulation of sulfur-containing amino acids26,27. Typically, cysteine is present in higher quantities 

within cells than methionine, and only low methionine levels induce synthesis of both sulfur 
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amino acids. This is has been shown through distribution of the s-box, methionine-sensing 

riboswitches appearing as translation level regulation elements for cysteine synthesis.  

During fermentations, cysteine depletes rapidly, while methionine amply persists within 

the fermentation broth (Fig. 5-2A). While cysteine supplementation to spent media did not result 

in growth, its depletion may be trigger production of suicide molecules. Addition of cysteine 

after several days of absence may be too late to recover growth. 

In an attempt to determine if cysteine was limiting biofuel production, we then performed 

fermentations with fresh protein media fortified with additional cysteine. As a control, alanine 

Cell culture without single amino acid All 20 amino acids 

Figure 5-3 Amino acid drop out study shows absence of cysteine inhbits growth of B. subtilis BC-11. (A) Growth of 
B. subtilis BC-11 on 19 amino acids, missing the given amino acid. Growth was negliglbe without cysteine. (B) 
Supplementing cysteine and alanine (as a control) did not affect the titers of biofuels from amino acids with B. 
subtilis BC-11. 
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supplementation was also performed. However, neither fortification improved titers (Fig. 5-3B). 

This suggests that although cysteine depletion stresses cells and prevents growth, it is not the 

limiting factor in our biofuel production. Depletion of any individual amino acid does not appear 

to be the main bottleneck of this bioprocess 

 

5.3.3 Relaxing stringent response improves production 

 To further evaluate the metabolic impedance B. subtilis BC-11 experiences late in protein 

conversions, we added sub-inhibitory concentrations of the lantibiotic nisin to fermentations. 

Nisin, an oligopeptide antibiotic is a common food additive utilized for preservation; it is highly 

toxic to a broad range of bacteria because of how it weakens the cytoplasmic membrane28. 

However, in non-lethal concentrations, nisin still effects the cytoplasmic membrane29, and we 

hypothesize, weaken the cells’ ability to sense its extracellular environment. If this weakened 

reading of the environment delays a sense of starvation and stress, it may inhibit sporulation and 

enable further amino acid consumption. 

 Addition of nisin to fermentations led to much greater biofuel productivity (Fig. 5-4). 

Maximum titers increased to 1.5 ± 0.1 g/l in 4 days from 1.3 ± 0.1 g/l in 7 days. However, 

addition of nisin for industrial fermentations may not by practical. It is a cost-prohibitive additive 

in production of low value products such as biofuels. Therefore, we sought a genetic 

manipulation route to mimic the addition of nisin. 

 Several genetic deletions targeting sporulation and stress-response genes were made to 

emulate the influence of nisin (Fig. 5-4A). First, we attempted to disrupt the onset of sporulation 

through deletion of the master sporulation regulator spo0A. All known starvation-signal 

transduction pathways of B subtilis are transmitted through the Spo0A gene product either by  
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inducing its expression, or activating it through phosphorylation. spo0A was deleted from B. 

subtilis ∆codY∆bkdB, but the resulting strain grew sporadically and produced far less biofuel 

than B. subtilis BC-11 (Fig. 5-4A). Second, kinA and sigH were deleted in B. subtilis 

∆codY∆bkdB. KinA is a major sensory protein that induces Spo0A phosphorylation, and SigH is 

an RNA polymerase sigma factor expressed in “stressful” conditions when phosphorylated 

spo0A accumulates30-32. Thereby, KinA passes stress signals to spo0A, and sigH acts on stress 

signals it receives from Spo0A. However, KinA is a major sensory protein that induces Spo0A 

phosphorylation, and SigH is an RNA polymerase sigma factor expressed in “stressful” 

KY11ΔcodYΔbkdB 
1ΔcodYΔbkdBΔspo0A 

ΔcodYΔbkdBΔrelA 

ΔcodYΔbkdB + Nisin 

Figure 5-4 Raising biofuel and ammonia yields by relieving stress response in B. subtilis (A) Production of 
deletion strains and with nisin supplementation. Nissin supplementation raise biofuel titers. Attempts to mimic this 
response with genetic modifications led to deletion of relA. B. subtilis ΔcodYΔbkdBΔrelA produced almost double 
biofuel titers in 5.4-fold better productivity. (B) Table summarizing all genetic deletions tested in this chapter.. 

Strain
NH3 titer 

(g/l)
Biofuel titer 

(g/l)
Biofuel productivity 

(g/l/d)

ΔcodYΔbkdB 2.2 ± 0.1 1.3 ± 0.1 0.19

ΔcodYΔbkdB + nisin 4.9 ± 0.6 1.5 ± 0.1 0.38

ΔcodYΔbkdBΔspo0A 1.2 ± 0.4 1.0 ± 0.1 0.14

ΔcodYΔbkdBΔkinA 0.0 ± 0.0 0.0 ± 0.0 0.00

ΔcodYΔbkdBΔsigG 0.0 ± 0.0 0.0 ± 0.0 0.00

ΔcodYΔbkdBΔrelA 4.8 ± 0.5 2.0 ± 0.2 1.00

A 

B 
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conditions when phosphorylated Spo0A accumulates. Unfortunately, B. subtilis 

ΔcodYΔbkdBΔkinA and ΔcodYΔbkdBΔsigH strains displayed irregular growth and could not be 

successfully transformed with plasmid pKY11. 

 In another effort to emulate the nisin-induced phenotype and stop the starvation stress, we 

generated the strain B. subtilis ΔcodYΔbkdBΔrelA. Following Spo0A stress signal transduction, 

the guanosine pentaphosphophate ((p)ppGpp) synthase and stringent-response regulator RelA is 

known to play a role driving B. subtilis sporulation30. B. subtilis ΔcodYΔbkdBΔrelA (pKY11) 

increased biofuel titers 80 % to 2.0 ± 0.2 g/l in only 2 days. This represents 30 % of the 

maximum theoretical yield, and an overall 5.4-fold productivity boost. Furthermore, ammonia 

titers were increased to 4.8 g/l, now representing an 81 % yield of NH3 from amino acids (Fig. 5-

4). 

 With relA deleted, two additional ppGpp synthases remain in the B. subtilis genome. It 

has been shown that these genes can mutate to recover regulation which was disrupted with 

knockout of relA33,34. We deleted one of the two, ywaC, to give quadruple-deletion mutation B. 

subtilis ∆codY∆bkdB∆relA∆ywaC. However, this strain again grew irregularly was not 

transformable.  

 

5.4 Conclusion 

 Stress-responses in spore-forming bacteria hinder their application to industrial 

biorefining. We examined the sporulation response of B. subtilis, after finding that yields in B. 

subtilis BC-11 protein conversions could not be improved with additional amino acid 

supplementations. Addition of nisin, to weaken the cells’ ability to sense the environment, raised 

biofuel titers. relA stringent response regulator was deleted to boost yields further, obtaining a 
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final yield of 30% the theoretical maximum of C4/C5 biofuel mix from protein. Further 

engineering controls to maintain optimal pH and oxidation levels may now raise biofuel titers to 

new highs because the hindrance of sporulation and metabolic cessation has been relieved. 

Similar approaches may be applied to other industrially-relevant spore-forming strains such as 

Bacillus licheniformis, Bacillus methanolicus, Geobacillus thermoglucosidasius, Clostridium 

thermocellum, and Clostridium ljungdhalii, to convert advanced substrates for a renewable 

chemical and energy future.   
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6 Genome sequence of the extreme, obligate alkaliphile Bacillus marmarensis DSM 21297 

 

Bacillus marmarensis DSM 21297 is an extreme, obligate alkaliphile capable of growth 

in media above pH 12.0. Sequencing the genome of B. marmarensis revealed that is comprises 

approximately 4.0 Mb with multiple distinctions to enable the strain’s alkaliphilicity. This 

organism has novel variations in the F1F0-ATPase C subunit and a high number of alkali-

resistant genes, both of which may confer extreme alkaliphilicity. It contains several genes, 

ranging from extracellular hydrolases to an n-butanol production pathway, which open up its 

application in biorefining and bioprocessing. 

 

6.1 Introduction 

 Microbial synthesis of chemicals and fuels from renewable resources has become an 

attractive approach to a sustainable chemical industry, but further development is required before 

such processes can ensure economically-solvent scalability.  In addition to the commonly used 

yeast strains, various bacterial host platforms have been developed to address different issues 

facing biorefining.  These include Escherichia coli1, 2, Bacillus subtilis3, 4, cyanobacteria5-7, and 

lithoautotrophic organisms such as Ralstonia eutropha8.  Extremophiles provide unique and 

advantageous phenotypes for the design of sustainable bioprocesses in which mesophilic 

organisms do not apply9,10. Specifically, thermophiles and acidophiles have been employed for 

contamination-resistant bioprocesses due to the harsh conditions in which they thrive.  

Acidophiles have also been used extensively in bio-mining and bioremediation because their 

unique enzymatic physiology which enables metal oxidation11. Furthermore, acidophiles have 

received much attention for the production of lactate because maintenance of an acidic 
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fermentation broth retains lactic acid in place of lactate salts12. Use of acidophiles reduces both 

the need to neutralize the fermentation broth during cultivation and the excessive production of 

gypsum salt.  Removal of this step from bio-lactate favors economic competitiveness. 

In the opposite end of the pH spectrum, alkaliphiles represent a branch of extremophiles 

that has yet to be applied in bioprocesses due to questions over thermodynamic challenges of 

their survival and the difficulty of their genetic transformations. Bacillus pseudofirmus OF4, the 

model alkaliphile, has shown the role of sodium cycling and tight control of proton flow by 

specialized F1F0-ATP synthases to be crucial for alkaliphilicity13,14. However, as this strain has 

been shown to grow only up to pH 11.4, has an optimal growth rate around pH 9, and has not 

been transformed to a high efficiency15, 16, there has not been a drive to develop biorefining or 

bioprocess schemes around this organism. Other sequenced alkaliphiles are less alkaliphilic than 

this strain, and appear just as difficult to genetically engineer17, 18. Study of more alkaline-

tolerant species may enable alkaline biorefining. 

Bacillus marmarensis DSM 21297 is an extreme, obligate alkaliphile originally isolated 

from mushroom compost.  This strain has been shown to grow up to pH 12.5 and has the 

capability to hydrolyze proteins and starch19. Thereby, it can survive with an order of magnitude 

less protons available for ATP synthesis and may grow in a more metabolically-efficient manner 

than B. pseudofirmus. Additionally, secretion of alkaline-stable enzymes may lead to design of 

alkaline bioprocesses akin to lactic acid production in acidophiles. We report here a genome 

sequence and annotation, of B. marmarensis to enable further study.  
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6.2 Materials and Methods 

Bacillus marmarensis DSM 21297 was obtained from DSMZ (Braunschweig, Germany).  

B. marmarensis genomic DNA was isolated from a culture grown for 24 h at 37°C in alkaline 

nutrient broth with a Qiagen DNeasy blood and tissue kit according to the manufacturer’s 

protocol for Gram-positive microbes. The genomic DNA was concentrated by isopropanol 

precipitation as per standard techniques20. DNA was sheared and ligated to Illumina adaptors for 

100-bp paired-end runs. The sequencing was performed on an Illumina HiSeq 2000 system in the 

UCLA Ely and Edythe Broad Center of Regenerative Medicine and Stem Cell Research High-

Throughput Sequencing Core. The sequencing reads were quality filtered using the FASTX 

toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.html) and uploaded to the UCLA CNSI 

Hoffman2 computer cluster for assembly. The assembly was performed using Velvet 1.2.0321 

with a k-mer of 78 bp, a minimum contig length of 200 bp, and a coverage cutoff of 90×. A total 

of 5.9 million sequence reads were assembled, giving 127-fold coverage of the genome. Genome 

annotation was performed using both the RAST server22 and the NCBI GenBank Prokaryotic 

Genome Automatic Annotation Pipeline23. The annotation was visualized using Pathway Tools 

from SRI International24. 

 

6.3 Results and Discussion 

 

6.3.1 General feature of the B. marmarensis genome.  

We first sequenced the genome of B. marmarensis. The genome of this organism was 

found to be 4.0 Mb organized into a single chromosome without plasmids. Its tabulated G+C 

DNA content of 40.0% falls in close agreement with the experimental measure of 40.2%19
. We 

annotated 42% of the 4195 predicted protein-coding sequences with known functions, and 
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identified 37 tRNAs sequences and 7 rRNA clusters. Statistics of the B. marmarensis genome 

and a comparison to the three closest related strains are presented in Table 6-1. The three most 

related strains are also extreme alkaliphilic Bacilli: B. pseudofirmus OF4, B. halodurans C-125, 

and B. clausii KSM-K16. B. pseudofirmus remains the only one of the three capable of growth in 

media above pH 11.013, 18, 25. However, its growth has not been observed above pH 11.4, and 

therefore a large gap in alkaliphilicity exists between B. pseudofirmus and B. marmarensis. 

 

6.3.2 Alkaline survival.  

The genome of B. marmarensis displays multiple adaptations to an alkaline environment 

(Fig. 6-1A). Previously, several of such adaptations have been identified in B. pseudofirmus. The 

most relevant phenotypic difference between alkaliphiles and neutrophiles is the pH gradient 

across the cell membrane26. E. coli growing at a neutral pH may have a slightly basic 

intracellular pH with a difference of a few tenths of a pH unit27. The higher extracellular H+ 

concentration thermodynamically drives H+ uptake for ATP synthesis. B. pseudofirmus 

maintains an acidic intracellular pH relative to its surroundings, and the pH difference can 

exceed 2.0 units27. Many adaptations believed to enable this phenotype are found in predicted 

protein-coding sequences of B. marmarensis, based on homology to B. pseudofirmus.  

  B. pseudofirmus displays two areas of mutations to enable an inverse pH gradient 

compared to neutrophiles: specialized F1F0-ATP synthases and multiple proteins to increase 

sodium cycle flux. The C subunit of the alkaliphilic ATPases (AtpC) contains two motifs not 

found in neutrophiles: a C-terminal PxxExxP motif and an alterationfrom GxGxGxG of 

neutrophiles to AxAxAxA of B. pseudofirmus on the N-terminal helix28. No variation in the C-

terminal motif amongst alkaliphiles was found. However, the number of alanine residues of the 
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N-terminal motif directly correlates to alkaliphilicity28. Crystallographic study of the B. 

pseudofirmus AtpC shows the alanine residues enable tighter packing of the protein into a 

dodecamer24. This structure comes with a narrower proton channel to prevent H+ secretion and 

ATP hydrolysis compared to typical decamer structure of neutrophiles. For enhanced Na+ flux, 

B. pseudofirmus contains 16 proteins for Na+-H+ antiporter activity26. This greatly surpasses that 

of known neutrophiles (e.g. E. coli contains 4 of such sequences). Additionally, B. pseudofirmus 

encodes rare proteins to decouple and enhance energy production without use of H+. This 

includes a NatCAB ATP-producing Na+ extrusion pump, an NaVBP voltage-gated Na+ channel, 

and Na+ utilizing (rather than H+) MotPS flagellum rotor proteins30, 31. Working synergistically 

with the specialized ATPase, all Na+ systems combine to allow the alkaline growth of B. 

pseudofirmus. 

B. marmarensis contains these adaptions with additional modifications for further 

divergence from neutrophiles (Fig. 6-1). B. marmarensis encodes an additional Na+-H+ antiporter 

for a total copy number of 17. B. marmarensis also encodes NatCAB, NaVBP, and MotPS 

proteins with greater than 98.0% sequence similarity to those of B. pseudofirmus. The B. 

marmarensis AtpC displays the necessary C-terminal PxxExxP motif, and also has a unique 

GxSxAxA variant in the N-terminal helix (A33I_19090). The latter motif combines both the 

alteration from glycine to alanine residues of B. pseudofirmus and the incorporation of serine as 

seen in the moderately-alkaliphilic thermophile Caldalkalibacillus thermarum27. This motif is 

also at odds with the arguement that increasing alanine residues in the N-terminal motif correlate 

with increasing alkalphilicity. A phylogenetic tree of AtpC sequences is shown in Fig. 6-1B. 

AtpC of extreme alkaliphiles (bold) show only small variations compared to moderate 

alkaliphiles (C. thermarum and Oceanibacillus ihenyenes) and neutrophiles, and no distinctions 
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could be made about uniqueness of that of B. marmarensis. However, biochemical and structural 

study of this AtpC may reveal the advantage of this sequence. 

In an area of adaption not prominent in B. pseudofirmus, B. marmarensis contains 

multiple isozymes which drive sequential deamination of amino acids, secretion of NH4
+, and 

generation of H+. Among aspartate transaminases (DAT, 7 isozymes), glutaminases (Qase, 2 

isozymes), and glutamate dehydrogenases (GDH, 4 isozymes, Fig. 1A), B. marmarensis contains 

13 proteins to aid amino-acid degradation. While other alkaliphiles display similar increases in 

copy number of these three enzymes, the main differences arise in the DAT homologues. B. 

marmarensis, B. pseudofirmus, and B. halodurans contain 7, 6, and 5 isozymes of DAT, 

respectively33. 
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Figure 6-1 Alkaline adaptations and phylogenetic relationship of key predicted proteins of B. marmarensis. (A) 
Diagram of four critical adaptations of B. marmarensis found by genomic analysis. These include a specialized 
F1F0 ATPase c-subunit (AtpC) with a novel sequence divergence, an increase Na+-H+ antiporters and 
transamination enzyme copies, and a second NH4

+ transporter with low sequence similarity to that of other 
extreme alkaliphiles. Phylogenetic trees present the relationship of (B) AtpC and (C) NH4

+ transporters of B. 
maramensis (bold red), extreme alkaliphiles (bold) and other Bacilli. Despite the previously-unobserved 
GxSxAxA sequence of B. marmarensis AtpC, the primary protein structure closely resembles that of other 
alkaliphiles. Amt1 of B. marmarensis shows high sequence similarity to that of other extreme alkaliphiles, but 
Amt2 shows a relatively large sequence divergence compared to other Bacilli. Phylogenetic trees were constructed 
using the neighbor-joining algorithm. Keys represent distance between sequence as defined by this method. 
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To secrete NH4
+ for generatation of H+, B. marmarensis contains two distinct ammonium 

transporters (Amt1 A33I_19520, Amt2 A33I_01250). Phylogenetic analysis reveals a very high 

homology between Amt1 and those of other alkaliphilic Bacilli (Fig. 6-1C). However, no other 

alkaliphiles have a second Amt protein33. Amt2 appears distantly related from both the other 

alkaliphilic and the neutrophilic homologues (Fig. 6-1C). Following development of genetic 

transformation and chromosomal disruption techniques for B. marmarensis, it may be possible to 

test the physiological role of the Amt2. 

 The mutations in AtpC, additional enzymes for H+ secretion, and potential for rapid Na+ 

cycling may improve alkaphilicity of this strain over related species, but the greatest 

evolutionary divergence appears in its potassium uptake system. B. marmarensis displays a 

unique KtrB K+ uptake protein (A33I_19300). It consists of 433 amino acids, more than fivefold 

longer than 76 amino acid homologue of B. pseudofirmus33. Psi-BLAST comparison of the 

protein reveals its closest homologue, a TrkH K+ transporter from the neutrophilic B. 

cellulosilyticus DSM 2522 (YP_004096464), has a relatively low similarity of only 69%. Unlike 

the role of Na+ flux for alkaphilicity, K+’s role in these extremophiles has not been elucidated. 

The prominent alkaphilicity displayed by B. marmarensis and this unique K+ transporter point 

towards an additional role of potassium for alkaline survival. 

