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Thesis Abstract 

The unprecedented global interest in sustainable and renewable biofuels using cutting-edge 

techniques is increasing enormously. The development of sustainable routes to the bio-

manufacture of gaseous hydrocarbons will contribute widely to future energy needs. Their 

realisation would contribute towards minimising over-reliance on fossil fuels, improving air 

quality, reducing carbon footprints and enhancing overall energy security. Alkane gases (propane, 

butane and isobutane) are efficient and clean-burning fuels that are suitable for the development 

of low carbon footprint fuel and energy policies. In the last few decades, synthetic biology 

techniques have been used to manipulate existing life forms or create a new life that never 

occurred in nature to achieve novel functions. Synthetic biology approaches have contributed to 

the evolution of new bacterial strains that are able to synthesise a wide range of biofuels. Despite 

some success, the yields, productivity and titres of these biofuels remain to be improved and their 

pilot-scale production requires optimisation in terms of both the host and pathways used.  

In this context, this thesis describes the exploitation of synthetic biology approaches to develop 

novel microbial cell factories for generating bio-LPG blends. Current progress in bio-alkane gas 

production has been reviewed, and the potential for implementation of scalable and sustainable 

commercial bioproduction hubs has been highlighted. As natural biosynthetic routes to these 

short chain alkanes have not been discovered, de novo pathways have been engineered. These 

pathways incorporate one of two enzymes, either aldehyde deformylating oxygenase (ADO) or 

Chlorella variabilis fatty acid photodecarboxylase (CvFAP), to catalyse the final step that leads to 

gas formation. Multiple next-generation pathways that use amino acids (valine, leucine and 

isoleucine) as fuel precursors were designed in E. coli and ultimately integrated into the 

Halomonas chromosome for the production of clean-burning bio-LPG (propane, butane and 

isobutane, respectively). Halomonas production strains showed gas production stability for up to 

7 days under non-sterile conditions. This approach paves the way to utilise widely available and 

inexpensive feedstock precursors such as amino acids and volatile fatty acids (VFAs) found in many 

industrial waste streams for the production of gaseous bio alkanes. As such, this project 

represents a foundation upon which further stable production strains can be investigated for 

upscaling the production of next-generation gaseous biofuels in the field under non-sterile 

conditions following process optimisation. 

Keywords: Biofuels, 1st, 2nd, 3rd, 4th and next-generation, synthetic biology, metabolic engineering, gaseous 

hydrocarbons, bio-LPG, propane, butane, isobutane, ADO, CvFAP, microbial pathway engineering, 

Escherichia coli, Halomonas, proteinaceous waste streams, volatile fatty acids. 
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1. Introduction 

1.1. Synthetic Biology – An Overview 

Synthetic biology is a rapidly developing interdisciplinary technology that incorporates the 

core biological fields of biochemistry, biotechnology, genetic engineering, molecular biology, 

genomics and system biology. It also encompasses a broad range of engineering disciplines, 

particularly bioinformatics and computational sciences (Figure 1) [1, 2]. Different from the 

traditional biology which investigates organisms’ anatomy of internal components, synthetic 

biology exploits the molecular parts, regardless the organism source of these parts, to assemble 

integrated biological circuits and pathways for creating unique microbial factories [3]. 

 

Figure 1: An overview of the synthetic biology route to chemicals production. 

Currently, three basic directions are the focus of synthetic biology research: (i) construction 

of biological systems/modules/circuits/devices with standardised biological components; (ii) 

researching the minimal genome and (iii) synthetic genome design and construction [4, 5]. 

Identification and standardisation of DNA parts (such as promotors, RBS, protein-encoding 

sequence, terminators and other functional DNA parts) facilitate design and construction of 

reliable and purposeful biological systems, modules, circuits or devices of controllable and 

predicable outputs for the synthesis of a broad range of both natural and artificial compounds [5]. 

Minimal genome research is concerned with customising the ideal functional genomes for each 

application. The customisation step(s) vary depending on the application since there is no 
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“universal” minimal genome for multiple biological synthesis purposes. However, the ultimate aim 

of the minimal genome is the removal of nonessential native DNA fragments while maintaining 

microbial cell functionality (e.g. growth and replication) [5, 6]. The construction of a synthetic 

genome, from design to assembly, is significantly enhanced by improved DNA sequencing 

technologies, and is technically supported by the other two research directions [5, 7]. The 

integration of these three research directions results in an in-depth understanding of the 

biological complexity, functionality and the scope of application of both the existing and the 

synthetic life forms [5]. Eventually, synthetic biology aims to manipulate an existing life form or 

create a new life that never occurred in nature to achieve novel functions. 