 

6.3.3 Applicability to biorefining and renewable chemical production 

Alkaliphiles received antecedent industrial application with production of extracellular 

hydrolytic enzymes16. The B. marmarensis genome reveals several extracellular hydrolases to 

complement current industrial alkaline-stable enzymes. This includes 6 starch-degradation 

enzymes, 2 cellulases, 1 lipase, and 7 proteases.  The use of such enzymes includes detergent, 
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food processing, waste treatment, and biofuel production16. With B. marmarensis being the most 

alkaliphilic strain sequenced to date, these extracellular enzymes may exhibit further alkaline 

stability, and thereby better performance, than their currently produced homologues.  

 

6.3.4 Biofuel and bioplastic production pathways 

  The B. marmarensis genome shows predicted enzymatic pathways for marketable 

chemicals, thereby opening the door to alkaline biorefining and fermentation. B. marmarensis 

encodes several alcohol dehydrogenases and 2 lactate dehydrogenases for the production of 

ethanol and lactate. Also, B. marmarensis contains pathways for the synthesis of the advanced 

biofuel n-butanol6 and biodegradable plastic poly-(3-hydroxybutyrate) (PHB, ref. 34).  

 

6.4 Conclusion 

 Here, we have assembled and annotated a draft genome sequence of the extreme, obligate 

alkaliphile Bacillus marmarensis. We have proposed several adaptations of this strain that extend 

previously-elucidated alkaline survival mechanisms, as evinced through findings in its genome. 

This strain shows great potential for alkaline biorefining with the multiple extracellular 

hydrolysases and pathways for marketable chemicals annotated in its genome. 
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7 Engineering extreme alkaliphile Bacillus marmarensis to host robust and sustainable 

biorefineries 

  
Contamination susceptibility, water usage, and inability to utilize 5-carbon sugar and 

disaccharides are among major obstacles in industrialization of sustainable biorefining processes.    

Extremophiles, such as thermophiles and acidophiles, are being researched and applied to 

combat these problems, but organisms which meet all above challenges have yet to be identified. 

Here, we present engineering of the unexplored, extreme alkaliphile Bacillus marmarensis as a 

platform for new bioprocesses which meets all these challenges. We first developed a genetic 

transformation protocol and used it to build a library of genetic tools. With these tools, we 

engineered B. marmarensis to produce ethanol by heterologously expressing a pyruvate 

decarboxylase and an alcohol dehydrogenase, introducing antisense RNA to knockdown lactate 

dehydrogenase activity, and increasing translation initiation rates with synthetic ribosome-

binding sites. The final strain produced ethanol with titers of 26 g/l and yields at 65% the 

theoretical maximum from glucose in unsterilized media. Furthermore, ethanol titer and yield of 

at least 12 g/l and 50%, respectively, were produced from cellobiose or xylose in media with 

unsterilized seawater and algal-contaminated wastewater. As such, B. marmarensis presents a 

promising approach for contamination-resistant biorefining process utilizing a wide range of 

carbohydrate substrate in contaminated, non-potable seawater.  

  

7.1 Introduction 

Biorefining of cellulosic biomass is an important path towards sustainable production of 

fuels and chemicals. However, several issues remain a barrier to industrial biomass biorefining, 

amongst which are contamination risk, pentose and disaccharide co-fermentation, and water 
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footprint1-5. Although cellulosic biomass stands as an abundant feedstock, synergistic conversion 

of its degradation products cellobiose and xylose is still a challenge6. Water use is also coming 

under scrutiny, as regions of the US and Brazil face record droughts7. The possibility of 

contamination further adds to the energy expenditure, time, and cost of biorefining processes8. 

Thermophiles have been proposed as contamination-resistant organisms, but their general 

sensitivity to oxygen and lack of genetic tools is slowing their development as biocatalysts9,10. 

Industrial lactic acid producers and the Brazilian ethanol industry use acidophiles for pH balance 

and contamination resistance8, but these strains have yet to show utility with complex substrates 

or wastewater streams instead of potable resources.  The ideal biocatalyst would be able to 

convert cellulose degradation products in sea water or wastewater with low risk of 

contamination. Occupying the other extreme of the pH spectrum, B. marmarensis is an extreme 

alkaliphile that shows promise as a contamination-resistant strain. The multiple adaptations 

required to thrive in basic conditions are immensely rare, and no alkaline phages viable beyond 

pH 11 have yet to be identified11,12. Additionally, B. marmarensis grows rapidly and is able to 

utilize cellobiose and, contrary to literature reports13, xylose for the production of ethanol. This 

makes B. marmarensis an ideal biocatalyst for next-generation bioprocessing.  

 

7.2 Materials and Methods 

 

7.2.1 Strains, chemicals, reagents and plasmids. 

 Bacillus marmarensis DSM 21297 was obtained from DSMZ (Braunschweig, Germany). 

B. pseudofirmus OF4, B. clausii KSM-K16, and B. halodurans C-125 were obtained from ATCC 

(Manassas, VA – ATCC BAA-2126, 31084 and BAA-125, respectively). Escherichia coli strain 
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JCL16 was used as described elsewhere14. B. subtilis 168 was obtained from BGSC (Columbus, 

OH, Strain 1A1).  

All PCRs were first performed with Phusion DNA Polymerase (Fisher Scientific). If 

these reactions failed, PCRs were repeated with KOD Xtreme Hot-Start DNA polyermase (EMD 

Millipore). All primers where purchased through Integrated DNA Technologies (idtdna.com). 

Plasmids were assembled using T4 DNA polyermase (New England BIolabs) as follows: 

Plasmid DNA pieces were amplified by PCR to contain 15-30 base pair overhangs to match their 

neighboring fragments. Fragments were combined with splicing-by-overlap extension PCR 

(SOE-PCR) to yield 2- 3 fragments per plasmids. Fragments were added in equimolar amounts 

to a T4 DNA polyermase assembly reaction with NEB Buffer #2 and 0.3 ul/10ul T4 DNA 

polymerase. Reaction volume was dependent on DNA concentration, as a minimum of 300 ng of 

each fragment was added. Reaction was incubate at room temperature for 5 to 10 mins. Plasmids 

were then transformed into E. coli XL1Blue (Agilent), selected on chloramphenicol at 20 ug/ml, 

and verified by colony PCR and Sanger Sequencing (Genewiz, San Diego, CA). 

 

7.2.2 Media, and growth rate and biomass determination.  

All alkaliphilic strains were routinely cultured in alkaline LB broth (ALB) consisting of 

10 g/l NaCl, 5 g/l yeast extract, 10 g/l tryptone, 4.2 g/l NaHCO3, and 5.3 g/l Na2CO3, with the 

exception of B. clausii, where NaCl, yeast extract, and tryptone were replaced with 8 g/l nutrient 

broth (all from BD Biosciences, NaCl from Sigma-Aldrich) and pH was lowered to 9.0. For 

plates, 15 g/l bacto agar was added (BD Biosciences). 5 μg/ml chloramphenicol was added when 

needed. For growth rate determination of B. marmarensis, a fresh plate was streaked from a 

freezer stock and grown overnight at 37 0C. Following morning, a single colony was inoculated 
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into ALB broth and grown overnight at 37 0C and 250 rpm. Next day, a 1% inoculation was 

made into nutrient broth at each pH to be tested. Next day, cultures were diluted 100-fold and 

grown for 4 hours. Cultures were then diluted to same starting OD and growth was monitored 

overtime. Specific growth rate was calculated from each growth curve. For B. subtilis and E. 

coli, the same procedure was followed but all media was LB at pH 7.0. For biomass 

determination, same procedure was followed for each strain, but on 3rd, cells were inoculated 

into 4% trypticase peptone at pH 11.4 and were grown overnight. Biomass was harvested, 

washed with 1M NaHCO3 and then with MQ water, dried at 70 0C overnight, and quantified the 

next day. N=3, error bars are standard deviation. 

 

7.2.3 Contamination studies 

 Flasks used in open-air cultures were left open and exposed near the intersection of 17th 

St and Montana Ave in Santa Monica, CA. Here, a marine cloud layer formed each night as air 

swept in from the Pacific Ocean. Soil was obtained from a moist spot at the base of several 

plants in the Santa Monica Mountains (Malibu, CA). Soil was added at 2% w/v into media. 

 Media was ALB at pH 9.5 or 11.5. B. marmarensis was grown aseptically overnight in 

ALB, and inoculated into unsterilized media in both systems, and diluted 100-fold with fresh 

unsterile media daily for one 1 week. For Na2CO3 wash, cells were spun harvested, suspended in 

1M Na2CO3, incubated at room temperature for 20 mins at r.t., harvested again and diluted in 

fresh media. DNA was isolated from 1 ml daily samples using Qiagen QIAmp UCP Pathogen 

Mini Kit (#50214) with Qiagen Pathogen lysis tubes (#19092). All DNA extractions were 

normalized to a concentration of 1 μg/ml. 
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 Plates were made with ALB at each pH. On the last day, an inoculation loop was 

immersed in the media and streaked across 3 plates. Plates were grown at 30 0C for 50 hrs before 

analysis. Following analysis, plates were grown another 72 hrs at 30 0C to further test for fungal 

growth. Fungal 18s rDNA intergenic sites were assayed by the method of Liu, et al15, modified 

to use settings described in Quantitative PCR below. High-resolution melt analysis was an 

adaptation of the method of Cheng, et al16 modified to obtain melt curves as described below. 

 

7.2.4 Quantitative PCR and Melting-Temperature Determination 

 qPCR and melt temperatures were obtained with a Bio-Rad C1000 Thermal Cycler 

equipped with a CFX96 Real-Time System. All reactions were performed with Bio-Rad SsoFast 

EvaGreen Supermix. The reactions were 10 μl total consisting of 5 μl EvaGreen Supermix, 1 ng 

genomic DNA extractions, and 400nm primer pairs. Reactions were performed as follows: 

enzyme activation at 98 0C for 2min, 40 amplification cycles of 98 0C for 5 sec and 60 0C for 5 

sec, and a melt curve from 70.0 to 95.0 0C incrementing in 0.2 0C steps at 5 sec/step. All data 

was analyzed on Bio-Rad CFX Manager 2.0. For melt curves, N = 8 to 10. Fungal quantification 

was compared to a no-template control. 

 

7.2.5 16s DNA Library Assembly  

DNA extractions were obtained from contamination studies above. Samples were 

amplified using primers 5’-TCCTACGGGAGGCAGCAGT-3’ and 5’-

GGACTACCAGGGTATCTAATCCTGTT-3’ from ref. Horz, et al17 with KOD Xtreme Hot-

Start DNA polymerase. Products were gel-electrophoresis purified on a 2.0% agarose gel run at 

100 V for 30min. Bands were cut out and digested using Zymo DNA Clean & Concentrator kits. 
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Bands were assembled into plasmids using Zero Blunt TOPO PCR Cloning Kit (Life 

Technologies) and transformed into One Shot TOP10 Chemically-Competent E. coli cells. 

Colonies were selected on LB Agar plates with 100 μg/ml ampicillin, 0.1 mM IPTG (Gold 

Biotech), and 0.1 mM X-Gal (Sigma-Aldrich). Plates were sent to Genewiz for sequencing of 

white colonies. Sequencing was performed on colonies using primer M13R 5’-

CAGGAAACAGCTATGAC-3’. Sequencing reads with less than 500 base pairs were discarded. 

The library consisted of the first 100 high-quality reads generated for each sample. Species were 

identified with NCBI BLAST. 

 

7.2.6 Genetic transformation 

B. marmarensis was streaked on an alkaline LB plate from a -80 0C freezer stock and 

incubated overnight at 37 0C. Single colonies were used to inoculate 2.5 mL culture in alkaline 

LB supplemented with 100 μg/mL kanamycin sulfate. That culture, and a separate sterile 250 mL 

shake flask containing 55 mL alkaline LB supplemented with 0.5 M D-sorbitol (wrapped with 

parafilm at the top) were incubated overnight at 37 0C.  

The following morning, 750 μL of the 2.5 mL culture were used to inoculate the 55 mL 

shake flask (which evaporated to approx. 50 mL). The shake flask was incubated at 37 0C for 2.5 

to 4 hr to reach an OD600nm of 0.4 to 0.8. During this incubation, fresh wash buffer of 10% 

glycerol, 0.5 M D-sorbitol and 0.4 M D-mannitol was prepared. The wash buffer pH was raised 

to 7.8 with 0.3 N NaOH; pH was not allowed to rise above 7.8 during preparation. Once filter 

sterilized, the solution was kept on ice. Following the incubation, 5 mL of 10% glycine (pH 8.5-

8.7) was added to the flask and incubated at 37 0C for 55 min. The flask was then placed on ice 

for 12-15 mins with periodic swirling to ensuring even cooling. Cells were kept on ice or in a 
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chilled centrifuge through the remaining steps before incubation at 37 0C. 2 mL aliquots of the 

cells were then removed and spun down at 5,000 x g for 5 min at 4 0C. Cells were suspended in 1 

mL wash buffer, and the wash was repeated for a total of 4 times. Finally, cells were suspended 

in 200 μL wash buffer.  

Before transformation of plasmids, electrical resistance of the cells was tested and 

adjusted. 45 μL of cells were added to a 1 mm-gap electroporation cuvette which had been 

chilled on ice. Cells were pulsed with a Bio-Rad Micropulser at 2.7 kV. If the resulting time 

constant fell between 4.3 and 4.8 ms, the cells were acceptable. If the time constant fell below 

4.3 ms, fresh wash buffer was added to the remainder of the cells and the change in time constant 

was measured. Once adjusted into the acceptable range, 5-50 ng of plasmid was added to 45 μL 

cells. Cells were transferred to a new, chilled 1mm electroporation cuvette. A single square-wave 

electric pulse was supplied by a Bio-Rad Gene Pulser Xcell system at 2.1 kV and 1.5 ms.  

Immediately following the pulse, cells were immediately rescued with addition of 1 mL 

or 250 ul room-temperature alkaline LB supplemented with 0.5 M D-sorbitol. Cells were 

incubated at 37 0C for 3-4 hr. 200-300 μL cells were plated on alkaline LB supplemented with 5 

μg/mL chloramphenicol. 

 

7.2.7 Promoter activity assays 

 Promoters were chosen from the B. marmarensis genome. They are given in Appendix A 

with primers used for sequencing. The promoter was taken to be the 300-500 base pairs upstream 

of the start codon of their respective genes, and included the RBS. They were assembled into 

pNW33N plasmids to drive expression of beta-galactosidase from B. marmarensis.  
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 Plasmids were transformed into B. marmarensis. Single colonies were inoculated in 3 ml 

ALB with chloramphenicol for growth overnight at 37 0C. Next morning, a 1% inoculation of the 

overnight culture was made into 50 ml fresh ALB media with chloramphenicol in a 250 ml 

baffled shake flask and grown at 37 0C/250 rpm until OD600nm reached 1.0. Cells were spun 

down and suspended in 1 ml 50 mM Tris-HCl pH 7.5. Cells were lysed by Qiagen TissueLyser II 

by placing the cell suspension and 600 μl 0.1mM glass beads in a 2 ml screw top tube. Tube 

holders were pre-chilled at -20 0C for 20 mins. Cells were lysed for 5 mins at 30 Hz, chilled on 

ice for 5 mins, and again lysed for 5 mins at 30 Hz. Cell extract was kept on ice until use. To 

assay beta galactosidase activity, 250 μl cell extract was mixed with 100 μl 1 M Tris pH 7.0, 200 

μl 4 mg/ml ONPG (Sigma-Aldrich), and 450 μl DI water. The mix was incubated at 37 0C, and 

readings were taken starting at 30 mins. Activity was calculated as described here4, including 

normalization for protein concentration quantified through Bio-Rad Bradford Assay. 

 

7.2.8 Lactate and ethanol fermentation 

 The fermentation media consisted of 500 mM sodium carbonate buffer at pH 9.7, 45 g/l 

carbon source (D-glucose, D-cellobiose, D-xylose or a mix of cellobiose/xylose), 1mM H2PO4, 

0.1 mM, MgSO4, 0.05 mM CaCl2, 1 g/l (NH4)2SO4, 200 μg/l (NH4)6Mo7O24 · 4H2O, 2 mg/l 

FeCl3, Hutner’s Metals 44 solution (per 1 l 250 mg Na2EDTA, 1.095 g ZnSO4·7H2O, 500 mg 

FeSO4·7H2O, 154 mg MnSO4·xH2O, 39.2 CuSO4·5H2O, 24.8 mg Co(NO3)2·6H2O, 17.7 mg 

Na2B4O7·10H2O) and 10 μg/ml of cobalamin, biotin, and thiamine HCL, each. Modifications in 

early formulations appear in text. For highest tighter production, all salt and metal concentrations 

were increased 2.5 fold, and D-glucose was given at 30 %w/v. Fermentation media was prepared 

with unsterilized tap water in unsterilized glassware, unless otherwise noted in text. Soil added at 
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2%w/v. Other water sources were used as noted in text. For sea water, buffer strength was 

decreased to 250 mM. 

 Fermentations were performed as follows. A 200 ml overnight culture was grown from a 

single colony was grown (37 0C, 250 rpm) in ALB with chloramphenicol and 50 g/l of the 

carbon source to be fermented in a 1 l baffled shake flask. After 16-22 hrs, cells were pelleted by 

centrifugation at 3500 rcf for 30 min at 16 0C. Cells were suspended in 20 ml fermentation media 

with 5 μg/ml chloramphenicol. Cells were washed again in 20ml fermentation media without 

chloramphenicol, then suspended in 5 ml fermentation without chloramphenicol and placed in 14 

ml snap cap tubes. Tubes were press sealed and covered with parafilm. pH was adjusted at 8 and 

10 hours with addition of 2-3 drops of 10M NaOH. 

 

7.2.9 Analysis of fermentation products.  

Ethanol was quantified by gas chromatography with flame ionization detection as 

previously described18. Lactate and other organic acids were identified and quantified by HPLC 

analysis on an Aminex HPX-87H column (Bio-Rad) as described previously, but changing the 

mobile phase from 5 mM H2SO4 to 30 mM H2SO4
19. 

 

7.3 Results and Discussion 

 

7.3.1 Alkaliphilicity 

 B. marmarensis attracted our attention from reports of its extreme alkaliphilicity; it 

demonstrated growth in medium with pH as high as 12.513. Previously, we sequenced and 

annotated its genome20. We began further study by characterizing its growth rate across a wide 

pH range (Fig. 7-1A). Following overnight acclimation at each pH, B. marmarensis grew most 
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rapidly between pH 9.0 and 10.5. No growth occurred at pH 7.0 or beyond pH 12.5. 

Furthermore, exposure to neutral medium appeared lethal, as raising pH following neutral 

conditions did not render growth. The specific growth rate of B. marmarensis at pH 10.0 of 

0.8±0.1 hr-1 matched that of Escherichia coli and Bacillus subtilis in neutral conditions (Fig. 7-

1B). Its biomass accumulation greatly surpassed other strong alkaliphiles, growing at twice the 

rate of model extreme alkaliphile Bacillus pseudofirmus (Fig. 7-1C).  
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Figure 7-1. B. marmarensis grows heartily in a broad, alkaline pH range, and thereby exhibits a resistance to 
environmental contaminants. (A) Specific growth rate of B. marmarensis during exponential growth in nutrient 
broth media at different initial pH values. Maximum growth rates were observed between initial media pH of 9.0 to 
10.5. N=4. (B) Specific growth rate comparing B. marmarensis (Bm, pH 10.0), Escherichia coli (Ec, pH 7.0), and 
Bacillus subtilis (Bs, pH 7.0). N=4. No significant difference in growth rates was observed. (C) Biomass 
productivity of extreme alkaliphiles in nutrient broth at pH 11.4. Bm = B. marmarensis, Bp = B. psuedofirmus 
OF4. Bh = B. halodurans C-125. Bc = B. clausii KSM-K16. N =5. Bm accumulates biomass more rapidly than the 
other alkaliphilic strains. All error bars are SD. (D) 16s rDNA library of B. marmarensis cultures propagated with 
intentional contaminates demonstrates in resistance to competitors. In all cases a 1% inoculation of B. marmarensis 
was grown in media contaminated by outdoor exposure to air for 48 or addition of 2 %w/v soil from the Santa 
Monica Mountains (Malibu, CA). Cultures were diluted into fresh, unsterilized media daily for 7 days. Negative 
and positive controls were performed in sterile media with and without B. marmarensis inoculation, and at both pH 
setpoints. A sensitivity control with 24:1 B. halodurans:B. marmarensis genomic DNA (4% Bm gDNA) was also 
performed. The 16s rDNA library was quantified on final day. B. marmarensis clearly dominates the open-air 
systems, and shows increasing dominance with harsher alkaline conditions when exposed to soil. Together, the 
data demonstrates B. marmarensis’ potential to outgrow competitors in extreme alkaline conditions. 
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7.3.2 Contamination resistance 

 With hearty growth under these conditions, we hypothesized that B. marmarensis should 

exhibit a level of contamination resistance. We tested this by propagating the strain in 

intentionally-contaminated medium and evaluated its prevalence. Two different contamination 

systems were established: one with open-air exposure as used to catch wild yeast21, and a second 

with moist, mountain soil directly added to the medium. B. marmarensis was inoculated into 

both systems at pH 9.5, pH 11.5, or pH 9.5 with daily sodium-carbonate washing, and re-

propagated by daily 100-fold dilutions.  

After a week of growth, contamination was assessed by several visual and molecular 

evaluations. First, visual inspection of plates streaked from cultures showed no fungal growth 

nor phage plaques (Appendix A). Also, fungus was not detected in quantitative-PCR analysis of 

internal transcribed spacer (ITS) ribosomal region. Second, inspection for foreign bacterial 

colonies showed minute contaminates in open-air settings, and larger contaminates from soil 

cultures (Appendix A). To quantify contamination, we performed high-resolution melt analysis 

(HMRA) of 3 hypervariable 16s rDNA regions16. HMRA showed that open-air cultures drifted 

towards higher penetration of B. marmarensis over time in all pH conditions, with final melting 

points of each 3 region matching its genomic DNA (Appendix A). Soil-contaminated cultures 

showed a range of foreign DNA, with pH 11.5 cultures showing the closest match to melting 

temperatures to that of B. marmarensis genomic DNA; these conditions appear to become 

enriched with B. marmarensis over time. We next built full 16s rDNA libraries from each culture 

(Fig. 7-1D). In all open-air systems, greater than or equal to 95% of reads belonged to B. 

marmarensis. The strain remained dominant with soil-contamination, but to a lesser extent: at pH 

11.5, B. marmarensis represented 85% of the library reads (full species  
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distribution in Appendix A). Remaining prevalent with this heavy soil contamination presents a 

promising approach for the same resistance in biorefining.  

 

7.3.3 Genetic tools and fermentation  conditions 

 With a characterization of this strain’s pronounced alkaliphilicity, we then proceeded to 

develop working genetic tools and carbon-efficient fermentation conditions to assess B. 

marmarensis as a chemical-production platform. Previously, alkaliphiles have been transformed 

with protocols dependent on a neutral pH step22-24. B. marmarensis is an obligate alkaliphile and 

cannot survive in neutral conditions. We therefore set about adapting transformation protocols to 

entirely alkaline conditions. Attempts to transform B. marmarensis using natural starvation25, 

auto-competency26, and heat-shock27 all failed to yield colonies. An alkaline electroproation 

protocol for gram-positive bacteria was performed, using glycine supplementation and addition 

of osmoprotectant D-sorbitol (adapted from ref. 28). However, two previously undisclosed 

problems complicate this procedure: B. marmarensis grows unpredictably in rich medium with 

osmoprotectants, and wash buffers with osmoprotectants rapidly acidify (Appendix A). Pre-

heating and pre-aerating the osmoprotectant rich media and inoculation of fresh colonies (<1 

week old) gives reproducible and predictable growth of competent cells (Appendix A). Also, a 

pH 7.8 washer buffer with minimal addition of alkaline salts provides an optimal balance 

between B. marmarensis viability and electrical resistance. Additional optimization of the rescue 

media with 0.5M sorbitol as the only osmoprotectant and a glycine treatment of 1 %(w/v) for 50 

min enables transformation efficiency of 1.0x105 colony-forming units per μg DNA (App. A). 

 With a working transformation protocol, we then developed a library of promoters to 

drive genetic overexpression (Fig. 7-2A). A series of plasmids was constructed with different  
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Figure 7-2 Development of a promoter library and efficient fermentation conditions for B. marmarensis hint at the  
strain’s applications for metabolic engineering and alkaline biorefining. (A) Promoters were cloned from the 
genomes of B. marmarensis, B. subtilis, and E. coli and were tested for their expression of native beta-galactosidase 
in exponentially growing B. marmarensis. B. subtilis and E. coli promoters are given by their common names. B. 
marmarensis promoters are given RAST annotation numbers (Further detail given in Supplementary Table 1). (B) 
Fermentation of glucose into organic acids by B. marmarensis. Products varied by the given headspace of air, with 
maximum acids observed at 1.7 vol headspace.  (C) Increasing biomass loading of cells greatly boosted yields of all 
organic acids. (D) Optimization of pH and buffer strength and removal of peptone further raise yields to 40 g/l 
lactate and 1 g/l succinate from 45 g/l glucose - 94% conversion of carbon into fermentation products. This also 
eliminated acetate and greatly improved selectivity for lactate over succinate (40 versus 1.0 in (B)). N=3, All error 
bars are SD. 
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promoters driving expression of B. marmarensis’ native beta-galactosidase. Promoters were 

selected from several genes predicted to express constitutively in B. marmarensis. (Appendix A). 

Promoters were cloned as the approximately 400 base pairs upstream of the start codon to 

include both transcriptional elements and ribosome binding sites using beta-galactosidase as the 

reporter gene. Several promoters showed beta-galactosidase activity; promoters P1361 and P3358, 

regulating genes for a hypothetical S-layer protein and a glutamate dehydrogenase, respectively, 

provided the most activity (Fig. 7-2A). Interestingly, the strong promoters P43 and Pspac of B. 

subtilis were not active in B. marmarensis, while PLlac01 and other E. coli promoters showed 

some activity (Fig. 7-2A). 

 Utilization of these new metabolic-engineering tools requires carbon-efficient 

fermentation conditions. It has been shown that growth of alkaliphiles in extreme pH can give 

low biomass yields11,29,30. This may be due to the thermodynamic challenge of generating a 

favorable proton gradient in alkaline conditions31,32. Cells require extracellular protons to pump 

across their membranes for ATP synthesis, but the very low concentration of protons in alkaline 

media compared to near-neutral cytoplasmic conditions makes this unfavorable. However, 

fermentative production is not reliant on growth8,33. In fact, de-coupling growth from 

fermentation could provide more carbon flux towards desired products instead of biomass.  

 To evaluate the fermentative capacity of B. marmarensis, we quantified organic acids and 

alcohols produced in different growth media (Fig. 7-2B). Cultures grown in rich tryptone and 

amino acid media yielded small quantities of lactate and succinate. In minimal media with 

glucose, B. marmarensis produced much greater quantities of lactate and succinate, in addition to 

trace amounts of acetate, depending on the headspace volume. Providing 1.7 vol air in the 

headspace of a sealed vessel without further aeration gave the highest titers with 7.3±0.8 g/l 
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lactate, 6.8±1.6 g/l succinate and 0.4±0.1 g/l acetate from 40 g/l glucose. These titers increased 

with B. marmarensis biomass loading up to 10%v/v, at which it produced 10.6±1.3, 7.4±1.1, and 

1.5±0.1 g/l lactate, succinate, and acetate, respectively (Fig. 7-2C). Further optimization was 

performed from these conditions (Fig. 7-2D). It was found that increasing buffer strength, 

increasing sugar concentrations, adjusting pH, and removing peptone from production media the 

led to titers of 39.0±2.3 g/l lactate and 1.1±0.3 g/l succinate from 45 g/l glucose, and no 

measurable biomass growth. This represents 90% conversion of carbon into fermentation 

products, demonstrates high selectivity for a single product, and provides a strong foundation for 

metabolic engineering of new bioprocesses featuring this strain. 

Engineering B. marmarensis for ethanol production 

 To further demonstrate the utility of B. marmarensis, we engineered a strain to produce 

ethanol. We heterologously expressed pyruvate decarboxylase pdc and alcohol dehydrogenase 

adhB from Zymomonas mobilis to convert pyruvate to in-demand biofuel ethanol. Ethanol 

production cassettes were constructed as given in Fig. 7-3A. Initial plasmid constructs expressed 

adhB by P3358 and pdc by P1361. B. marmarensis cells harboring this plasmid produced an ethanol 

titer of 5.2±0.5 g/l in 14 hrs (Fig. 7-3B) representing 22 % of the theoretical maximum yield.  

High lactate titers made by this strain resulted in a low ethanol selectivity and yield (Fig. 7-3C). 

 We attempted to increase ethanol yields by outcompeting lactate dehydrogenase (ldh) for 

pyruvate flux. We first attempted to increase pdc expression by finding a stronger promoter. 

Substituting P1361 for the native lactate dehydrogenase promoter (PLDH) decreased ethanol yields. 

Generation of a hybrid promoter splicing P1361 and PLDH into Phybrid also failed to increase yields. 

Attempts were made to knockout ldh from the B. marmarensis genome, but despite a reliable 

transformation protocol, a working counter-selection marker to force genomic integration could  
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Figure 7-3. Engineering B. marmarensis for alkaline biorefining in unsterilized, contaminated medium using 
complex carbohydrates and otherwise-unutilized water. (A) Table of genotypes transformed into B. marmarensis 
for alkaline biorefining of ethanol. All plasmids used cat selection marker and repB origin from Lin, et al (2014). 
Promoters were cloned from the B. marmarensis genome, and include ribosome-binding sites. Phybrid was a fusion of 
P1361 and PLDH. adhB and pdc were cloned from Zymonomonas mobilis. P1361’ and Pldh’ had modified RBSs. (B) 
Ethanol production of B. marmarensis harboring the respective plasmids shown. Initial production with pEtOH 
reached 5 g/l and a 22% yield, but titers were significantly boosted when antisense RNA to knockdown lactate 
dehydrogenase (asRNALDH) was introduced. (C) Selectivity for ethanol over lactate in engineered strains. Production 
of ethanol and lactate were found to be inversely related, with increasing ethanol titers occurring at the cost of 
lactate. (D) Raising RBS strength of pdc increased flux of pyruvate towards ethanol and away from lactate. This 
improved production to 15 g/l, or 65% of the theoretical maximum. (E) Ethanol titers were raised to 38 g/l by 
concentrating glucose and salts in the medium. (F) Engineered B. marmarensis converted unsterilized cellobiose and 
xylose with similar yields. (G) This strain produced ethanol from a mix of cellobiose and xylose with soil 
contamination and in algal wastewater or seawater. 
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not be found. We therefore designed an antisense-RNA knockdown scheme34 (Appendix A). 

Incorporating this into the ethanol production cassette boosted titers to 12.3±0.4 g/l and greatly 

improved selectivity for ethanol over lactate (Fig. 7-3B, C). Furthermore, production titers were 

again raised by increasing the predicted ribosome-binding site translation-initiation rate (RBS, 

TIR). The RBS paired with P1361 was swapped for synthetic RBSs. Raising RBS TIR increased 

ethanol titers, with the strongest RBS increasing ethanol titers to 14.8±0.9 g/l, or 65 % the 

theoretical maximum yield (Fig. 7-3A, D). To enhance titers and productivity, fermentations 

were performed with increased biomass, glucose, and salts. This gave final titers of 38±3 g/l 

(Fig. 7-3E). Cells were recycled by centrifugal separation from growth medium followed by base 

wash.  At least 82% of initial yields was found in succeeding batches for up to 3 batches, 

presenting the opportunity to recycle B. marmarensis biomass for multiple production rounds.  

 

7.3.4 Unsterilized production of ethanol from advanced substrates in non-potable water 

 Yet to move towards a practical process, energy cannot be spent in sterilization and we 

must move away from glucose as the feedstock35. We repeated ethanol production from glucose 

medium devoid of decontamination. Previous experiments had been carried out without 

sterilization. Notably, ethanol yields remained within the established confidence intervals (Fig. 

7-3F).  

 We replaced glucose with cellobiose and xylose. Both of these saccharides are major 

products of cellulose degradation. Their simultaneous conversion remains a challenge to biofuel 

production36. However, their consumption in a bioprocess may enable use of inexpensive 

cellulosic material as the feed, in place of more expensive glucose sources.  B. marmarensis was 

previously shown to utilize cellobiose, but not xylose13. However, we predicted otherwise as we 



107 
 

identified xylose isomerase and xylulose kinase genes within its genome20 that may allow it to 

assimilate xylose into the pentose phosphate pathway and central metabolism. During 

fermentations, B. marmarensis achieved yields of 53 and 58 % the theoretical maximum from 

cellobiose and xylose, respectively, and 53% yield at a titer of 12.3±1.2 g/l from a 50:50 mass 

mixture of both (Fig. 7-3F, G). No components in these fermentations were decontaminated, 

thereby; these yields were achieved from advanced feedstocks in unsterile medium.  

Despite this success, such demonstration was not performed with a practical source of 

water. Drought conditions in much of the US necessitate use of wastewater or seawater – 

drinking water cannot be spared to make new energy sources. Additionally, no contaminates 

were intentionally introduced into the medium. We therefore continued testing cellobiose and 

xylose fermentations with intentional contamination and with wastewater (Fig. 7-7G). Adding 

soil to the fermentation had no significant effect as ethanol yields reached 54 %. Next, algal 

wastewater replaced tap water in the medium, and no drop in titer was found with yields around 

53 %. Finally, seawater from the California coast was used as the water source. This marginally 

impacted production, with ethanol yields slightly falling to 50 % from cellobiose and xylose in 

unsterilized conditions. 

 

7.4 Conclusion 

Through these findings, we have shown the utility of B. marmarensis as a platform for 

alkaline biorefining. It converted advanced substrates cellobiose and xylose into the in-demand 

biofuel ethanol with greater than 50 % yield. This was done using wastewater streams without 

sterilization. Further work to raise yields will move this contamination-resistant process towards 

industrial practicality. Additionally, ethanol production only stands as a preliminary example of 
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this strain’s potential. The strain possesses limitless applications, with a special interest for 

production of marketable basic amino acids lysine and arginine. The pKa of these high-value 

products would allow a self-buffering system, but producing them requires elucidation of their 

biosynthetic regulation in this species.  
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8 Utilizing manure and sewages wastes as a chemical feedstock with one-step conversion by 

extreme alkaliphile Bacllius marmarmensis 

 

 Manure and sewage are two societal wastes not fully recycled for energy and nutrient 

recovery. Their current handling can lead to excess greenhouse gas emissions through aerobic 

composting or anaerobic digestion. Both contain high quantities of protein that should be broken 

down to recover both carbon and nitrogen components, as is not performed in current industrial 

processes. We present here studies on a single-pot process to recover reduced nitrogen fertilizers 

from these materials by converting it with extreme alkaliphile Bacillus marmarensis.  We 

identified bioconversion conditions to recover and purify 27 % of reduced nitrogen fertilizers 

from amino acids, and discuss additional considerations to advance this process. The process 

also retained high quantities of lysine as a valuable co-product. Finally, direct conversion of 

polypeptides was demonstrated using an ethanol-producing strain of B. marmarensis without 

additional pretreatments. This recovered 35 % of reduced nitrogen fertilizers and 10 % the 

maximum theoretical yield of carbon into ethanol, while maintaining high lysine concentrations. 

Together, these results provide a first look into a one-step process to recycling protein-rich 

wastes. 

 

8.1 Introduction 

Manure and sewage are immense wastes of modern society that we have yet to fully 

recycle or re-utilize1-3. Annually approximately 160 million tons of manure and 21 million tons 

of sewage are produced in the United States4,5. These materials undergo limited levels of 

repurposing, with the vast majority undergoing aerobic composting or anaerobic digestion6-9. 



113 
 

However, both processes release immense quantities of greenhouse gas and pose drastic 

environmental threats10,11. 

 Furthermore, these materials contain significant quantities of protein, from which, the 

environmentally-impactful reduced nitrogen compounds are not reclaimed. Manure and sewage 

are anywhere from 12 to 50 % protein on dry basis4. Around 14 % of this protein material is 

reduced nitrogen fertilizers fixed into each individual amino acid12. These fertilizers are 

produced by the energy-intensive Haber-Bosch process, which consumes approximately 2.5 % of 

global energy13. Emergent bioprocesses have been demonstrated to recycle such proteinaceous 

biomass to avoid further Haber-Bosch nitrogen fixation, but many issues in their scale up remain 

unresolved12,14 (Fig. 8-1). First, E. coli was engineered to convert amino acids into advanced 

biofuels isobutanol, 2-methylbutanol, and 3-methylbutanol at 56 % of the maximum theoretical 

yield, but this required an alkaline pretreatment and in vitro protease treatment, 2 distinct 

processing steps, before the protein was degraded into a form E. coli could metabolize14. 

Protease hydrolysis and amino acid conversions were consolidated with transfer of this metabolic 

strategy into Bacillus subtilis, but this process still suffers from low biofuel yields and is still 

reliant on a pH swing from the alkaline pretreatment step to neutral amino-acid fermentation15. 

Additionally, both processes end at neutral pH with ammoniacal nitrogen present as dissolved 

ammonium ion, and not the easily-separable dissolved NH3 gas (pKa NH3 = 9.25). Therefore, 

extra purification steps are required to generate both purified biofuels and ammonia as separate 

products. 

 Exploring additional microbial hosts for nitrogen-recycling bioprocesses may enable 

further industrial process simplification, and thereby move protein conversion and manure and 

sewage recycling towards industrial practicality. Execution of the entire process at an alkaline 
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pH opens up much more process consolidation. To explore the possibility of this, we applied the 

extreme obligate alkaliphile Bacillus marmarensis DSM 21297. We have previously sequenced, 

developed genetic tools, and metabolically-engineered this microorganism for a high-yielding 

ethanol process (Chapter 6 and 7). Here, we have applied this strain for the reclamation and 

purification of reduced nitrogen from protein wastes, with the simultaneous generation of biofuel 

and select high-value amino acids.  

 

8.2 Materials and Methods 

 

8.2.1 Strain, media, and cultivation 

 Bacillus marmarensis DSM 21297 was obtained from DSMZ (Germany). B. 

marmarensis DW9 (or B. marmarensis harboring plasmid pHTetOH-asRNA156) was generated 

previously in our lab (Chapter 7). B. marmarensis was routinely cultured at 37 0C shaking at 250 

rpm in alkaline LB broth (ALB). ALB consists of 5 g/l yeast extract, 10 g/l NaCl, 10 g/l tryptone, 

4.2 g/l NaHCO3, and 5.3 g/l Na2CO3. All media components purchased from Sigma Aldrich. For 

plates, 15 g/l bacto agar was added (BD Biosciences). 5 μg/ml chloramphenicol was added to 

cultures of B. marmarensis DW9. Chloramphenicol was added from a 2 mg/ml stock solution 

dissolved in water to avoid ethanol carryover. Amino acid and oligopeptide media were 40 g/l 

Casamino acids or trypticase peptone in DI water, respectively (BD Biosicences). 