Since its emergence, synthetic biology has provided a lot of tools and elements that facilitate 

further understanding of various biological systems and the creation of “specially made” 

programmed microbial platforms that can perform several biological processes [3, 8-13]. Through 

employing DNA synthesis and principles of genetic circuits, synthetic biology has offered countless 

life applications in many vital sectors.  Pharmaceuticals, chemicals, food and energy industries are 

the ultimate reflection of synthetic biology advancements [14, 15]. 

Recently, the unprecedented improvements in DNA technologies have increased the overall 

control of biological parts. Such technologies range from synthesis and assembly to next-

generation sequencing, with enhanced efficiency in computational modelling and redesign of 

regulatory and catalytic parts [16-18]. Moreover, these technologies have paved the way to 

overcome various obstacles that challenge synthetic biology, including the minimal genome 

concept [6]. Considering the recent concerns over climate change, synthetic biology has also 

offered environmentally friendly strategies [19] towards the synthesis of functional and cost-

effective chemical compounds such as drugs, biomaterials and biofuels (Figure 1) [13, 20-23]. 

Therefore, synthetic biology has the potential to generate notable advances in the conduct of a 

variety of industries in the coming years. To some extent this would fulfil urgent requirements, 

with the expected gain of a new industrial revolution to support the rapidly increasing world 

population. 

Biofuels production has primarily been a challenging task for decades. However, with the 

increase in robust toolboxes for synthetic biology, the production of biofuels has witnessed 

unprecedented improvement in both titres, substrates and targeted fuel molecules. Herein, 

successive generations of biofuel strategies are reviewed with a focus on strategies for improved 

production titres. Iterative advances of each generation of biofuel production is highlighted with 
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a focus on the contribution of synthetic biology tools in the development of next-generation 

biofuels.  

1.2. Biofuels  

Biofuels are renewable sources of energy that are derived from microorganisms, plant or 

animal biomass feedstocks, instead of from rapidly depleting fossil fuels. These alternative fuels 

are known (or predicted) to reduce greenhouse gas (GHG; carbon dioxide (CO₂), methane (CH3) 

and nitrous oxide (N2O)) emissions compared to fossil fuels [24, 25]. Technically, fossil fuels (i.e. 

petroleum, coal and natural gas) are also derived from biomass, but they were formed and 

deposited over millions of years ago from long-dead biomass deposits, and are finite in supply 

[26]. Typically, biofuels production is achieved by valorisation of feedstock by the action of 

chemical and/or enzymatic pre-treatment step(s) to form a simple substrate that is utilised by 

fuel-producing microbial cell factories (Figure 2). 

 

Figure 2: An overview of a typical biofuels production strategy showing the bioconversion of biomass feedstock into 
biofuels. Carbon dioxide emissions are shown from biomass carbon (biogenic CO2) and fossil fuel (non-biogenic CO2). 

Despite the development of many forms of biofuels over a long period of time [25, 27-35], 

fossil fuels still remain as the primary global source of energy [36]. This is due to the abundance 

of fossil fuels [36, 37] and its high energy density along with the existence of well-established fuel 

processing and distribution infrastructures [38]. This has enabled the expansion in harvesting and 

purification at relatively low costs, which promoted its dominance and made it appealing to the 

global energy markets [39, 40]. 
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The continuous (re)development of biofuels strategies is becoming a necessity due to 

dwindling fossil fuel reserves, fluctuating prices with the geopolitical instability [25, 32] and the 

recent environmental directives [41, 42] to reduce the GHG emissions in order to mitigate climate 

change [38, 43, 44]. Releasing and burning of fossil fuels trapped within the earth’s crust 

consequently increases the amount of non-biogenic carbon dioxide in the atmosphere (Figure 2). 

On the other hand, biofuels create a biogenic carbon cycle between the biomass and the 

atmosphere. However, biogenic and non-biogenic CO2 released in the atmosphere are ultimately 

recycled by plants to form biomass (Figure 2). 