 For all experiments, B. marmarensis was streaked from a 25% glycerol freezer stock 

stored at -80 0C onto an ALB plate. Plates were grown overnight at 37 0C and used fresh the next 

day, or stored at 4 0C (wrapped with parafilm) for use within 10 days. 

8.2.2 Amino acid, alcohol, and ammonia analysis 
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 Amino acids were analyzed by HPLC on an Agilent ZORBAX Eclipse AAA column as 

previously described15. OPA and FMOC were used to derivitize amino acids as described 

elsewhere15. Ethanol was measured with a gas chromatograph equipped with a flame-ionization 

detector as described elsewhere15. Ammonia was measured with a Neulog Ammonium ion 

selective probe as described elsewhere15, with the exception that samples were diluted from 10 to 

50-fold in 100 mM Sodium citrate buffer (pH 5.5). 

 

8.2.3 Tryptophan analysis 

 1 g/l L-Tryptophan (Sigma-Aldrich) was supplemented into several solutions and media 

as described in the text. Autoclaving was performed in a 1 l glass bottle at 121 0C for 30 mins.  

 

8.2.4 Amino acid and oligopeptide conversions 

 Conversions were performed with 2 New Brunswick Bioflo 310s with 5L vessels and a 

500ml gas air-stripping tower (Fisher Scientific) connected in series. The first contained 2l 

protein media (amino acids, oligopeptides, or polypeptides with 1 g/l yeast extract) at 30 0C, 

agitated at 300 rpm, 0.5 vvm air flow, with 200 mg/l kanamycin seeded with a 100ml overnight 

of B. marmarensis in the respective media. pH was maintained with 4M NaOH. The second 

contained 3.6L of 100mM sodium citrate pH 5.5. It was agitated at 400 rpm and pH controlled 

with 3M HCl. The final gas stripping tower contained 350ml 0.2M HCl to strip any overflow 

NH3. 
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8.2.5 Polypeptide studies 

 Casein polypeptides were used as the protein source. Media was prepared by making 100 

mM Na2CO3 solution and dissolving 3% w/v casein with stirring. Following autoclaving, B. 

marmarensis was inoculated into the media at 1%v/v in 50 ml cultures in 250ml screw top 

flasks. Extend of hydrolysis was monitored by filtering samples with a 1000 Dalton molecular 

weight cut off dialysis bag for 72 hours. Residual protein was measured through polypeptide 

bonds with a Pierce BCA Protein Assay kit (Life Technologies). 

 

8.3 Results and Discussion 

 

8.3.1 Process considerations 

 We set about designing a simplified process for the reclamation of reduced nitrogen 

fertilizers directly from protein-rich wastes. Currently, anaerobic digestion is the main route to 

convert sewage wastes (Fig. 8-1A). However, its use for recovering nitrogen is far from perfect. 

Much NH3 is actually denitrified to dinitrogen, and high-levels of ammonia, as would be present 

with high protein conversions, inhibits methanogenesis, the carbon-recovery step of anaerobic 

digestion. 

 Previously, conversion of protein was demonstrated in a process with 2 pre-treatment 

steps using E. coli (Fig. 8-1B)16. We simplified this process by transferring the metabolism to B. 

subtilis, but currently have yet to achieve the high biofuel yields of E. coli using this strain15. We 

now hope to bring this to a single-step process using Bacillus marmarensis (Fig. 8-1C). With an 

optimal growth well above the pKa of NH3, we expected significant ammonia recovery using the 

wild-type strain. 
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To test this, we setup an ammonia-stripping culture system as diagrammed in Fig. 8-1D. 

B. marmarensis was cultured in alkaline protein media bubbled with air. A second bioreactor 

was connected in series. This reactor was filled with an acidic buffer to trap NH3 and store it as 

NH4
+ salt. In our lab setting, the 2nd tank was necessary to trap the NH3, however, advanced 

industrial equipment can replace this system to make it a single-tank setup. 

Escherichia coli: 

Protein
waste

NaOH Proteases

Escherichia coli 
amino acid 
conversion

Ammonia
Purification

NaOH

Anaerobic digestion by microbial consortia:

HCl

Bacillus marmarensis: 

Protein 
waste

NaOH

B

A

C

NH3

NH3

Denaturation 
and 

dissolution

Hydrolysis

Protein
waste

Ammonia
Purification

NH3Hydrolysis

NH3

Methanogenesis

H+

Acidogenesis Acetogenesis

Bacillus marmarensis one-pot, 
protein-to-NH3 system

Time (day)
0 2 4 6

N
H

3
 y

ie
ld

 (
%

 o
f 

th
e
o

re
ti

c
a
l 

m
a
x
.)

0

5

10

15

20

25

Amino acids

Polypeptides

Exhaust

Alkaline
B. marmarensis

culture

Acidic
NH4

+-collection
media

Air compressor

D E

Figure 8-1 An ammonia reclamation bioprocess utilizing B. marmarnesis. Process flow diagrams of protein-conversion and 
nitrogen-reclamation processes using (A) Anaerobic digestion, (B) Escherichia coli–based process(ref), and (C) Bacillus 
marmarensis-based process.  Methanogenic bacteria that complete anaerobic digestion are inhibited the low pH made during 
acidogenesis and the accumulation of ammonia from acetogenesis. The E. coli process (ref) does not have such issues, but it 
requires a 2-step pretreatment of wastes and continual change in pH setpoints to enable stepwise denaturation/dissolution, 
amino-acid conversion, and ammonia purification. B. marmarensis enables a 1-pot process by continuously maintain an alkaline 
pH and enable consolidation of protein pre-treatment and ammonia purification. (D) Schematic representation of experimental 
setup. Air was bubbled and dispersed into an air-stripping tower containing protein-rich alkaline media and B. marmarensis 
culture. Exhuast of this tower was fed to a 2

nd
 tower containing acidic collection media. Ammonium ion concentrations were 

made in the 2
nd

 tower. (E). Ammonia production from amino acid and polypeptide media. Ammonia yields of 24±2 and 17±2 % 
of the theoretical maximum were achieved. N=3. Error bars are SD. 
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 We first ran this system without any pH 

controls. B. marmarensis was inoculated in either 

amino acid or oligopeptide media at pH 11.4, and 

cultured with stripping for several days. 24 and 17 

% of the reduced nitrogen in amino acid and 

oligopeptides, respectively, was purified and 

recovered in 7 days (Fig. 8-1E). 

 Expectedly, the pH of this system dropped 

drastically as NH3 was removed. The final pH of 

both conditions was around 9.2 – 9.3; approaching 

the pKa of NH3. NH3 removal is difficult in these 

conditions, where 50 % of ammoniacal nitrogen will be ionic form. To circumvent this issue, we 

implemented pH control during culturing (Fig. 8-2). We explored the effect of pH set point on 

NH3 yield. Maximum production was found around pH 10.3 for both amino acid and 

oligopeptides. We further explored this and similar pH conditions with amino acids and found a 

maximum yield in the range of pH 10.0 to 10.3, where yields of 25 and 27 % yields and 1.6 and 

1.7 g/l titers were obtained. At pH 9.7, the NH3 yield fell to 7 %, potentially due to a large 

fraction of ammoniacal nitrogen becoming ionized. Additionally, yield dropped at pH 10.5 and 

beyond. This may be due to the lower growth rate of B. marmarensis when pH is held at these 

alkaline conditions (Chapter 7). 

Figure 8-2 Effect of pH setpoint on NH3 yield in 
B. marmarensis protein conversions 
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 With an 

understanding of pH set 

point, we next explored 

how protein 

concentration would 

affect performance. It is 

desirable to use a high 

protein concentration, as 

this minimizes the water 

footprint and mixing energy of the process17. We first evaluated the growth of B. marmarensis in 

increasing protein concentrations (Fig. 8-3). Starting at our current concentration of 4 % w/v, no 

major growth inhibition was observed with up to 8 % w/v. This presents an opportunity to 

double protein feed concentration. Growth in 10 - 14 % protein showed a significant lag. Growth 

at 16 % was very minimal after 4 days. We next measured NH3 recovery using this 8 % amino 

acid feed. While titers were raised to 2.8 g/l, the yield fell to 22 %. This may be due to a need to 

optimize the bioreactor conditions for the higher protein starting concentration. For instance, 

since we doubled the amount of protein, do we need to double the seed culture or air flow? In 

either case, the process requires further development before these conditions necessitate 

optimization. 

 

8.3.2 Valuable Byproducts 

 Although recovery of reduced nitrogen fertilizers from protein-rich wastes has huge 

environmental implications, the low market value of NH3 introduces financial difficulties for this 

Figure 8-3 Growth of B. marmarensis increasing concentrations of protein (via 
amino acids) 
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process. Valuable byproducts may be required for this endeavor to work industrially. A similar 

issues have arisen in ethanol production, where the product is also low-value, and profit margins 

are greatly increased by selling the residual distiller’s dried grains with soluble to balance the 

books14.  

 We therefore turned to the residual amino acids left over by this process. Example amino 

acid profiles are given in Fig. 8-4. Lysine, tryptophan, methionine, and threonine are valuable 

amino acids with large markets as livestock feed (Chap. 9). No tryptophan and only trace 

concentrations of threonine were observed from both amino acid media and oligopeptide media. 

Methionine was found at 0.13 and 0.34 g/l in amino acids and oligopeptides, but these low 

concentrations may impede its purification. Current approaches to purify amino acids from 

fermentation broths require ion-exchange chromatography, where pH of columns is adjusted to 

purify amino acids by isoelectric point (Chapter 9). Purification of methionine from the mixture 

of amino acids in Fig. 8-4 may be difficult due to co-elution of undesirable tyrosine (pKa of 5.74 

and 5.66, respectively).  
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 Lysine, however, stands as a viable byproduct of this process because of its large market 

and distinct PI of 9.74. Lysine currently has an immense global market, with demand increasing 

almost exponentially by year (see Chapter 9). Also, the high market price of lysine will greatly 

boost total price of all products from this process, with titers of 1.40 and 1.84 g/l observed from 

amino acids and oligopeptides, respectively. We again examined the concentration of lysine 

following conversion of 8% protein. The concentration of lysine about doubled to 2.72 g/l in 

these settings, and several other amino acids were found in much higher concentrations as well. 

This last result was expected as we observed a lower yield of NH3 in this fermentation (22 vs 27 

% yield). However, the high isoelectric point of lysine will still enable purification from this 

amino acid mixture. 

 Although the amino acid media did not contain tryptophan in the feed (see Materials and 

Methods), we were perplexed by the lack of tryptophan from oligopeptide media. Tryptophan is 

the most valuable amino acid, and its retention could greatly improve profitability of this process 

(Chapter 9). To identify the fate of tryptophan, we investigated its stability in alkaline conditions 

and in alkaline media. No loss of tryptophan was observed following sterilization by autoclaving 

in a pH 11 buffer. Incubating this tryptophan solution did not cause its degradation. Furthermore, 

supplementing both sterile alkaline amino acid and oligopeptide media supplemented with 

tryptophan did not lead to its degradation either. Interestingly, tryptophan concentrations in 

oligopeptide media rose overtime (Fig. 8-5A). This is likely due to alkaline-catalyzed peptide 

hydrolysis. A mixed response was observed when B. marmarensis was inoculated into these 

media (Fig. 8-5B, 5C). In amino acids, B. marmarensis consumed all tryptophan. However, in 

oligopeptides, tryptophan accumulated with a greater rate than before. The exact reason for this 

is not clear, and is quite unexpected because tryptophan is not observed from oligopeptides when 
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converted in the bioreactor (Fig. 8-3). This poses an important point for process design – 

adjusting aeration rates may enable tryptophan retention. 

 

  

8.3.3 One-pot protein conversions 

 With lysine identified as a valuable byproduct, and modest NH3 reclamation, we 

investigated the actual performance of this process using polypeptides.  A polypeptides media 

was formed by dissolving casein powder in an alkaline buffer. The extent of hydrolysis of the 

polypeptides was monitored following B. marmarensis inoculation. About 95% of polypeptides 

were hydrolyzed within 3 days. Complete hydrolysis occurred in 7 days.  
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 Knowing that B. marmarensis will efficiently degrade these polypeptides, we tested 

production using the ethanol-producing strain B. marmarensis DW9 (Chapter 7). Production of 

NH3 and ethanol were monitored over time (Fig. 8-6). The final titers of each reached 2.2 g/l 

NH3 and 0.72 g/l ethanol, or about 35 and 10 % of the theoretical maximum of each compound. 

This presents the highest yield of NH3 yet, but the 

ethanol yield is rather low. It is likely that deletion 

of either nitrogen-assimilating or nitrogen 

regulating genes will be needed to increase this 

yield12,15. However, a similar amino acid profile 

was produced, with lysine concentrations of 1.5 

g/l.  

 

8.4 Conclusion 

 We have investigated the application of alkaliphile B. marmarensis for a one-pot process 

for reclamation of reduced nitrogen fertilizers from protein wastes. A yield 35 % of NH3 was 

observed directly from polypeptides, as well as production of 1.4 g/l lysine and 0.72 g/l ethanol. 

To move this process forward, process parameters can be explored by DoE (design of 

experiment). It is expected that maximizing mixing, air flow, and aeration, could drastically 

increase NH3 recovery. Ideally, this one-pot process will be implemented in relatively small 

factories, enabling localized reclamation of nitrogen from manure and sewage. 
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9 Total recycling of CO2 for fuel, feed, and fertilizer: A proposal to integrate protein-

conversion and authotrophic carbon fixation for a greenhouse gas-neutral society 

 

This chapter presents an example of implementing consolidated protein conversion into 

an industrial process. It proposes combining conversion of protein by either Bacillus subtilis or 

Bacillus marmarensis with direct production of n-butanol biofuel by engineered cyanobacteria. It 

was proposed to the Climate Change and Emissions Management Corporation for development 

and scale-up studies in Alberta, Canada. 

 

9.1 Technology opportunities 

Our approach aims to 

reduce GHG emissions in 

Alberta, Canada by 1MT CO2 per 

year through the production and 

collection of protein-rich 

biomass and its consolidated 

conversion into Fuel, Feed, and 

Fertilizer (Fig. 9-1). The process 

contains three sources of CO2-

derived protein-rich biomass. In 

the first component, CO2 will 

be assimilated using 

photosynthesis by metabolically engineered cyanobacteria to produce n-butanol and protein-rich 

cell mass. In the second component, CO2 will be assimilated by lithoautotroph Ralstonia 

 

Figure 9-1 CO2 to Fuel , Feed, and Fertilizer (C2F3) Process. 
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eutropha to produce protein-rich cell mass using electrically generated H2 as the electron source.  

In the third component, we will use processed livestock manure as a protein source.  These 

protein-rich sources are then converted to fuel, feed-grade amino acids, and ammonia as 

fertilizer, using engineered Bacillus strains.  The three protein sources represent: 1) 

cyanobacterial CO2 fixation and conversion by direct Sunlight, 2) lithoautotrophic CO2 fixation 

at night powered by electricity generated from wind, solar cells, or hydraulic power systems, 

and 3) prevention of GHG emissions by converting livestock manure to marketable products. 

The use of cyanobacteria allows direct production of fuel and protein-rich cell mass. The use of 

lithoautotrophic organisms allows CO2 fixation at night using electricity-generated H2. Finally, 

the conversion of livestock manure prevents the emission of potent GHGs such as methane, NO2 

and CO2. 

9.1.1 Proposed technology and marketable products 

Our proposed technology first fixes CO2 through cyanobacteria and lithoautophs, and 

prevents GHG emission by converting livestock manure. We then metabolically-engineer 

Bacillus strains to simultaneously hydrolyze protein polypeptides and convert unmarketable 

amino acids into branched-chain alcohol biofuels, ammoniac nitrogen, and high-value amino 

acids (Fig. 9-2). The branched-chain alcohols are a mixture of isobutanol (iBOH), 2-

methylbutanol (2MB), and 3-methylbutanol (3MB) produced by the Ehrlich pathway (Fig. 9-

2D); all of which may serve as “drop-in” gasoline substitutes. The ammoniac nitrogen may be 

purified and precipitated as ammonium sulfate, a nitrogen fertilizer. Finally, the strain will be 

engineered to not consume the amino acids L-threonine, L-lysine, L-methionine, and L-

tryptophan, so that each may be purified as a co-product. These co-products have sizeable 

markets as amino-acid supplements for livestock. As an alternative approach to increase  
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flexibility of the process, we will also engineer the strain to produce either lysine or threonine, in 

place of biofuels, to capitalize on the higher value of these products and to streamline 

downstream purification by eliminating the need to distill biofuels. 

Previously, we have demonstrated the conversion of protein-rich biomass into fuels and 

chemicals1, the synthesis of 1-butanol with photosynthetic cyanobacteria2-4, and the use of 

electricity and lithoautotrophic organisms to fix CO2
5. Our proposed research for this project is 

to advance and integrate all these technologies. We plan to develop protein-conversion 

technology through transfer of metabolic strategies to drive amino-acid conversion into two 

protease-secreting, production candidates: the model-protease secretor Bacillus subtilis and the 

relatively-uninvestigated, extreme alkaliphile Bacillus marmarensis. Thereby, strains 

engineered to consume amino acids simultaneously hydrolyze polypeptides in a consolidated 

 
Figure 9-2 Consolidated conversion of protein into biofuels and ammonia. (A) Secreted proteases hydrolase 
polypeptides. (B) Amino acids are converted to key metabolites, some amino acids are unconverted. C.2-
keto acid catabolites are guided towards (D) branched-chain alcohol synthesis (biofuels). (E) Engineered 

nitrogen flux drives amino-acid conversion.  
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Figure 9-3. Lithoautotrophic growth. 
Electrolysis reduces CO2 to formate. 
Microbes consume formate to generate 
energy and to produce biomass.  
 

process. The use of alkaliphiles allows in situ separation of ammonia and reduces contamination, 

which confer important process advantages. 

Additionally, we have previously transferred the coenzyme A-dependent 1-butanol 

pathway of Ralstonia eutropha into the cyanobacteria S. elongatus4. Currently we have achieved 

1-butanol productivities of 51 mg/l/day, but plan to push this level higher through metabolic 

engineering to enhance availability of acetyl-CoA, the metabolic entry point into 1-butanol 

biosynthesis. 

As additional protein sources, lithoautotrophic 

biomass will be grown on CO2 and H2 produced by 

electrolysis of H2O (Fig. 9-3), and manure solids may be 

collected from livestock waste.  These protein sources 

are included in the project to diversify feedstocks, adapt 

this technology to Alberta, and demonstrate the broad 

applicability of protein-conversion technology to 

efficiently reducing GHG emissions.  

In summary, the overall process converts CO2 using various renewable energy sources 

(sunlight, wind, hydroelectricity) to fuel (n-butanol, isobutanol, 3MB, 2MB), fertilizer (NH3), 

and feed grade amino acids (lysine, threonine, tryptophan, methionine). 

9.1.2 Guiding scientific principles 

Our process is guided by the following principles:  1) CO2 fixation is fastest in property 

fertilized photosynthetic cells, 2) CO2 fixation can also be powered by electrically-generated H2 

using lithoautotrophic organisms, independent of direct sunlight, 3) GHG emission can be 

avoided if livestock manure is properly converted. All these CO2 emissions savings are based on 
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the ability to convert protein-rich cell mass or manure to derive ammonia and other marketable 

products. Ammonia can be recycled for growth of cyanobacteria and lithoautotrophs.  Additional 

nitrogen sources in manure can be converted to ammonia as fertilizer, or to marketable amino 

acids, such as lysine and threonine.  