The industrialisation of biofuel strategies has faced many hurdles, usually centred around the 

economic feasibility of biofuels production compared to the low cost of utilising fossil fuels. Other 

considerations include the food versus fuel debate, where the feedstock for the first and second 

generations of biofuels compete either directly or indirectly with food intended for human 

consumption leading to food scarcity and price increases [45]. The cost of physiochemical pre-

treatment process(es) to release hydrolysable sugars from recalcitrant polymers (e.g. cellulose, 

hemicellulose) for microorganism biomass accumulation can be proportionately high for most of 

the feedstock types at current biofuel titres. However, biofuels still provide a reliable and desired 

renewable source of energy aside from its sustainability, environment-friendly impact, and the 

possibility to be driven from a broad range of cheap feedstocks [27, 32, 33, 35]. For several years, 

the paradigm in cutting-edge technologies and an increase in available fuel-producing 

microorganisms have resulted in the continuous advancement of biofuel manufacturing [46]. To 

date, four categories or “generations” of biofuels have been developed (Figure 3). These four 

generations are classified according to the biomass source, its processing technologies, with 

different benefits and limitations of their future role as a renewable energy source, in addition to 

their suitability as fossil fuel supplements or replacements (Figure 3; Table 1) [46]. 
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1.2.1. First-generation (conventional) biofuels (1st GBs)  

First-generation biofuels (1st GBs), also known as conventional biofuels, are manufactured 

directly from food sources that could be used for human consumption [29, 46]. The most 

commonly used 1st GBs are bioethanol and biodiesel, both of which are produced through well-

established simple processes such as fermentation, transesterification and distillation. The 

manufacturing and processing technologies have been exploited for several centuries in the case 

of food grade ethanol production [29]. Bioethanol is widely produced by fermentation of sugars 

and starches from sugarcane, sugar beets and cereal crops such as corn and wheat. This process 

also yields small quantities of propanol and butanol [29]. Bioethanol can be used on its own or 

blended with gasoline to form an automotive fuel (gasohol) [29, 46]. Biogas (biomethane and 

biohydrogen) and the so-called synthetic natural gas (SNG) or landfill gas, are also generated from 

anaerobic digestion (AD) of sugar and starch from crops [62, 63]. In contrast, biodiesel production 

occurs via the transesterification of vegetable oils and animal fats from biomass in the presence 

of a high pH catalyst and methanol [64]. Biodiesel is compatible with diesel fuel engines on its own 

or as a blend with petroleum diesel (Figure 3) [29, 46]. 

The production of the 1st GB is considered the first trial towards energy independence from 

fossil fuels. Biofuels’ demand for crops supports the rural communities by maintaining the 

agricultural industries-based economies [65]. These biofuels can help in a limited reduction of 

GHG, but they still require high amounts of energy during their production. Therefore, they 

produce a negative net energy gain (NEG), where energy released in the biofuel processing and 

burning is less than energy captured during feedstock growth (Table 1) [52, 66]. 

Additionally, 1st GBs have several other drawbacks. The main contentious problem is the “fuel 

vs food” debate. The feedstocks of 1st GBs can be used initially as the main food source for many 

communities worldwide [45, 50]. Consequently, these biofuels pose a threat to a shortage of food 

and animal feeds being diverted away from the food market, causing an increase in global food 

prices and/or food poverty [29]. Furthermore, 1st GBs are costly compared to conventional 

gasoline. The added cultivation for 1st GBs generation indirectly causes increased competition for 

water resources, deleterious effect on biodiversity of some crops and increases arable land 

scarcity. Overall, these drawbacks make the 1st GBs economically unfeasible or non-sustainable in 

the long term (Table 1) [50, 66]. 
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1.2.2. Second-generation (advanced or lignocellulosic) biofuels (2nd GBs)  

Second-generation biofuels (2nd GBs), also referred to as advanced or lignocellulosic biofuels, 

are derived directly from non-edible waste biomass. Sources include harvesting leftover and 

waste cooking oil, and non-food biomass lignocellulosic materials such as forest residues, wood, 

cereal crops, straw and sugarcane bagasse [29, 33]. The utilising of waste feedstocks has been 

developed to reduce production costs to compete with existing fossil fuels, and to minimise the 

food vs fuel problem of the 1st GBs [29, 33]. 

Typically, 2nd GBs lignocellulosic feedstocks need to undergo thermochemical and 

biochemical pre-treatment step(s) to enable microorganisms to utilise them as carbon sources. 

The initial thermochemical pre-treatment breaks down lignocellulose to remove the lignin and 

release cellulose fibres. It also opens up the structure of the cellulose fibres to allow cellulolytic 

enzymes access to the cellulose polymers to release glucose (biochemical pre-treatment). The 

released sugars are used as a carbon source for microorganisms [29]. These sugars ultimately 

undergo a fermentation step which resembles the 1st GBs bioethanol production [55]. Forestry’s 

residues and straw can also be processed through a thermochemical reaction to generate Syngas 

(also known as synthesis gas; a mixture of hydrogen, carbon monoxide and carbon dioxide). 

Syngas can be used as a replacement fuel for gasoline to generate electricity, or can be used to 

produce hydrocarbons which are later mixed with oil (Figure 3) [29, 33, 66]. 

The 2nd GBs have succeeded in overcoming several limitations of the 1st GBs (Table 1). For 

example, generation of 2nd GBs does not conflict with food crop production as it uses a waste 

residue of existing food crops, and in addition provides an environmentally useful solution to 

waste biomass recycling. These biofuels produce a higher energy yield per acre of land compared 

to the 1st GBs [33, 45]. For example, giant silvergrass (Miscanthus) produce 2.6 times more ethanol 

per acre than corn [67]. Additionally, 2nd GBs can be produced at higher NEG when compared to 

the 1st GBs [29, 67]. Although the pre-treatment processing costs for 2nd GBs is higher than that of 

1st GBs in the short term [68], 2nd GBs are still more competitive to 1st GBs in the long term due to 

the possible biomass costs reduction by 55% given utilising energy cane in the long term instead 

of the conventional sugarcane in the short term. Given the existence of long-term investments on 

2nd GBs processing technologies of energy cane, 2nd generation ethanol production is expected to 

increase by 76% in long term compared to 28% and 52% in the short and medium terms, 

respectively [68], these ultimately would accelerate the 2nd GBs production at reduced costs. 

Moreover, poor-quality agricultural land where food crops are unlikely to grow can be used for 

growing non-food feedstocks of 2nd GBs (Table 1) [25, 33]. 
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However, the production of 2nd GBs is still not cost effective compared to fossil fuels due to 

technical barriers in the pre-treatment process [29, 50, 65]. Though the production of 2nd GBs 

biomass seems to not conflict with the food production, in reality some feedstocks still compete 

for arable land where they grow under climatic conditions similar to that required for food crops 

[44, 65]. Furthermore, cellulosic biomass which can be grown alongside food crops would 

consume some of the soil nutrients, which in turn needs to be compensated for by using fertilisers 

[29]. Also, crops residue which can be recycled to generate 2nd GBs instead of generating pollution 

through burning it in the fields, still has a downside as the nutrients from burned crop residue are 

not put back into the soil, so fertilisers are needed. Additionally, the supply of recycled oils for 

biodiesel production is limited and depends on the upstream collection efficiency of waste oils. 

Finally, 2nd GBs cannot satisfy the total needs of the increased global energy demand. Also, the 

processing technologies for 2nd GBs are more elaborate and relatively immature. As a 

consequence, both high cost and energy consumption need to be addressed (Table 1) [33, 50, 66]. 

1.2.3. Third-generation (algal) biofuels (3rd GBs)  

Third-generation biofuels (3rd GBs) are also known as algal biofuels since they are secreted as 

oily substances by certain species of algae [51, 58]. The production of 3rd GBs takes advantage of 

special types of engineered oleaginous algae species as entirely renewable, high-energy and 

abundant cheap sources [50, 69]. Additionally, the efficiency of production relies on 

improvements in methods of cultivation, harvesting and conversion processes to biofuels [27, 69]. 

Generally, the production of 3rd GBs started with growing the algae in either open-ponds or 

aseptically within photobioreactors [66]. The algal masses are then harvested, and the oils within 

them are extracted and used to produce biodiesel (Figure 3) [27, 58, 65]. 

The 3rd GBs have shown several advantages over the preceding two generations (Table 1), 

and it was seriously considered as the best alternative for fossil fuels [58, 69]. 3rd GBs offers cheap 

sources of high energy dense fuel which are entirely independent of any food-related source. This 

is because algae are autotrophic, so photosynthesise to make their own food from environmental 

CO2. This makes algae ideal carbon dioxide capturing devices [50, 69]. They can remove 

atmospheric CO2 to create valuable products, as well as play an important role in CO2 mitigation 

by creating a negative balance of CO2 [70, 71]. Algae can be grown on a wide range of resources 

which are not suitable for food production such as low-grade lands, wastewater, sewage and 

seawater. Therefore, the production of 3rd GBs algae help to relieving the depletion stress of fresh-

water and arable land resources which can be used for human consumption [27, 28, 69]. 