• Re-routing microbial metabolism to drive amino acid conversion. Engineering of microbial 

metabolism enables renewable and environmentally-friendly production of chemical 

commodities. We studied the biosynthesis of branched-chain alcohols through the Ehrlich 

pathway (Fig. 9-2 and ref. 6-8). We have improved this process with extensive metabolic 

engineering efforts and implementations of new process controls9,10. The robustness of this 

pathway has been demonstrated by moving beyond branched chain alcohols to high yields of the 

chemical and potential biofuel n-butanol and long-chain and aromatic alcohols with various 

applications11-13. Furthermore, we have developed processes and investigated microbial hosts to 

work towards economically-feasible biorefining and bioenergy14-16, which has provided much 

insight to develop effective research strategies to consolidate protein conversion. 

 The genetic engineering for conversion of protein into renewable chemicals requires 

multiple components to bypass endogenous physiology and establish exogenous metabolic 

pathways17. The conversion of protein can be driven by forcing removal of amine groups from 

the carbon skeletons of amino acids, but cellular physiology and rapid native enzyme kinetics 

must be bypassed. While several catabolic routes deaminate amino acids to release NH3, multiple 

routes exist to re-assimilate free NH3 (Fig. 9-4A). Both glutamate dehydrogenase (GDH) and 

glutamine synthetase (GS) assimilate NH3 and serve as the amine donor in biosynthesis of other 

amino acids. Microbes maintain high intracellular glutamate levels to enable rapid redistribution 

of NH3 to available ɑ-keto acids (Fig. 9-4B). This allows for quick amino-acid synthesis when 
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Figure 9-4 Engineered nitrogen flux drives amino acid 
conversion. (A) Microbes naturally deaminate amino acids 
but re-assimilate NH3 to (B) distribute for synthesis of other 
amino acids. (C) Deletion of GDH and GS and deamination 
cycles (red) drive amino acid conversion. 
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nutrients are available. To circumvent this 

issue, novel transamination-deamination 

cycles aimed at increasing nitrogen flux 

provide a driving-force to release NH3 

(Fig. 9-4C). When coupled with disruption 

of NH3 assimilation by GDH and GS 

deletions, several amino acids are quickly 

metabolized. By overexpression of the 

isobutanol-biosynthetic pathway, a titer 

and yield of 4 g/l and 54%, respectively, 

were produced by E. coli in a protein-rich 

media1. Despite this success to enhance 

nitrogen flux, the required protein pre-

treatment steps for E. coli highlight the need to consolidate this process (Fig. 9-5). 

• Consolidated bioprocessing and benefits of an alkaline environment. This proposal aims to 

consolidate protein-conversion technology for integration into Alberta through developing 

different naturally advantageous Bacillus host strains. The concept of “consolidating” this 

bioprocess refers to simplifying and minimizing the equipment required for industrial conversion 

of protein into chemical products. This combination significantly reduces both capital and 

operating costs by requiring fewer distinct process units. 

 Bacteria of the genus Bacillus present several phenotypes which will progress protein-to-

chemical conversions with consolidated bioprocesses. The first step in consolidating the protein 

conversion bioprocess is integration of protein hydrolysis and amino-acid catabolism – 
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Figure 9-5 Process flow diagrams of protein-conversion processes for (A) E. coli, (B) B. subtilis, and (C) 
B. marmarensis. Bacilli do not require protease addition and B. marmarensis does not require separate 
biomass dissolution 
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analogous to unifying cellulose hydrolysis and glucose fermentation. The industrially-relevant 

and protease-secreting model organism Bacillus subtilis provides a strong starting point to 

improve this process. However, since protein conversion both manufactures carbon products and 

recycles nitrogen fertilizer, additional product separation, and therefore further opportunities for 

consolidation, exist. The extreme alkaliphile Bacillus marmarensis offers advantageous 

extracellular proteases and opportunities to purify ammonia in situ. It is capable to grow in pH 

as high as 12, and thereby, provides a platform to both lyse feedstocks and separate ammonia by 

air stripping (because in alkaline environment ammoniac nitrogen is presents as dissolved NH3 

gas in place of ionic NH4
+). B. marmarensis may serve to combine feedstock pre-treatment, 

protein hydrolysis, amino-acid conversion, and product separation into a single pot. The alkaline 

environment physically aids polypeptide hydrolysis and biologically disables pathogens within 

the feedstock (which persist in manure, ref. 18) and reduces contamination during the 

process. An alkaline environment to convert protein minimizes several risks while significantly 
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 Figure 9-6 ATP aided oxygen  
tolerant 1-butanol biosynthetic 
pathway. 

consolidating the process. Nevertheless, genetic tools for this organism must be further 

developed before it can be used in favor of B. subtilis. 

• Guiding metabolism for photoautotrophic 1-butanol production. Our group pioneered the first 

demonstration of 1-butanol production from CO2 using cyanobacteria by recombination of the 

fermentative 1-butanol pathway developed in E. coli into cyanobacteria2. However, the 

production requires anoxic treatment in dark and the inhibition of photosystem II in light. This 

difficulty turns out to be originated in both the lack of driving force and the oxygen sensitivity of 

the key CoA-acylating aldehyde dehydrogenase. We overcame 

this difficulty of 1-butanol production in cyanobacteria by 

redesigning the pathway with ATP expenditure as a driving 

force3 and expressing an oxygen tolerant enzyme for converting 

butyryl-CoA to butyraldehyde4. The final synthetic pathway was 

constructed using enzymes from five different organisms as 

shown in Figure 9-6 and accomplished direct photosynthetic 1-

butanol production up to 400 mg/L. These results demonstrate 

both the feasibility of direct 1-butanol production from CO2 and 

the importance of redesigning pathways according to the 

characteristics of host metabolism. Based on this success, we are 

currently investigating the effect of enhancing expression of the 

1-butanol biosynthetic pathway and enriching the metabolic pool of the starting substrate acetyl-

CoA for 1-butanol biosynthesis.  
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• Diversified protein sources to mitigate GHG emissions. Our engineered Bacillus strains will be 

capable of utilizing any protein-rich biomass. To efficiently reduce GHG emissions, we propose 

using lithoautotrophs, 1-butanol producing cyanobacteria, and manure waste. 1-Butanol 

producing cyanobacteria may be cultured in photobioreactor systems as proposed in this process. 

However, the cyanobacteria will only fix carbon dioxide with available sunlight. 

Lithoautotrophic organisms can fix CO2 using either electricity-generated H2 or formic acid with 

the electricity supplied from an alternative, renewable source (as demonstrated by our lab in ref. 

5) The renewable energy source includes solar, wind, and hydroelectric power. Solar cells offer 

the advantage of capturing more energy from sunlight than photosynthetic cyanobacteria5, while 

wind and hydroelectric power may be generated without sunlight. Also, each of these renewable 

electricity forms is currently deployed in Alberta19. Tapping intermittent and unused 

electricity from such facilities, or building new facilities, would enable protein biomass 

production and CO2 sequestration on top of that done by cyanobacteria alone. 

 Finally, protein-containing manure currently available in Alberta may be used as well. 

Alberta has over 6 million cattle heads, producing more manure than can easily be managed2. 

Much manure is left to compost aerobically or in landfills – releasing high levels of GHGs. 

However, this manure may be used as a feed for our process. In addition to cyanobacteria and 

lithoautotrophs, manure presents a third protein source in Alberta.  Most importantly, manure is 

already available and does not require additional infrastructure for its production. 

9.1.3. Current stage of development 

• Strain engineering of Bacillus subtilis for consolidated protein conversion. Catabolism of 

amino acids produces free ammonia as a product. Initial studies in E. coli revealed the necessity 

of disabling free-ammonia assimilation to drive high-yielding conversion of amino acids1. 
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Figure 9-7. NH3 production from protein with engineered B. subtilis 
strains.  KY11 overexpresses KivD-YqhD-LeuDH, KY12 and KY13 
are KY11 also overexpressing AlsS-IlvC-IlvD and IlvE-AvtA, 
respectively. 

However, ammonia assimilation in B. subtilis differs from E. coli both in the enzymes involved, 

glutamate dehydrogenase (GDH) and glutamine synthetase (GS), and in global regulation. It 

therefore required different genetic manipulations to drive amino acid consumption. The strains 

tested to produce NH3 from protein systematically studied the role of each ammonia-assimilation 

enzyme class, GDH and GS, on NH3 production. Deletion of both GDHs (rocG, gudB) and GS 

(glnA) in B. subtilis led to production of 1.0 and 1.2 g/L NH3, respectively (Fig. 9-7). When all 

three genes were deleted in a single strain, analogous to protein-conversion in E. coli, the 

ammonia titer dropped to 0.8 g/L, and cell growth significantly retarded. The lower ammonia 

production and slower growth 

necessitated a new metabolic 

engineering approach. 

To develop a better 

background strain, the role of 

global regulators, BCAA-

catabolic enzymes, and 

transaminases were investigated 

(Fig. 9-7). The nitrogen-sensing 

regulator TnrA up-regulates nitrogen import genes and represses central-carbon metabolism 

genes21-23. Deletion of tnrA did not help NH3 production – it provided a final titer of only 0.3 g/L 

(Fig. 9-7). Conversely, overexpression of tnrA raised ammonia titers to 1.2 g/L. The second 

regulator tested, CodY, is a global regulator displaying tight control over BCAA biosynthesis 

and degradation24. Chromosomal deletion of codY again produced high NH3 titers at 1.3 g/L. 

However, overexpression of TnrA in the ΔcodY background did not further raise NH3 
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production. Finally, bkdB, the gene coding for the dihyodrolipoamide acetlytransferase subunit 

of branched-chain keto acid dehydrogenase complex (BCKDC), was deleted to investigate the 

effect of BCAA catabolism on NH3 production. Deletion of bkdB alone did not raise NH3 

production above that of wild type, but its deletion in the ΔcodY background gave the highest 

production titers yet at 1.4 g/L. 

NH3 production from protein in B. subtilis was driven higher with incorporation of 

biofuel synthesis pathway in the production strain. Overexpression acetolactate synthase (AlsS) 

of B. subtilis, leucine dehydrogenase (LeuDH) of Thermoactinomyces intermedius, and an 

alcohol dehydrogenase of E. coli (YqhD) provided NH3 titers of 2.3 g/l (Fig. 9-7, 

KY11ΔcodYΔbkdB). This strain produced biofuel titers of 1.3 g/l. This represents yields of 14 

and 46 % of the theoretical maximum of biofuels and NH3, respectively.  

 When analyzing residual amino acids following this B. subtilis protein conversion, 

several undesirable amino acids remain (Table 9-1). Wild type B. subtilis consumed both lysine 

and threonine – two amino acids which are desired co-products. Upon deletion of codY, B. 

subtilis fully retained lysine and partially retained threonine in the amino acid broth, along with 

other amino acids. Current research efforts, and relevant milestones on this project, focus on 

engineering complete consumption of undesired amino acids. Preliminary data using lantibiotic 

Nisin from Lactococcus lactis, a sporulation inhibitor, suggests that production of B. subtilis 

spores during conversion is detrimental to amino-acid consumption and biofuel production. 

Research proposed in this project aims to solve this issue.  

 

• Strain engineering of Bacillus marmarensis for alkaline, consolidated protein conversion. 

Bacillus marmarensis is an extreme alkaliphile capable of growth in media up to pH 12.525. Prior 
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Table 9-1 Conversion of desired amino acids 

 

Amino acid Desired conversion B. subtilis wild type B. subtilis 
ΔcodYΔbkdB

Tryptophan Retain as product Retained Retained

Methionine Retain as product Retained Retained

Lysine Retain as product Consumed Retained

Threonine Retain as product Consumed Partially retained

Phenylalanine Retain Retained Retained

Tyrosine Retain Retained Retained

Histidine Convert Retained Retained

Valine Convert Partially converted Partially converted

Leucine Convert Partially converted Partially converted

Glycine Convert Partially converted Partially converted

Alanine Convert Partially converted Partially converted

Glutamate Convert Partially converted Partially converted

Aspartate Convert Converted Converted

Asparagine Convert Converted Converted

Serine Convert Partially converted Converted

Arginine Convert Converted Converted

Proline Convert Converted Converted

Glutamine Convert Converted Converted

Isoleucine Convert Partially converted Converted

Cysteine Convert Converted Converted

to our research, it was relatively uncharacterized. However, we are well underway in developing 

this strain as a production host for a consolidated protein conversion process. 

Development of this strain as a production host requires five key technologies: a genome 

sequence, a genetic transformation protocol, a chromosomal disruption technique, a library of 

expression tools, and a lab-scale model process. We have sequenced the genome of this strain26. 

It is 4.0 mega base pairs with about 4100 protein coding sequences. Several interesting genes and 

metabolic pathways have been identified, including a codY-dependent regulation system (as 

found in B. subtilis), n-butanol and poly (3-hydroxybutyrate) biosynthesis pathways, and several 

extracellular proteases. Additionally, we have developed a transformation protocol utilizing 

alkaline, high-osmolarity electroporation with a glycine pretreatment. We have achieved 

transformation efficiencies above 1x105 

CFU per ug DNA – beyond requirements 

for metabolic engineering purposes. Also, 

we have created lab-scale, model process 

of consolidated protein conversion (Fig. 9-

8A). In this process, B. marmarensis is 

inoculated in an alkaline protein-rich 

media in an air-stripping tower. Air is 

bubbled through the culture to strip NH3. 

The gaseous NH3 is collected a second air-

stripping  tower filled with an acidic 

buffer. The acidic buffer collects NH3 (in 

the form of NH4
+) where it may be measured. We have applied this system to model amino acid 
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Figure 9-9 Verification of engineered phenotype in B. marmarensis. 
B. marmarensis was engineered to remove its kanamycin-resistant 
phenotype (ΔkanR) and express a chloramphenicol-resistant 
phenotype. The engineered strain exhibits these changes on the 
plates, while the wild type strain exhibits the opposite phenotypes. 

 

and polypeptide media, where NH3 yields of 24 and 17 %, respectively, have been obtained (Fig. 

9-8B).  

To finish development of this strain, we must ascertain an efficient genetic knockout 

system and identify usable genetic-expression parts for metabolic engineering. Currently, we 

have demonstrated genomic disruption using conditionally-replicative plasmids27. With this 

method, we disrupt B. marmarensis’ endogenous kanamycin-resistance gene with a heterologous 

chloramphenicol-resistance gene and demonstrated the potential for deletion of genes critical to 

successful strain development. 

Corresponding phenotype 

changes expected with the 

engineered genotype were 

observed (Fig. 9-9). Lastly, we 

have identified some genetic 

tools for recombinant gene 

 
Figure 9-8. An ammonia reclamation bioprocess utilizing B. marmarensis. (A) Schematic of 
experimental setup. (B). Ammonia production from amino acid and polypeptide media. Ammonia yields 
of 24 and 17 % of the theoretical maximum were achieved. 
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expression. These include two plasmid origin or replications, two antibiotic selection markers, 

and two constitutively expressed promoters. Identification of stronger promoters will behoove 

metabolic engineering of this strain as a protein converter. 

 

• Strain engineering of Synechoccocus elongatus for photoautotrophic 1-butanol synthesis. We 

initially synthesized 1-butanol from CO2 using cyanobacteria under anoxic conditions2. This 

process was improved by engineering the pathway for oxygen tolerance (Fig. 9-6 above, ref. 3). 

Recently, we pushed 1-butanol productivity to 51 mg/l/day with inclusion of an oxygen-tolerant 

aldehyde reductase4. However, we have yet to optimize carbon flux into the 1-butanol pathway 

from central metabolism. Research proposed here aims to raise butanol titers in this manner. 

• Industrial process design. Initial industrial process designs and bioreactors specifications have 

influenced research in this project. First, efforts have been made to properly size full-scale 

photoautotrophic culture environments for 1-butanol producing cyanobacteria. Due to 

penetration of sunlight through cyanobacterial cultures, reactor design may be limited to a depth 

of around 10 to 30 cm. However, this depth applies to bag-style photobioreactors, as initially 

perceived for this project. The recent announcement by the National Research Council of Canada 

to build a $19 million algal photobioreactor pilot plant with Pond Biofuels, Inc. in Alberta may 

lead to different considerations. If this pilot plant scales with financial solvency, further 

photobioreactor designs for implementing our cyanobacterial process in Alberta will be 

considered. 

 Design of an industrial facility for protein conversion can be done based on much more-

established technology than the cyanobacteria growth system. An early-stage process flow 

diagram and its connection to existing Alberta industries are presented in Fig. 9-10. This process 
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assumes use of B. marmarensis. The hypothetical facility to house the process is built adjacent to 

the local fertilizer plants or oil sands production facilities from which compressed CO2 is used to 

grow cyanobacteria. The waste heat from the fertilizer plant will heat the CO2 conversion facility 

during the winter, while the wastewater will provide water with nutrients for cyanobacteria  

production throughout the year. After separation of biofuels, a downstream facility will reclaim 

wastewater. The protein rich biomass from the spent cyanobacteria and manure will be used to 

produce biofuels, (NH4)2SO4, and amino acids by B. marmarensis. Biofuel is either consumed 

locally or transported to the US. (NH4)2SO4 is consumed in local farms for wheat productions, 

possibly as organic fertilizer. The amino acids produced by both processes are sent to the feed 

mills for consumption at local livestock farms to reduce their financial burden stemming from 

ever increasing feed price. This plan takes a full advantage of the resources available in 

Alberta without further putting any more pressure on the local natural resources.     

 
Figure 9-10 Proposed consolidated protein-conversion process with engineered B. marmarensis. (A) Industrial 
process flow diagram utilizing B. marmarensis for synthesis of biofuels, (NH4)2SO4, and feed amino acids. (B) 
Integration of the process into Alberta industry by utilizing waste water, CO2, heat, and manure. 
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A key feature of this process is the relatively simple method to purify each amino acid. 

Successful application of this process requires complete conversion of undesirable amino acids 

(except phenylalanine, histidine, and tyrosine) which would otherwise hinder purification. To 

ensure we can apply this, complete conversion of undesired amino acids is the main goal of 

engineering B. subtilis and B. marmarensis in this phase of the project.  

9.1.4 Intellectual property status.  

UCLA has filed patent applications for the technologies for converting protein biomass to 

fuels and chemicals and for production of 1-butanol using cyanobacteria.  UCLA has filled 3 

additional patents on the use of B. subtilis and B. marmarensis for conversion of protein biomass 

and cellulosic biomass into biofuels and into amino acids. 

9.1.5 Path towards full commercialization 

 A path towards full commercialization of this technology is presented in the timeline of 

Fig. 9-11. For the two years of this phase of the project proposal, research will focus on strain 

development. As presented above, much prior work has been achieved in related research with 

these metabolic processes, but the strains must be further improved to be used in culture 

optimization and pilot plant studies. Nevertheless, the time spent on strain optimization will 

provide opportunities to work with our supporting group, Kaiteki, and meet industrial 

 

Figure 9-11. Timeline for full commercial integration of consolidated protein conversion for CO2 fixation. 
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representatives active in Alberta to prepare for and plan the process scale up. 

 Once strains are properly developed, we may begin the optimizing bioreactor conditions 

to enhance carbon dioxide fixation and protein conversion yields. This may still be performed on 

the lab scale, but can translate directly into pilot plant studies. With culture media optimization, 

strain development, and collaboration with industry representatives, we may move forward with 

field studies and pilot plant deployment in Alberta within 6 years. Successful pilot plant 

operation could determine full scale deployment of this process. 