Moreover, algae have higher energy efficiency per area of harvest compared to conventional 
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crops [50]. This biofuel can be directed towards the synthesis of a broad range of fossil fuel 

replacements or additives for petrol, jet fuel and diesel [44, 50, 69, 72]. 

However, some challenges remain to be addressed for the successful economic development 

of competitive 3rd GBs, such as petrodiesel [48, 66]. For instance, large-scale production of 3rd GBs 

is facing several technical problems ranging from the high operational cost of photobioreactors in 

closed cultivation systems or the contamination issues endemic with open-pond cultivation 

systems [66]. Moreover, cultivation processes such as mixing, centrifugation and filtration require 

high amounts of energy, ultimately resulting in a reduced NEG [66, 73]. In conclusion, existing 3rd 

GBs strategies still lack cost-effectiveness, so further research is needed in process development 

for pre-treatment, extraction, harvesting and conversion technologies. In addition, improvements 

in the design of the bioreactors to reduce the operating costs are needed, as are the developing 

of algal species with a higher energy content [28, 58, 66, 74]. 

1.2.4. Fourth-generation biofuels (4th GBs)  

Fourth-generation biofuels (4th GBs) have emerged as a result of improved metabolic 

engineering and synthetic biology technologies [75-77]. Their production is achieved by using 

genetically modified microorganisms (GMO), mainly GM algae, with enhanced capabilities in 

combination with advanced carbon capture and storage (CCS) techniques [78, 79]. 4th GBs 

represents the first dual benefit biofuel in the bioenergy sector [52, 66]. These biofuels not only 

provide sustainable energy with efficient NEG but also they offer a robust method to reduce GHG 

through capturing and storing CO2 in the form of fuels [75-77]. The production of these biofuels is 

achieved through advanced biochemical techniques or petroleum-like hydroprocessing (i.e. 

adding hydrogen to petroleum) (Figure 3) [75, 76]. In this generation, bio-engineered organisms 

are designed to capture or “lock” more CO2 during cultivation [31, 61], with the conversion to 

biofuels following the same processes used for 2nd GBs production [33, 66, 80]. The difference 

between production processes of 2nd and 3rd GBs compared to 4th GBs is that the latter is processed 

by oxy-fuel combustion (i.e. burning in the presence of oxygen instead of air) at all stages of 

production [29, 66]. Following the combustion step, the captured CO2 is then geo-sequestered in 

specific CO2 storage sites such as un-mineable coal seams, saline aquifers and depleted gas and 

oil fields (Figure 3). Consequently, the overall process, particularly capturing and storage of 

carbon, makes 4th GBs production carbon-negative rather than neutral since more CO2 is captured 

“locked” carbon than is produced [66, 81]. This contributes towards reducing the GHG released 

compared to fossil-based fuels [69]. 
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Although 4th GBs represent a successful alternative model for the replacement of fossil fuel, 

there are several obstacles that need to be overcome. High initial investments for setup and 

production of 4th GBs are required [39, 48]. Moreover, the technology is not yet fully developed 

and is still in its primary stages [52, 66]. There are also potential health-related and ecological risks 

which would result from the leaking of GMOs into the environment [66]. 

In conclusion, the upgrading of biofuel generations is witnessing significant advances as a 

result of employing many cutting-edge technologies, particularly from biotechnology. However, 

the biofuels industry still lags behind fossil fuels in term of cost and abundance. Generally, there 

are rooms for all biofuel generations in the marketplace, where bioenergy accounts for around 

10% of world total primary energy supply [82]. The USA alone contributed with the largest portion 

(38%) of global production in 2019 [83]. However, the key challenge that faces developing the 

future generations biofuels is to obtain an economically viable feedstock which typically costs 

around 80-90% of the final biofuel price with the existing processing technologies [84]. First-

generation biofuels, the first step toward renewable energy, are raising an ethical issue pertinent 

to global starvation. Second-generation biofuel offers benefits over 1st GBs, but the costly 

processing steps and the competition for arable lands are putting constraints on the suitability of 

these biofuels for production. The production of third-generation biofuels represents an 

intermediate stage to an energy source which is entirely independent from food-related sources. 

However, the high production costs limit the economic feasibility of the 3rd GBs. The fourth-

generation biofuels have shown that GMOs can fulfil the current energy requirements with the 

least ethical or environmental concerns. 4th GBs address many of the previous generations’ 

challenges of food-fuel competition, the exhaustion of water resources and the high initial costs 

for largescale production [58]. Moreover, 4th GBs are more economically efficient in terms of net 

energy gains when compared to second-generation biofuels [85] and are more environmentally 

sustainable compared to third-generation biofuels [86]. In addition, biofuels produced by 

microorganisms have similar or identical properties to petroleum-based fuels, meaning they can 

use existing transportation infrastructure [30], thus removing the need for engine modification or 

infrastructure redesign. Although fourth-generation biofuels have the potential to supply next-

generation based energy in the future, the technology still needs plenty of research on many 

aspects where improvement in biofuels production based on GM microbial cell factories can 

provide excellent potential for more sustainable next-generation biofuels [74, 87].  



31 
 

1.2.5. Synthetic biology and next-generation biofuels  

Synthetic biology is one of the gateways to next-generation biofuels which is a keystone for 

the upgrade to 4th GBS and beyond. This technology incorporates the “cell factory” concept, which 

designs customised microbial cell factories able to take advantage of renewable feedstocks for 

the de novo production of biofuels [61]. Metabolic engineering tools are employed to modify the 

existing biological pathways or design and assemble new pathways using enzymes originating 

from different organisms. The selection of the host chassis for engineering is a crucial point to 

consider from an economics point of view, so as to maximise production titres and minimise costs 

associated with the scale-up. We argue in favour of using already existing industrial microbial 

‘chassis’ whose natural adaptations make them suitable to tolerate the stresses of an industrial 

process, rather than expending effort in engineering commonly used laboratory strain such as E. 

coli. Robust organisms are able to tolerate industrial stresses, with identified metabolic profiles 

and a stable genome [88, 89]. 

The selection of robust microorganisms, efficient substrates (feedstocks), and targeted type 

of biofuel are pivotal for the design of the production process. Several industrial strains have been 

identified and developed for biofuels production. Heterotrophs including bacteria (e.g. E. coli, 

Clostridium sp. and Zymomonas sp.), yeast (e.g. Saccharomyces species), and mold (Mycelium) are 

generally used for commercial production of 1st and 2nd biofuels from organic matter. In contrast, 

autotrophs including algae (Cyanobacteria) are typically used for 3rd and 4th generation biofuels 

from CO2. Biorefineries are a sustainable production process, which generates a series of bio-

based products and bioenergy fuels [90, 91]. Typically, biorefinery processes create adverse 

environmental stresses on industrial strains, such as heat, oxidative, pH, organic solvent, toxicity 

of by-products and mechanical damage stresses [91]. Theses stresses result in a substantial 

decline in productivity yield and growth, which increases the overall operating costs [91]. Various 

techniques have been adopted for improving the tolerance characteristics of industrial strains, 

and therefore the efficiency of the biorefinery, leading to substantive cost reductions. These 

technologies include; adaptive (laboratory) evolution [92]; synthetic biology approaches for 

reprograming industrial hosts [77, 91]; use of extremophiles which naturally can tolerate extreme 

environmental conditions [91]; and bioprocess integration and optimisation through chemical [91, 

93] and/or physical [91, 94] detoxification of the biomass substrate (feedstock). Therefore, 

biorefinery industry development is restricted by the relatively low productivity of industrial 

strains and the relatively high production cost required for maintaining the optimum processing 

conditions [91]. To conclude, the economic feasibility of microbial based production of fuels and 

chemicals is basically dependent on the availability of a robust microorganism that can resist the 
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environmental stress, rapidly grow and generate high titres of product from waste carbon sources. 

So far, ideal microorganism development is one of the most urgent challenges facing 

commercialisation of bio-based technologies.  

Escherichia coli (E. coli) and many algae have been extensively studied and characterised as 

industrial chassis. However, one potential robust industrial strain poised to revolutionalise 

biofuels production is the halophilic and alkaliphilic bacterium Halomonas [22, 23, 95-108]. A 

second potential microbial chassis is the hardy bacterium Deinococcus radiodurans [109, 110]. 