9.2 Suitability for Alberta 

 The versatility of protein conversion enables our proposed process to easily integrate into 

Alberta in both economic and industrial manners. There are ample industries generating CO2 that 

could be used as feed for cyanobacteria and lithoautotroph growth, and industries to transport 

and consume all products of our process. Additionally, algae aquiculture plants are currently 

being developed for use in Alberta.  

9.2.1 Economy 

Alberta has two major industries with major CO2 emissions: the fossil fuel industry and 

the fertilizer industry. The total CO2e emissions in the province were 122.5 million metric tons in 

201020. Alberta ranks third in the world with 170 million barrels of oil reserve19, and therefore 

the long-term prospect to use fossil-fuel derived CO2 emissions is favorable. Furthermore, recent 

regulations require industries with high CO2 emissions to reduce their GHG output to 12 % 

below their 2003-2005 baseline emissions. There are high incentives for the industries to reduce 

or remove their CO2 emissions, creating very cooperative environments for our process to take in 

a large volume of CO2 as the feedstock from these industries. The proposed process will also 
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help reduce the region’s heavy dependence on the fossil fuel industry and diversify the local 

economy by producing a variety of products: 

• 1-butanol and branched-chain alcohol biofuels: The production of alcohols as fuel can coexist 

and complement the large fossil fuel industry of Alberta. We can take advantage of a whole array 

of industrial clusters and infrastructures established by the fossil fuel industry. This includes 

equipment for production, and, perhaps more importantly, systems for transportation, exportation 

and GHG emissions management of fuels. In addition to domestic use, butanol biofuels may also 

be exported in existing pipelines. High biofuel demand from the United States may be expected 

due to the Renewable Fuel Standard (RFS) mandate that requires increasing consumption of 

biofuels in automobile applications28. Unlike ethanol, butanols are not corrosive and may be 

mixed in a higher ratio in gasoline or pumped in current infrastructure without blending. The US 

ethanol market has hit the “blend wall,” the point in which ethanol consumption is stagnant 

because since the overall gasoline consumption has been and is projected to remain flat. This 

limit has created a high demand for other biofuels such as 1-butanol.  

The close proximity of Alberta to the US market, and Canada’s plans to quadruple its 

rail-load capacity, will significantly boost potential sales and exportation of these biofuels. 

Alberta is expected to receive major increase in railroad infrastructure that would be perfectly 

aligned to biofuel transportation. Additionally, these biofuels may be blended locally so Alberta 

can receive Renewable Identification Number (RIN) credits – increasingly costly commodities 

issued by the USA Environmental Protection Agency.     

• Feed grade amino acids (lysine, methionine, threonine, and tryptophan). Alberta has over 6 

million heads of cattle and produces around half Canada’s beef20. However, cattle farmers are 

under increasing financial burden due to rising prices for soybean, corn and other feed crops, and 
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cattle are responsible for significant GHG emissions. Currently, the cattle industry in Alberta 

spends nearly $3 billion a year ($100 per cow annually). Amino-acid feed additives can 

substitute soybean and help reduce corn consumption when properly formulated into a balanced 

diet with hay. This reduces and stabilizes feed costs because the amino acids of our process are 

derived from a stable supply of biomass, completely independent of the volatile soybean and 

corn markets. Also, feeding cattle hay with amino acids instead of soybean can reduce the 

nitrogen content in manure by 20~30%28. This hampers GHG emissions of cattle and reduces the 

nitrogen footprint of agriculture. 

• Ammonia. Alberta is the second largest agriculture producer in Canada, with 70,000 farmers 

earning 22% of Canada’s farm cash receipt29. Fertilizer is the most expensive farming cost in 

agriculture, and its increasing prices expand the financial burden of farming. NH3 produced by 

our proposed process using biomass can provide the farmers with the important nitrogen 

fertilizer at a stable, predictable price. Also, the process uses much lower energy with fewer 

GHG emissions than traditional Haber-Bosch NH3 synthesis. This will help the local fertilizer 

manufacturers, another important industry in Alberta, but also high energy consumers and large 

GHG emitters, reduce their carbon footprint with our process as the alternative.  

9.2.2 Geography and climate 

Cyanobacteria require sunlight for CO2 fixation, growth, and 1-butanol biosynthesis. 

However, Alberta’s relatively high northern latitude brings available sunlight into question when 

compared to other locations more adjacent to the equator. Despite this generalization, Alberta 

enjoys the highest number of sunny days in Canada, with more than 2,300 hours of sunshine a 

year in its southern regions19. Daylight hours in the summer can reach 16 to 18 hours a day, 

while even in the winter, the sky is often clear without clouds. In fact, it has been shown that 
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Figure 9-13 Hydrographic network of 
Alberta (USGS data). Lake Athabasaca 
is the source of several large rivers 
providing water for the province. 

Alberta receives higher daily-averaged solar irradiance than Mississippi and other southern states 

– locations in which several commercial algae ponds are operational (ref. 30, Fig. 9-12A). Even 

in the state of Rhode Island, which receives less solar irradiation and has higher land prices than 

Alberta, an algae production facility was recently opened by Bioprocess Algae, LLC. Inside 

Canada, Alberta is receives the second most solar 

irradiation, second to Saskatchewan (Fig. 9-12B). 

Hence, Alberta receives enough solar irradiation to 

energize cyanobacteria for CO2 fixation and should 

explore possibility of cyanobacteria production. 

Water is another key component in cyanobacteria 

productions. Alberta has sufficient natural water 

resources from a large river network throughout the 

province (Fig. 9-13). For example, the largest lake, 

Athabasca Lake, has 7,898 km2 of surface water. This 

water sources highlights the advantage of Alberta over 

other parts of the world where solar irradiation is 

 
Figure 9-12. Alberta supplies sufficient solar irradiance for cyanobacteria/algae growth. (A) Global and (B) 
Canadian solar irradiance patterns show relatively high sunlight levels in Alberta (adapted from ref. 30 and 19). 
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plentiful but water resources are still scarce, such as the western part of the US, the Sahara 

Desert, Northern Australia, and others.  

Given available water and sunlight, National Research Council Canada is planning to 

build a $19 million algae pilot plant with Canadian Natural Resources Limited and Pond 

Biofuels in Bonnyville, Alberta. Construction and operation on this facility will benefit future 

industrial cyanobacteria/lithoautotrophic projects, such as that of this proposal. The feedback 

from the algae facility will help to better design and run any future cyanobacteria processes.  

Other geological advantage for cyanobacteria production in Alberta is the amenable 

landscape. Except for the southwestern part of the province, which is the northern edge of 

Canadian Rocky Mountains, a large part of the province is flat land with not many trees. This 

area has a size of almost 0.5 million km2, of which we will need only 15 km2 to fix 1 Mton CO2 

annually with cyanobacteria in bag-style photoculturing systems. This means there is a plenty of 

land, and CO2 exhaust, to scale up our process capacity further.    

9.2.3 Competitive environment and industrial base 

Alberta has a well-established industrial base to provide materials for our process that are 

both wastes and marketed products from Canadian manufacturers (summarized in Fig. 9-14): 

• CO2: A large volume of CO2 is available in Alberta. The oil sand industry collectively 

produced 122 million tons of CO2e in 201119.  The fertilizer industry, on the other hand, 

produces about 6 million tons of CO2e. An access to such a large volume of CO2 gas is not only 

a strong advantage for cyanobacteria productions in Alberta, but such a high concentration of 

CO2 emission enables a use of compressed CO2 gas to accelerate photosynthetic and 

lithoautotrophic cell growth.  
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• Heat: Waste heat is abundant from the oil sand operations and the fertilizer productions in 

Alberta. Waste heat can be used to warm media for cell growth. This is particularly beneficial in 

the winter when the temperatures drop below the freezing point of water.  

• Ammonium fertilizers: 

Alberta has higher 

nitrogen fertilizer 

production than any 

province in Canada, with 

six large production 

facilities. Together, they 

produce more than 3 

million tons a year of 

NH3 annually. Easy 

access to NH3, an 

important nutrient for 

cyanobacteria growth, is 

an important advantage to lower the cost of microbial culturing.      

• Wastewater from the fertilizer productions. The wastewater from fertilizer production plants 

includes a high level of nitrogen chemicals which must be treated thoroughly, before discharge, 

to avoid environmental contaminations and abide government regulations. Currently, the 

nitrogen in the wastewater stream is recycled by industrial scrubbers, oxidatively converted in 

retention ponds before discharge, or stored in deep wells. The wastewater stream in fertilizer 

productions is rich in nitrogen, which can be used for cyanobacteria production. Furthermore, the 

 
Figure 9-14 Integration of consolidated protein conversion on CO2-deriveid 
protein biomass into Alberta industrial base. CO2 and heat in flue gas from 
Alberta oil sands, coal plants, ammonia plants, etc. may be used to feed 
cyanobacteria and lithoautotrophic growth. Manure may also be used to 
minimize its GHG emissions from composting. NH3 produced may lower the 
load of new NH3 production from plants, thereby lowering their CO2 and 
wastewater outputs. Wastewater may be reclaimed within this process. 
Lithautotrophic growth may be fueled by renewable energy sources in Alberta. 
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cyanobacteria growth on this nitrogen waste forms proteins that are recycled back into usable 

fertilizer by our Bacilli strains. This lowers the risks of environmental damage by nitrogen and 

other chemicals in the wastewater, the burden of wastewater treatments of fertilizer producers, 

and the freshwater demand for cyanobacterial and lithoautotrophic growth.      

• Manure wastes: Alberta has more than 6 million heads of cattle from which 25 million tons of 

manure are annually produced19. From this amount of manure, about 900,000 tons of protein can 

be extracted (based on protein content of 12 %, ref. 31). Our process cannot only produce 12,600 

tons of NH3 from this amount of protein, but also reduces its environmental nitrogen footprint by 

recycling manure nitrogen into fertilizer.  

9.3 Project Plan 

 To advance both Bacilli protein conversions and cyanobacterial 1-butanol biosynthesis in 

our CO2 sequestration project, we have specific research targets in each of the organisms. 

Research goals are discussed below and broken into critical milestones at the end of this section. 

• Metabolic engineering of B. subtilis for complete conversion of undesired amino acids and 

high-yield biofuel synthesis. Currently, our best production strain of B. subtilis is limited to 

yields of 18 and 46 % of the theoretical maximum of biofuels and ammonia, respectively. 

Additionally, the strain does not completely consume undesirable amino acids, which 

complicates downstream purification of feed-grade products. Further development in this strain 

will focus on driving complete consumption of undesired amino acids. Concomitant increases in 

production of biofuels and NH3 are expected and will be quantified. 

 Preliminary work with Nisin (see 9.1 Technology Opportunity) indicates that a 

sporulation-deficient strain of B. subtilis will improve production. To disable sporulation, 

targeted gene deletion will be applied to sporulation-regulatory genes to test for disruption of the 
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Figure 9-15 Possible stress environments of current B. 
subtilis strain which limit protein conversion and 
biofuel/NH3 production. 

 
Figure 9-16 (A) Threonine and (B) lysine biosynthesis and 
regulation in B. subtilis. Flat-headed arrows represent 
regulatory repression of specifc reactions by transcriptional 
repression and/or riboswitch attenuation (red) and allosteric 
inhibition (purple, dashed line represents not fully known 
repression [Hom]]). Ddh enzyme is not native to B. subtilis 
and must be heterologously expressed. 

sporulation phenotype without any negative 

externalities on cell health and production 

(Fig. 9-15). These targets include spo0A, 

spo0B, relA, yjbM, and ywaC. Biofuel/NH3 

production and amino-acid utilization will 

be quantified in these strains to decide the 

next course of action for strain engineering. 

Should it be necessary, these strains will be 

analyzed on the transcription level with RNA-seq to elucidate regulatory effects that are 

hindering amino-acid conversion. 

• Metabolic engineering of B. subtilis for the synthesis of livestock-feed amino acids. Previous 

metabolic engineering efforts have focused on production of biofuels. To our knowledge, our 

group is the only one working on 

production of NH3
1. In addition, we 

will explore the production of 

marketable amino acids L-threonine 

and L-lysine in this project. These 

products are advantageous due to their 

higher price than biofuels. 

Additionally, our process already 

produces these compounds as co-

products, and replacing biofuel 

synthesis with further amino acid 
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production will minimize necessary purification downstream, thereby simplifying industrial 

integration of this process. 

 Biosynthesis of these amino acids by B. subtilis contains multiple levels of regulation: 

transcriptional repression, riboswitch attenuation, and allosteric inhibition (ref. 23, Fig. 9-16). 

We will systemically design recombinant gene-expression cassettes to bypass this control and 

enable overproduction on these amino acids. Metabolic engineering for each amino acid will be 

performed in parallel but with independent strains. 

• Development of B. marmarensis as a production host and its metabolic engineering for the 

conversion of protein. To utilize the advantage of high alkaline conditions in protein hydrolysis, 

ammonia removal, and contamination reduction, we have begun developing B. marmarensis as a 

production host with construction of a genome sequence/annotation, and a genetic transformation 

protocol. We have moved forward with altering phenotypes by chromosomal DNA integration 

and identification of a constitutively active promoter. To get a complete portfolio of genetic tools 

for this organism, we will work to build a marker-free chromosomal disruption technique with a 

counter-selection method (Fig. 

9-17), and identify a larger 

library of promoters and 

selection markers for 

heterologous protein expression. 

Several target promoters have 

been chosen, based on 

homology to other microbes, for 

Figure 9-17 Counter selection for gene knockout. Selection and 
screening methods may require several rounds of time/labor-intensive 
screening before the target strain may be isolated. Counter seletion 
methods (e.g. hpt expressing toxicity to 8-azahypoxanthine) can isolate 
the target strain in two steps. 
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activity. The activity of each promoter may be tested using a beta-galactosidase assay. To 

develop a counter selection system, we will test a CRISPR/Cas9 endonuclease system an 

HPT/FUDR toxin method32, 33. With development of these tool and techniques and knowledge 

gained from B. subtilis, we can move forward to demonstrate biofuel synthesis and high protein 

conversion. 

• Metabolic engineering of S. elongatus for increased n-butanol productivity by bolstering 

acetyl-CoA pools. Previously, our lab was the first to demonstrate direct photosynthetic 

production of 1-butanol using S. elongatus. We have improved production by implementing an 

ATP-based driving force and bioprospecting for oxygen-stable enzymes of the n-butanol 

pathway3, 4. However, metabolic engineering has yet to be performed to force carbon flux into 

the 1-butanol pathway by increasing available acetyl-CoA pools. This may be a particularly large 

issue for S. elongatus because it lacks a complete TCA cycle23, and is therefore not reliant on 

synthesizing acetyl-CoA to generate metabolic energy. We will test various routes to enhance 

acetyl-CoA generation, and quantity their effects on 1-

butanol production (Fig. 9-18). 

• Milestones and tasks. Critical milestones per organism 

are presented below. Associated tasks are listed with 

each milestone. A guiding timeline follows the 

milestones. 

 

A. Bacillus subtilis:   

1. Develop B. subtilis to fully consume 

unmarketable but retain desired amino acids  

 
Figure 9-18 Routes to enhance acetyl-CoA 
availability in S. elongates. Three possible 
enzymatic routes to increase acety-CoA 
pools will be investigated: PFOR – 
pyruvate-formate oxidoreductase, PDHc – 
pyruvate dehydrogenase complex, and PDC 
– pyruvate decarboxylase 
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a. Develop and evaluate effect of a sporulation-deficient phenotype on biofuel production 

and amino acid conversion (Q1-Q2). 

b. If unmarketable amino acids persist, perform transcription-level analysis of strain to 

evaluate amino-acid conversion bottlenecks and enact metabolic strategy to overcome 

(Q2-Q6). 

c. Evaluate the role of threonine dehydratase and its homologues in B. subtilis on retention 

of threonine through chromosomal deletion (Q3-Q5). 

2. Demonstrate NH3 yields of 60% and biofuel yields of 40% of the theoretical maximum. 

a. Integrate biofuel production pathway and transamination cycles into high amino-acid 

consuming strain and (Q7-Q8). 

3. Develop a strain with altered regulation of amino acid biosynthesis to reach 25% of the 

maximum theoretical yield of either L-lysine or L-threonine from protein. 

a. Bypass transcriptional and ribo-switch level repression with overexpression of each 

pathway’s genes on recombinant plasmids (Q1-Q3). 

b. Investigate the roll of allosteric inhibition in homoserine dehydrogenase (Hom), 

aspartokinase (LysC) and diamino-pimielate decarboxylase (LysA) and identify 

uninhibited homologues or mutants to use, if needed (Q3-Q7). 

c. Test the role of amino-acid efflux pumps on lysine/threonine production(Q5-Q8).  

4. Identify best-choice amino acid (threonine or lysine) for pursuit as the target product (Q8). 

5. Demonstrate conversion of n-butanol-producing S. elongatus by engineered B. subtilis in the 

2-stage CO2 to fuel and/or amino acid process (Q7-Q8). 

B. B. marmarensis: 
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6. Complete development of genetic tools for engineering B. marmarensis as a protein-

conversion host 

a. Develop either a CRISPR/Cas9 or HPT/FUDR gene deletion strategy and delete 

chromosomal copy of codY (Q1-Q2). 

b. Evaluate strong promoters in B. marmarensis ΔcodY through Beta-galactosidase assays 

and transcriptomic analysis, if necessary (Q2-Q5). 

7. Display the alkaline conversion of protein into biofuels and ammonia with in situ purification 

with 10% of the maximum theoretical yield of each product from protein.  

a. Test expression of alpha-keto acid decarboxylase (KivD) in B. marmarensis for the 

production of isobutanol (Q5). 

b. Assay alcohol dehydrogenases (ADHs) from alkaliphiles with homology towards YqhD 

of E. coli and AdhA of Lactococcus Lactis for isobutanol production (Q5-Q6). 

c. If active ADH and KivD identified, express isobutanol pathway in B. marmarensis and 

measure production (Q5-Q7). 

d. If no active ADH and KivD identified, overexpress B. marmarensis’ native n-butanol 

pathway through recombinant plasmids and measure production (Q6-Q8). 

8. Determine if B. marmarensis or B. subtilis is the better production host based on results of 

above milestones (Q8). 

C. Synechoccocus elongatus:  

9. Raise 1-butanol titers by enhancing acetyl-CoA flux 

a. Assay each route to enhance acetyl-CoA availability in S. elongatus (Q1-Q5). 

b. Evaluate effects of increased acetyl-CoA on n-butanol production (Q4-Q8). 
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9.4 GHG Benefits 

Our proposed process can integrate into Alberta industry multilaterally by locally 

utilizing waste CO2, heat, and water and selling fuels, feed and fertilizers locally (Figs. 9-10 and 

19, detailed in 9.2). To calculate 

GHG emission reductions with 

this integration, we assumed use 

of biofuel producing Bacillus 

(instead of additional amino 

acid production). This strain 

converts CO2-derivied biomass 

and manure into  biofuels, 

ammonia fertilizer, and the 

residual amino acids (lysine, 

threonine, methionine, tryptophan) are processed as feed supplement. Our process was broken 

into seven distinct units (Fig. 9-19). The process units and their emissions reductions, baselines, 

and some major assumptions are presented in Table 9-2. Additionally, it was also assumed that 

cyanobacteria and lithoautotroph bioreactors would be built to allow a CO2 fixation ratio of 5:1 

for S. elongatus over R. eutropha. Additional assumptions are given in the GHG emission 

reduction report. 

The majority of GHG emission reduction occurs through growth of CO2-deriveid 

biomass and its conversion by Bacillus (units 1 and 2). For these estimates, previous data from 

the Permolex Red Deer Ethanol/Gluten production facility was used. This is the only Qualifying 

Renewable Fuel Standards ethanol facility in Alberta. In 2010, they achieved GHG reductions of 

Figure 9-19 Distinct GHG emission-reducing units of C2F3 process 
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35.7 kg CO2e per GJ 

energy. Our estimates 

assume we can achieve 

the same reduction 

efficiency in process 

steps 1 and 2. Despite 

the need to construct 

large cyanobacteria 

growth chambers, 

achieving that 

efficiency is feasible 

due to the higher energy content (23.4 MJ/L for ethanol vs 29.7 MJ/L for 1-butanol, ref. 34). 

Scale up of this process may begin with pilot plant construction following strain 

engineering. We expect strain engineering and culture optimization to last 4 years before 

reaching pilot-plant readiness. Therefore, starting in the 5th year, we may begin to see GHG 

reductions.  It is expected that complete scale up could be performed across the following 7 years 

– realizing the 1MT CO2 reduction goal around 2027. 

9.5 Market Impact 

9.5.1 Industrial economics and process considerations 

• Economic viability. Table 9-3 summarizes profit estimates based on preliminary economic 

analysis by the Kaiteki Institute on the production of biofuels, (NH4)2SO4, and residual feed 

amino acids from 1-butanol producing cyanobacteria and from conversion of manure wastes. 

The difference in the profitability between the two processes is due to scale: 79,200 tons of 

Table 9-4 GHG emission-reducing units of C2F3 process 
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Table 9-3 Estimated process viability 

 

protein that can be extracted from the cyanobacteria which consumes 1 MT CO2, compared to 

870,000 tons of protein from cattle manure in Alberta. The amount of protein from manure 

assumes 6.6 kg/day/head of solid manure discharge from 3 million heads of cattle and 12% of 

protein content in the solid manure35. A larger scale for manure conversion process gives more 

high-valuable amino acids, and therefore increased revenue. Both proteins sources are profitable 

and economically viable by these estimates, though more detailed economic analysis will need to 

be performed as each process 

moves towards scale up and 

industrial integration. Both 

feedstock resources are plentiful 

enough in Alberta, and are not 

expected to decrease in the near 

future, to support these operations 

at scale. Furthermore, the CO2 

emission regulation (Greenhouse Gas Reduction Program) and the manure management 

requirements (Agricultural Operation Practices Act), have been enacted in Alberta, promoting 

the utilization of both CO2 gas and manure wastes – a favorable economic environment for our 

proposed processes to be implemented.  The process economic analysis for the use of electricity-

driven CO2 fixation is currently unavailable and will be conducted during the project period. 

• Scalability. Availability of CO2, manure, and nitrogen fertilizer ensure scalability of our 

process. The CO2 conversion for cyanobacteria and lithoautotroph growth uses only a fraction of 

the total CO2 emissions, while economic analysis of manure conversion in Table 9-3 includes 

only a fraction of livestock manure in Alberta. Alberta produces fertilizers for the cyanobacteria, 
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and it may therefore be purchased locally. Availability of any of these resources inside Alberta 

will not hinder scale up of our process. 

Perhaps the only material to curb scale up is available water. Though Alberta is rich in 

water resources, water is already heavily used in the fossil fuel industry, e.g., 370 million m3 for 

oil sand productions in 2009, and the fertilizer industry34. Cyanobacteria production requires a 

large volume of water, 24 million m3 to consume 1 million tons of CO2 by photosynthesis, 

though it is still a fraction of that used in the oil sand processing. 

To solve this issue, we plan to recycle the water for the cyanobacteria production. We 

may lower our water 

footprint by recycling 

with commercially 

available filtration 

systems, such as those 

available from 

Mitsubishi Chemical. 

They can be utilized to remove a wide range of chemicals at desired levels. These wastewater 

treatment systems could enable cost-effective reclamation of water for our process.  

• Reliability. Algae productions have been around for years, and there are a number of 

commercially successful operations elsewhere in the world. Fermentation process technologies 

are established industrial technologies used widely in a variety of products. The separation 

technologies biofuels and amino acids are well established (e.g. distillations and ion-exchange 

columns). We will use existing, reliable technologies except for the bacteria strains which will be 

engineered as the key component in our proposed processes. 

a
$4/gallon 

b
US Dept. of Agriculture, 2013 

c
Global Industry Analyst Report, 2013 

Table 9-4. Market value and example production volumes 
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The resources required for the processes (CO2, nitrogen fertilizer for cyanobacteria, 

water, and manure) are sufficient to enable scale up within Alberta. Globally, the same 

technologies can be applied to a wide area in the world for business expansions. 

9.5.2 Expected product markets 

• Market value. Table 9-4 lists the product volumes and values produced from 1 million tons of 

CO2 from our proposed process. Furthermore, if we use manure as biomass from 3 million heads 

of cattle in Alberta, additional products can also be made, assuming 870,000 tons of protein/year 

can be extracted from 7.2 million tons of solid manure/year24.  

In our process, (NH4)2SO4 is produced by reaction of NH3 with H2SO4 since it’s easier to 

store and retains functional as fertilizer. The production volumes are only estimates based on the 

theoretical yields for our processes. The total value of our products is $1,476 million which can 

increase further by scaling up, given the abundant volume of CO2 in Alberta for years to come.   

• Market size. Biofuels – Alberta consumes about 6 million L of gasoline, which is roughly 4,440 

metric tons (36). This corresponds to 4,866 metric tons of 1-butanol, given the energy density of 

32 MJ/L and 29.2 MJ/L for gasoline and 1-butanol, respectively.  

Hence, the production volume of butanol from our processes is well beyond the 

automobile fuel consumption within Alberta. However, biofuels may be consumed in the US 

where the Renewable Fuel Standard (RFS) mandate has been put in place, requiring increasing 

volume of biofuel as automobile fuel every year. The problem is that since the overall gasoline 

consumption is not expected to grow in the future and the degree to which Ethanol is blended 

with gasoline is limited to 10% for existing vehicles and 15% for new vehicles, refineries are 

forced to purchase increasingly expensive Renewable Identification Number (RIN) credit, 

creating a high demand for alternative biofuels which can be blended with gasoline at higher 
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percentages. For example, the RIN credit was less than 10 ¢/gal for every gallon of biofuel to 

blend with gasoline at the beginning of 2012, while it went up to 1.33 $/gal in July of 2013, a 13-

fold increase. The majority of biofuel used in the US is ethanol. With the 15% ethanol blend, the 

biofuel consumption mandates beyond 2015 (>15%) won’t be met without alternative biofuels 

enabling higher blending with gasoline. Butanols enable refineries to meet the RFS mandate 

without paying penalties. Furthermore, since butanols are “drop-in fuels”, the existing 

infrastructures such as pipelines and refueling stations can be used with little modifications. The 

infrastructures for transportation of fuels from Alberta to the U.S. are well established. The 

market size for the biofuels in the U.S., 36 billion gallons by 2022, is large enough to scale up 

the production volume of biofuels in Alberta. Currently, bio-butanol is not available at 

commercial scales, either in Canada or the US.     

NH3 – Alberta produces about 9 million tons of wheat, consuming about 225,000 ton of NH3 

annually, assuming each bushel of wheat requires about 1.5 lb of nitrogen37, which is equivalent 

to 0.025 tons of nitrogen for each ton of wheat. Our manure process can produce up to 214,543 

tons of (NH4)2SO4, which is equivalent to 57,637 tons of NH3. Hence, our process can supply 

25% of the total demand for NH3 in Alberta’s wheat production, significantly offsetting GHG 

emissions produced by the Haber-Bosch process at the fertilizer plants in Alberta. 

Amino acids – Figure 9-20 shows the global market size and the projection for each amino acid 

to be produced by our proposed processes. The global markets for all the amino acids have been 

growing, with lysine experiencing almost exponential price increases. This is due to the rising 

global demand for meat. For example, 3 million heads of cattle can consume up to 60,663 tons, 

17,630 tons, 17,630 tons, 53,545 tons, of lysine, methionine, tryptophan, and threonine a year, 

respectively, assuming 55.4 g, 16.1 g, 16.1 g, and 48.9 g of each amino acid a day as the 
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recommended amino acid intake 

for feedlot cattle, respectively38. 

The production volumes of 

amino acids by the two 

processes can be easily 

consumed within Alberta. As 

more CO2 gas is utilized for the 

process in the future, the 

increased volumes of amino acids can be exported, as the demand for feed grade amino acids 

will continue to grow globally.  

• Market penetration. Biofuels – This is a new type of biofuel, currently not available in the 

market, but several companies are developing butanol production for commercialization, and its 

demand is expected to grow because of its advantages over ethanol: higher blending ratio with 

gasoline, compatibility with the existing infrastructures, and higher energy content. Regulations 

to promote biofuels will be enacted in several countries.   

NH3 – This is chemically identical to the synthetic NH3 produced by the Haber-Bosch process; 

yet, it is unique in that it is produced by recycling of manure from livestock or bacterial biomass. 

The benefits include much lower energy consumptions as well as GHG emissions during the 

production than the conventional process, reductions of NH3 emissions associated with manure 

composting and spraying on farmlands, and also a potential use as organic fertilizer, whose 

demand is expected to grow28. The pure form of NH3 recycled from manure is not commercially 

available at this point. Given the world consumption of NH3, ~ 140 million tons per year, it is 

unlikely the manure conversion process will replace NH3 entirely. Still, this process will help 

Figure 9-20 Historic and projected global market for amino acids. 
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reduce the energy intensive, GHG emitting conventional process; thus, offsetting the GHG 

emissions from the Haber-Bosch process-based productions plants.     

Feed-grade amino acids – All amino acids produced by our processes, lysine, methionine, 

tryptophan, and threonine, are already commercially available. The problems of the currently 

commercially available amino acids are that they are produced either chemically or by 

fermentation of sugar. Sugar prices can be volatile, depending on the harvesting of sugar. Sugar 

for the productions of amino acids also competes with food consumption. The increasing world 

population will intensify the competition.  

Furthermore, sugar fermentation requires fertilizers, aggravating the environmental 

contaminations resulting from overuse of fertilizers. Current amino acid production by 

fermentation uses synthetic NH3 as the nitrogen source, which makes the amino acids not 

qualified as organic. The US imports increasing amounts of organic soybeans from China for 

organic milk productions due to the lack of availability of organic protein sources in the US. 

Therefore, the demand for domestic organic protein sources for livestock is likely to increase. 

The amino acids produced by our processes are unique in that they require no fertilizer or 

chemicals, and they are entirely produced from manure wastes instead of crops. Hence, they 

have a potential to be certified as organic feed grade amino acids which are currently not 

available anywhere in the world. As the amino acid manufacturers continue to seek for non-

edible sources for their amino acid productions, we expect that our amino acids will find a new 

market, gradually replacing the current amino acids. 
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Appendix  

 

Additional information for chapters 4 and 8 is given here. 

 

A.1 Supplementary data for Chapter 4 

 

 

 

Figure A-1. The schematic diagram for construction of marker-free deletion mutants (A) Ammonia assimilation 
process includes the reversible conversion from α-ketoglutarate to glutamate by glutamate dehydrogenases (GDH) 
and from glutamate to glutamine by glutamine synthetase (GS). As each reaction step releases a single ammonia 
molecule, each enzyme and all of enzymes were systematically disrupted by marker-free deletion methods which 
was developed by Zhang et al. 2006 (see Chapter 4) (B) The plasmids for each deletion mutation were constructed 
using pDGIEF E. coli-B. subtilis shuttle vector including mazE-mazF and flanking region cassetes. (C) The selected 
mutants were confirmed by PCR amplification. Compared to the PCR product from wild-type gDNA template, those 
from each deletion mutant gDNA template showed decreased product sizes indicating the target genes were 
successfully disrupted. The deletion results were finally confirmed by DNA sequencing. 
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Figure A-2. The relative cell growth rates of constructed deletion mutant strains. The complete disruption of 
ammonia assimilation gene or nitrogen-sensing TnrA resulted in significant defect in cell growth, while the 
disruption of bkdB and codY did not affect cell growth. 
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Figure A-3 Analysis of extracellular amino acids during fermentation of 4% yeast extract by B. subtilis 
KY11ΔcodYΔbkdB. (A) His, Gly, Tyr, Val, Met and Trp amino acids were not consumed completely or increased 
during protein conversion process. (B) Asp, Glu, Asn, Ser, Thr, Arg, Ala, Ile, Leu and Phe amino acids were almost 
completed consumed by the KY11ΔcodYΔbkdB strain.  
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Figure A-4 Effects on proteolysis capacity and cell growth by exogenous feeding of proteases and protease 
overexpression in the KY11ΔcodYΔbkdB strain.   
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Figure A-5 Effects on biofuel production by protease overexpression in the KY11ΔcodYΔbkdB strain. 
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Table A-1. List of primers for constructing expression plasmids of Chapter 4. 
 
Target plasmids Sequences (The restriction enzyme sites were indicated as underline) 
TnrA 
F: TnrA-BamHI 
B: TnrA-SmaI 

AAAGGATCCATGACCACAGAAGATCATTCTTATAAAG  
AAACCCGGGTTAACGGTTTTTGTACCGAAAGTGAGCAT 

pKY1 
F: pDG148-A 
B: pDG148-A 
F: kivD 
B: kivD 
F: yqhD 
B: yqhD 
F: pDG148-B 
B: pDG148-B 

AAAAGGATTAATTATGAGCGAATTGAATTAATAATAAGGTAATAGAT 
GGTAATCTCCTACTGTATACATTTAATTGTTATCCGCTCACAAT 
ATTGTGAGCGGATAACAATTAAATGTATACAGTAGGAGATTACC 
ATTAAAGTTGTTCATCCCCTCCTTGTTCTCTTTATGATTTATTTTG 
CAAAATAAATCATAAAGAGAACAAGGAGGGGATGAACAACTTTAAT 
GCTTGCATAGCACGCACGAGGCTTAGCGGGCGGCTTCGTATATA 
TATATACGAAGCCGCCCGCTAAGCCTCGTGCGTGCTATGCAAGC 
ATCTATTACCTTATTATTAATTCAATTCGCTCATAATTAATCCTTTT 

pKY2 
F: pHCMC05-A 
B: pHCMC05-A 
F: ilvE 
B: ilvE 
F: avtA 
B: avtA 
F: sdaB 
B: sdaB 
F: pHCMC05-B 
B: pHCMC05-B 

TTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTA 
TAATCAGCTTTCTTCGTGGTCATTCACCTCCTTAAGCTT 
AAGCTTAAGGAGGTGAATGACCACGAAGAAAGCTGATTA 
AAGGGAGAATGTCATGCCTGCTTCCTCCTTATTATTGATTAACTTG 
CAAGTTAATCAATAATAAGGAGGAAGCAGGCATGACATTCTCCCTT 
GAATACGCTAATCATGCCTGCTTCCTCCTTATTAGTGACTTTCAGC 
GCTGAAAGTCACTAATAAGGAGGAAGCAGGCATGATTAGCGTATTC 
TCATTAGGCGGGCTGCCCCGGGTTAATCGCAGGCAACGATCTTC 
GAAGATCGTTGCCTGCGATTAACCCGGGGCAGCCCGCCTAATGA 
TAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAA 

pKY5 
F: pDG148-A 
B: pDG148-A 
F: alsS 
B: alsS 
F: ilvC 
B: ilvC 
F: ilvD 
B: ilvD 
F: kivD 
B: kivD 
F: yqhD 
B: yqhD 
F: pDG148-B 
B: pDG148-B 

GACAAAAAGTGGAAAAGTGAGACCATGGAGAGAAAAGAAAATCG 
ACATTGGGGACCTCCTTCTGGGTTATCTGGTTAATTGTTATCCGCT 
TTAA CCAGATAACCCAGAAGGAGGTCCCCAATGTTGACAAAAGCAA 
GTTAGCCATGTCGTACCTCCTTCTATCGTGTTAGAGAGCTTTCGTT 
GCTCTCTAA CACGATAGAAGGAGGTACGACATGGCTAACTACTTCA 
TTAGGCATATTGACCTCCTTCTGAACTTATTTAACCCGCAACAGCA 
CGGGTTAA ATAAGTTCAGAAGGAGGTCAATATGCCTAAGTACCGTT 
ATGCTTTACCTCCTCTATTCGTCTTTTCGGTTAACCCCCCAGTTTC 
CCGAAAAGACGAATAGAGGAGGTAAAGCATGTATACAGTAGGAG 
TTTATACCTCCTTCGTGATCGGTTATTAGTTTATGATTTATTTTGT 
ACTAATAACCGATCACGAAGGAGGTATAAAATGAACAACTTTAATC 
TAGCTTGCATAGCACGCACGAGTTAGCGGGCGGCTTCGTATATA 
TATATACGAAGCCGCCCGCTAA CTCGTGCGTGCTATGCAAGCTA 
CGATTTTCTTTTCTCTCCATGGTCTCACTTTTCCACTTTTTGTC 

pKY7, For constructing KY7 strain, both pKY5 and pKY7 were used together. 
F: pHCMC05-A 
B: pHCMC05-A 
F: leuDH 
B: leuDH 
F: avtA 
B: avtA 
F: ilvE 
B: ilvE 
F: ilvA 
B: ilvA 
F: sdaB 
B: sdaB 
F: pHCMC05-B 

TTTTCTACGGGGTCTGACGCTC AGTGGAACGAAAACTCACGTTA 
CCATGTAATCGAAGATTTTCATGGATCCTCACCTCCTTAAGCTT 
AAGCTTAAGGAGGTGAGGATCC ATGAAAATCTTCGATTACATGG 
AAGGGAGAATGTCATGCCTGCTTCCTCCTTATTATTTGTTGTTAAA 
TTTAACAACAAATAA TAAGGAGGAAGCAGGCATGACATTCTCCCTT 
TTTCTTCGTGGTCATGCCTGCTTCCTCCTTATTAGTGACTTTCAGC 
GCTGAAAGTCACTAA TAAGGAGGAAGCAGGCATGACCACGAAGAAA 
TTGCGAGTCAGCCATGCCTGCTTCCTCCTTATTATTGATTAACTTG 
CAAGTTAATCAATAA TAAGGAGGAAGCAGGC ATGGCTGACTCGCAA 
GAATACGCTAATCATGCCTGCTTCCTCCTTATTAACCCGCCAAAAA 
TTTTTGGCGGGTTAA TAAGGAGGAAGCAGGC ATGATTAGCGTATTC 
TCATTAGGCGGGCTGCCCCGGGTTAATCGCAGGCAACGATCTTC 
GAAGATCGTTGCCTGCGATTAA CCCGGGGCAGCCCGCCTAATGA 
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B: pHCMC05-B TAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAA 
pKY11 
F: pHCMC05-A 
B: pHCMC05-A 
F: leuDH 
B: leuDH 
F: Pspec1 
B: Pspec1 
F: kivD 
B: kivD 
F: Pspec2 
B: Pspec2 
F: yqhD 
B: yqhD 
F: pHCMC05-B 
B: pHCMC05-B 

GCAGATTACGCGCAGAAAAAAAG GATCTCAAGAAGATCCTTTGATC 
TCCATGTAATCGAAGATTTTCATTCCTCACCTCCTTAAGCTTAATT 
AATTAAGCTTAAGGAGGTGAGGAATGAAAATCTTCGATTACATGGA 
CTGGACTGGGCTGTGTAAGGCCTTTATTTGTTGTTAAAATTGATCA 
TGATCAATTTTAACAACAAATAA AGGCCTTACACAGCCCAGTCCAG 
TAGGTAATCTCCTACTGTATACATGGATCCTCACCTCCTTAAGCTTA 
TAAGCTTAAGGAGGTGAGGATCCATGTATACAGTAGGAGATTACCTA 
CTGGACTGGGCTGTGTAAGGCCTTTATGATTTATTTTGTTCAGCA 
TGCTGAACAAAATAAATCATAAAGGCCTTACACAGCCCAGTCCAG 
GTGTGCAGATTAAAGTTGTTCATGGATCCTCACCTCCTTAAGCTTA  
TAAGCTTAAGGAGGTGAGGATCCATGAACAACTTTAATCTGCACAC 
ATTAGCTTGCATAGCACGCACGAGTTAGCGGGCGGCTTCGTATATAC 
GTATATACGAAGCCGCCCGCTAACCTCTAGAGTCGACGTCCCCGG 
GATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGC 

pKY12 
F: pDG148-A 
B: pDG148-A 
F: alsS 
B: alsS 
F: ilvC 
B: ilvC 
F: ilvD 
B: ilvD 
F: pDG148-B 
B: pDG148-B 

AGACAAAAAGTGGAAAAGTGAGACCATGGAGAGAAAAGAAAATCGC 
TCCATGTAATCGAAGATTTTCATGCCTGCTTCCTCCTTAGAGCTTA 
TAAGCTCTAAGGAGGAAGCAGGC ATGAAAATCTTCGATTACATGGA 
GAAGTAGTTAGCCATGCCTGCTTCCTCCTTATTAGAGAGCTTTCGT 
ACGAAAGCTCTCTAATAAGGAGGAAGCAGGCATGGCTAACTACTTC 
ACGGTACTTAGGCATGCCTGCTTCCTCCTTATTAACCCGCAACAGC 
GCTGTTGCGGGTTAATAAGGAGGAAGCAGGCATGCCTAAGTACCGT 
TTAGCTTGCATAGCACGCACGAGTTAACCCCCCAGTTTCGATTTAT 
ATAAATCGAAACTGGGGGGTTAACTCGTGCGTGCTATGCAAGCTAA 
GCGATTTTCTTTTCTCTCCATGGTCTCACTTTTCCACTTTTTGTCT 

pKY13 
F: pDG148-A 
B: pDG148-A 
F: ilvE 
B: ilvE 
F: avtA 
B: avtA 
F: pDG148-B 
B: pDG148-B 

AGACAAAAAGTGGAAAAGTGAGA CCATGGAGAGAAAAGAAAATCGC 
TAATCAGCTTTCTTCGTGGTCATGCCTGCTTCCTCCTTAGAGCTTA 
TAAGCTCTAAGGAGGAAGCAGGC ATGACCACGAAGAAAGCTGATTA 
AAGGGAGAATGTCATGCCTGCTTCCTCCTTATTATTGATTAACT 
AGTTAATCAATAA TAAGGAGGAAGCAGGC ATGACATTCTCCCTT 
TTAGCTTGCATAGCACGCACGAGTTAGTGACTTTCAGCCCAGGCT 
AGCCTGGGCTGAAAGTCACTAA CTCGTGCGTGCTATGCAAGCTAA 
GCGATTTTCTTTTCTCTCCATGGTCTCACTTTTCCACTTTTTGTCT 

pKY16 
F: pDG148-A 
B: pDG148-A 
F: aprE 
B: aprE 
F: pDG148-B 
B: pDG148-B 

AGACAAAAAGTGGAAAAGTGAGA CATGGAGAGAAAAGAAAATCGC 
TCCACAATTTTTTGCTTCTCACGCCTGCTTCCTCCTTAGAGCTTA 
TAAGCTCTAAGGAGGAAGCAGGC GTGAGAAGCAAAAAATTGTGGA 
TTAGCTTGCATAGCACGCACGAGTTATTGTGCAGCTGCTTGTACG 
CGTACAAGCAGCTGCACAATAA CTCGTGCGTGCTATGCAAGCTAA 
GCGATTTTCTTTTCTCTCCATGGTCTCACTTTTCCACTTTTTGTCT 

pKY17 
F: pDG148-A 
B: pDG148-A 
F: nprE 
B: nprE 
F: pDG148-B 
B: pDG148-B 

AGACAAAAAGTGGAAAAGTGAGACATGGAGAGAAAAGAAAATCGC 
ACAATTTCTTACCTAAACCCACGCCTGCTTCCTCCTTAGAGCTTA 
TAAGCTCTAAGGAGGAAGCAGGC GTGGGTTTAGGTAAGAAATTGT 
TTAGCTTGCATAGCACGCACGAGTTACAATCCAACAGCATTCCAG 
CTGGAATGCTGTTGGATTGTAA CTCGTGCGTGCTATGCAAGCTAA 
GCGATTTTCTTTTCTCTCCATGGTCTCACTTTTCCACTTTTTGTCT 
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A.2 Supplementary data for Chapter 7 

 

Figure A-1 Plate assay of B. marmarensis contamination resistance. Following propagation on purposefully-
contaminated, unsterile B. marmarensis cultures, plates were streaked from the mixed cultures and analyzed for 
growth of contaminats. No major fungal contamation could be discerned. Foreign bacterial colonies observed, but 
not in great numbers. 
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Figure A-2 High-resolution melt analysis of genomic DNA extractions from contamined-cultures throughout the 

study. The melt temperature of three hypervariable 16s rDNA regions of each contamined culture was examined 

over the study. In the open-air contaminated systems, the melt temperatures either directly match throughout or at 

the end of the experiemt with that found for B. marmarensis monocultures. In soil-contaminated cultures, melt 

temperatures trend towards that of B. marmarensis overtime, particularly at pH 11.5. B. marmarensis appears to 

show some dominance of over strains based on its 16s rDNA melting temperatures being matched in this study. 
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Figure A-3. Species distribution in 16s rDNA library from the round of contamination studies. 16s rDNA library 
was built on complete genomic DNA extractions from the final cultures, described further in the main text. The 
complete distribution of all identified species is given here. B. sp. represents strains of the genus Bacillus that do not 
have given species names. Unknown strains are reads that did not return exact matches in BLAST searches. 
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Figure A-4 Process flow of the eletrotransformation procedure for B. marmarensis. To achieve high-efficiency 
transformations several adjustments to protocols for other species were made. This included preheating and pre-
aerating the diluent media, minimizing glycine treatment time, using fresh wash buffer, applying a square-wave 
electric pulse, and not using a very-high osmolarity rescue media. 
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Figure A-5. Genetic 
transformation details and 
data. Eletrotransformation 
of gram-positive bacteria 
has been achieved using a 
general flow sheet as 
shown in Fig. 5, but 
previously-unobserved 
modifications were 
required for transformation 
of B. marmarensis. The 
major differences in 
eletrotransformation of 
gram-positive strains 
compared to E. coli are the 
use of sugar alcohols as 
osmotic stabilizers (eg. D-
sorbitol and D-mannitol) 
and cell-wall weakening 
agents (eg. glycine or 
lysozyme) that are not 
employed for gram-
negative strains. However, 
transformation of B. 

marmarensis required 
several more 
modifications. (A) First, 
following overnight 
growth liquid media, the 
strain required pre-heating 
and pre-aeration of the 
diluent media for regular 
growth. Irregular and 
unpredictable cell growth 
resulted without both 
preheating and pre-
aerating. (B) B. 
marmarensis showed a 
small window of 
sensitivity to glycine 
pretreatments. In B. 
marmarensis, 1 %(w/v) 
glycine sufficiently 
weakened cell walls. 
However, the glycine 
addition had to be 
performed with a cell 
density (OD600nm) above 0.35 to avoid cell lysis. (C) Only a very narrow range of glycine concentrations was effective. 0.7 
%(w/v) glycine did not inhibit cell-wall synthesis, while 1.3% led to significant loss of cell density. This working range of 
less than 0.6 %(w/v) is significantly smaller than prior transformation protocols. Third, the wash buffer containing 
glycerol, 0.5 M D-sorbitol, 0.5 M D-mannitol had to be raised to an alkaline pH with minimal addition of base. Excess 
base would increase the salt concentration and electrical conductivity to lower the overall efficiency of electroporation. 
(D) As this has not been an issue in previous eletrotransformation protocols, prior research has not shown the acidification 
of wash buffers. Assembly of fresh wash media bypasses this issue. (E) Although not unique to only B. marmarensis, 
square-wave electric pulses and minimal osmotic stabilizers in the rescue media raised the number of successful 
transformants. (F) Combining all changes, eletrotransformations reached efficiencies on the order of 1x105 transformants 
per μg heterologous DNA. (G) and (H) Colony PCRs and plasmid purifications verified successful transformation and 
maintenance of plasmids. 
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Figure A-6. Demonstration of plasmid replication and integrity in B. marmarensis. (A) Colony PCR 

confirms the presence of gene transformed into B. marmarensis on plasmid pDGW38. (B) Miniprep of 

plasmids transformed into B. marmarensis shows intact plasmid, although yield was much lower than that 

from E. coli. 
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Figure A-7. Lactate dehydrogenase (LDH) activity in B. marmarensis with and without antisense knockdown. (A) 
Antisense knockdown construct setup. (B) Knockdown of ldh activity displayed in strain expressing antisense 
sequence.  
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Table A-2 Primers and genes for B. marmarensis promoter library 

RAST# Gene Forward/reverse primer 

14 CdpS cagctatgaccatgattacgcctaagtaaactgcatatcctgttacgag 

TTAGGAAATTGGATAATAGTCATCTC ATG ACC TCC CTT CAG GTG A 

23 CTPs cagctatgaccatgattacgccAGA GGA CGA GCT AGA TGA AAT CTC  

TTAGGAAATTGGATAATAGTCATGCG ATC GAC TCC TCT ACT TTT CAT C 

31 Rrna cagctatgaccatgattacgccCAG TTA GAC AAG CTA TGG GCG ATC C 

TTAGGAAATTGGATAATAGTCATTGA TTT CAT CTC CTT CCG CCC TGA ATC  

44 R5P Iso cagctatgaccatgattacgccttacagcaatggcagagcaaca 

TTAGGAAATTGGATAATAGTCATctgtacaacctcctaaatggttttaagaaaag 

50 atpI cagctatgaccatgattacgcccaacgcgattgtaagagcaacc 

TTAGGAAATTGGATAATAGTCATgaacaccgctcccctcaag 

59 atpE cagctatgaccatgattacgccTGCATCAACATCTCGTGCACTT 

TTAGGAAATTGGATAATAGTCATGTGAGAAACCCTCCTCGAGTAGC 

123 aap cagctatgaccatgattacgccTCCAATGGTTTGGGTTTGAGAA 

TTAGGAAATTGGATAATAGTCATCCACACCCTTCCTTCTTCTGATTC 

152 DHPs cagctatgaccatgattacgccCGCGCGTTAACACTAAGCAGAT 

TTAGGAAATTGGATAATAGTCATCTTATACCACCCCCAACCAGTAATAG 

440 murE cagctatgaccatgattacgccAAAGTCGATGCGACAGGAGAAG 

TTAGGAAATTGGATAATAGTCATGTTTAACCCTCACATTCAAACCTTTTTC 

442 mraY cagctatgaccatgattacgccAAGCTTACTGGCAGCAAAGGTG 

TTAGGAAATTGGATAATAGTCATTGCTAATCATTCCTCCTTTCTTTTTG 

443 murD cagctatgaccatgattacgccTTTTGGTGCGTTTGCTATTTTG 

TTAGGAAATTGGATAATAGTCATGTATGTTTACACCTCATTTACATCCATACC 

569 comk cagctatgaccatgattacgcccggatttccagtatggcttgtg 

TTAGGAAATTGGATAATAGTCATagggaatcgctccttagtgga 

577 S-layer cagctatgaccatgattacgccTCGTCGATTTTTGACGAAATTG 

TTAGGAAATTGGATAATAGTCATAAGTATAATTCCTCCTTCAAATTTGC 

588 5Nuc cagctatgaccatgattacgccTGAGCAAACTGCCAAGCAGTAA 

TTAGGAAATTGGATAATAGTCATCATATTCCTCCTAGAAATCTATTTTCCACTTAG 

595 s-layer cagctatgaccatgattacgccACCCATGATTGCCAGCTTATGA 

TTAGGAAATTGGATAATAGTCATGATCATTCCTCCTACAAAATAGTCACATTC 

891 sigB cagctatgaccatgattacgccaattgccaatcgccttggat 

TTAGGAAATTGGATAATAGTCATttttctccacctcatctccgcga 

1045 GDH cagctatgaccatgattacgccGCCTGATTCATCCGCTCTAA 

TTAGGAAATTGGATAATAGTCATTTCAATCTCCCCCAATATCG 

1361 s-layer cagctatgaccatgattacgccCTTGGTTCGGGTGACGATAC 

TTAGGAAATTGGATAATAGTCATAAGATAACCTCCAATATGGTAGAAAATAGT 

1486 BCAAtr cagctatgaccatgattacgccGCTTGATGAAGCAGCAAAGGTT 

TTAGGAAATTGGATAATAGTCATCACTACTCCTCCTCAACATAATCTACG 

1502 tns-cdd cagctatgaccatgattacgcccgcggatttactcgcctgtt 

TTAGGAAATTGGATAATAGTCATttaaagaggatctcctctcctgattgc 

1503 cdd cagctatgaccatgattacgccgggagaagtccagcgggtaa 

TTAGGAAATTGGATAATAGTCATtgttctcgtcccttctaatggtcc 

1513 rpoD cagctatgaccatgattacgccgcatcatgccattgcagctt 

TTAGGAAATTGGATAATAGTCATtcgatcccctccttccattgt 

2070 Alk cagctatgaccatgattacgccCAT AGG CAT TTG TCT GCA AAG GCC  

TTAGGAAATTGGATAATAGTCATGAT ACA TAC ATA AGG AGG GTG AGA CCT A 

2126 GDH cagctatgaccatgattacgccATATGCACCGGATGGAATGAAC 
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TTAGGAAATTGGATAATAGTCATATTATCCCCTCCCAAAATCTGC 

2168 GS cagctatgaccatgattacgccGCGAGAAGCTGTTGCTAGTG 

TTAGGAAATTGGATAATAGTCATCATCCACTTCCTTTTCATAAAGTAT 

2196 GaPAT cagctatgaccatgattacgccAACGGCTGTTCTAAGCGAGTACG 

TTAGGAAATTGGATAATAGTCATGGTTTCCCCCCAAGTGTTCC 

2804 GDH cagctatgaccatgattacgccCACCTCGTGGAAAAACTCGT 

TTAGGAAATTGGATAATAGTCATCTTCTCACCCCGCCAATA 

2910 GS cagctatgaccatgattacgccAATGATGGCAGGAAGAAACG 

TTAGGAAATTGGATAATAGTCATTGTTATGTATTCCCCTTTCAAATTCT 

3351 sig70 cagctatgaccatgattacgccttactggggcaggcaacgta 

TTAGGAAATTGGATAATAGTCATtgcgactacccccgaagttg 

3358 GDH cagctatgaccatgattacgccATGACGCCAACAAGCCTCTAT 

TTAGGAAATTGGATAATAGTCATCTGTTTCACCTCTAGCCAGTGTTC 

3793 IlvE cagctatgaccatgattacgccCGGCAGCTATTCTCGTTTTC 

TTAGGAAATTGGATAATAGTCATGTTGCCAAGCTCGTTTTACA 

3856 malDH cagctatgaccatgattacgccTGCACAAGTTGGCGGTATTG 

TTAGGAAATTGGATAATAGTCATCTTCATCAACTCCCAGTTATGATAGTGA 

3858 cit syn cagctatgaccatgattacgccATGCGTGGATTGCATTAGCC 

    TTAGGAAATTGGATAATAGTCATGTTAATCTCTCCTTTTCCCTAATTATCTTTTT 

 

Table A-3 Primers to clone pHTetOH series plasmids 

pHT backbone AGCAGCATCCGGATAGAGGCTTGTTGGCGTCATttgatatgcctcctaaatttttatcta 

pHT backbone TAACAAGCTCCTCTAGTAAGGAGGAACTACTATGAACTTTAATAAAATTGATTTAGACAA 

P3358 tttagataaaaatttaggaggcatatcaaATGACGCCAACAAGCCTCTAT 

P3358 GAAAGGAATATAAAAAGTTGAAGAAGCCATCTGTTTCACCTCTAGCCAGTGT 

adhA  (Zm) ATACATCGAACACTGGCTAGAGGTGAAACAGATGGCTTCTTCAACTTTTTATATTCCTTT 

adhA  (Zm) TACATTTTTTGTATCGTCACCCGAACCAAGTTAGAAAGCGCTCAGGAAGAGT 

P1361 GTTGAAGAACTCTTCCTGAGCGCTTTCTAACTTGGTTCGGGTGACGATACA 

P1361 GCTAAATAGGTACCGACAGTATAACTCATAAGATAACCTCCAATATGGTAGAAAATAG 

pdc (Zm) ACTATTTTCTACCATATTGGAGGTTATCTTATGAGTTATACTGTCGGTACCTATTT 

pdc (Zm) aaatcaattttattaaagttcatagtagttcctccttaCTAGAGGAGCTTGTTAACAGGC 

phtET2 amplify cccTAAAAGTAATTACATTAATGACGCCAACAAGCCTCTA 

phtET2 amplify aatcaagtcataacagacaacttatttacgttgatatgcctcctaaatttttatcta 

Pldh w/o rbs aaatttaggaggcatatcaacgtaaataagttgtctgttatgact 

Pldh w/o rbs AAATCACGGAAAAGCttagtctatgttaaaaaatgtctaaaatct 

asRNA cattttttaacatagactaaGCTTTTCCGTGATTTAGATCG 

asRNA GGCGTCATTAATGTAATTACTTTTAgggggagttaagggatatttac 

pHtetOH amplify ggatatttacgaggaggtatgacAATGAGTTATACTGTCGGTACCTATTT 

pHtetOH amplify ggagctctaactcgctaacaacctcTTAGAAAGCGCTCAGGAAG 

Pldh AGAACTCTTCCTGAGCGCTTTCTAAgaggttgttagcgagttagag 

Pldh AATAGGTACCGACAGTATAACTCATTgtcatacctcctcgtaaatatc 
pHTetOH45/98/156 
part1 rev gaaagaacatgtgagcaaaaggcca 
pHTetOH45/98/156 
part2 fwd tggccttttgctcacatgttctttc 
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pHTetOH45 part1 fwd ACCATAAAAAAGAAAACAAAGAAGGAGGGTAAATATGAGTTATACTGTCGGTACCTATTT 

pHTetOH45 part2 rev CCTCCTTCTTTGTTTTCTTTTTTATGGTAGAAAATAGTTTAATAGATAGATATTACTAGT 

pHTetOH98 part1 fwd ATACGTAAGTAAGAAAACACGAAGGAGGGAAGTTATGAGTTATACTGTCGGTACCTATTT 

pHTetOH98 part2 rev ACTAGTAATATCTATCTATTAAACTATTTTCTACCATACGTAAGTAAGAAAACACGAAGG 
pHTetOH156 part1 
fwd TAAATTTTAATAACACAGAAGAAGGAGGTAGAAAATGAGTTATACTGTCGGTACCTATTT 

pHTetOH156 part2 rev ACTAGTAATATCTATCTATTAAACTATTTTCTACCATAAATTTTAATAACACAGAAGAAG 

 

 

 