Both organisms are genetically tractable, easily be manipulated, can readily be integrated and 

suitable for industrial process development, and therefore make great candidates for the 

production of industrially relevant compounds [22, 23, 107]. 

E. coli is a gram-negative rod-shaped (about 1 μm in length and 0.35 μm in width). It is a 

facultative aerobe in which it can grow in presence and absence of oxygen. E. coli is presently the 

best‐understood organism with well-known genetics, genomics, metabolome, proteome and 

transcriptome; therefore, it is a cornerstone model organism and a key tool in molecular biology. 

It is known as the “workhorse” of molecular biology for being used in different cloning purposes 

and recombinant protein production. E. coli lacks some industrial features such as growing at 

extreme temperatures or pH.  The optimal pH range for growth is between 6.5 and 7.5, depending 

on the temperature. Furthermore, E. coli does not tolerate high salt levels as it grew optimally at 

0.5% (w/v) NaCl concentration at 37°C. Moreover, it lacks the capacity to degrade toxic 

compounds or pollutants [111-114]. However, most engineered E. coli strains are considered 

biosafe and fast-growing in chemically defined and relative cheap culture media with no 

aggregates formation for retaining the industrial scalability. Also, standard conditions have been 

developed to allow recombinant proteins from across different organisms to be expressed in and 

purified from E. coli efficiently. Molecular cloning of plasmids and its manipulation in E. coli are 

among the most important tools and standard procedures which led to the foundation of cloning, 

sequencing, the genetic engineering of many organisms, generation of mutants and many other 

applications in biotechnology. Moreover, applications of E.coli in biotechnology have been 

enhanced by the development of several online resources for the analysis of physiological and 

molecular aspects of E. coli [111, 113, 114]. 

Synechocystis sp. PCC6803 is a freshwater cyanobacteria. It is capable of both phototrophic 

and heterotrophic growth during light and dark periods, respectively [115]. It is a rapidly growing 

cyanobacterium; therefore, it is suitable for large-scale cultivation [116]. Synechocystis sp. 

PCC6803 is characterised by having multiple copies of a single chromosome contained in its 
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genome [117] which have been fully sequenced [118], an endogenous circadian rhythm for 

regulation of genes expression [119] and high content of photosynthetically active proteins [115, 

120]. Synechocystis sp. PCC6803 is much easier to be genetically engineered compared to algae 

and plants [115], moreover, many standard biological parts used in E. coli are compatible with 

synthetic biology applications in cyanobacteria with some differences in performance [115]. 

Hence, Synechocystis sp. PCC6803 is considered an excellent chassis for constructing cell factories 

which can be used in synthetic biology, metabolic engineering and light‐driven biotechnology 

studies [120, 121]. Synechocystis sp. PCC6803 has been used for production of wide range of 

chemicals such as ethylene [122], succinate [123], squalene [124], astaxanthin [121], isoprene 

[125], ethanol, and other biofuels [126-128]. 

Halomonas spp. are Gram negative halotolerant bacteria belonging to the Halomonadaceae 

family which involves around 90 halophilic species [129]. Halomonas spp. are salt-tolerating 

(halophilic) bacteria that can grow over the range from 0.1 to 32.5% (w/v) [130]. Most Halomonas 

bacteria can resist environmental osmotic stress by production of compatible solute 1,4,5,6-

tetrahydro-2-methyl-4-pyrimidinecarboxylic acid, commonly known as ectoine [131]. Halomonas 

spp. have demonstrated their advantages as promising chassis for several biotechnology 

applications [132, 133] including bioremediation, biopolymers and biosurfactants production [96, 

100, 102-104, 129, 134] and recently in biofuels production using Halomonas bluephagenesis 

TD01 [22, 23]. H. bluephagenesis TD01 is an extremophile (halophile and alkaliphile) that can be 

cultivated under non-sterile conditions in industrial-scale vessels with no decline in growth 

potential (for instance three continues years; [103]) at high salinity (e.g. 20% w/v NaCl) and at pH 

values as high as 12 without the need for costly sterilisation and aseptic conditions [135]. Several 

Halomonas TD01-specific synthetic biology approaches and genome editing toolkits have been 

successfully developed such as CRISPR/Cas9 [136], CRISPRi [103] and homologous recombination 

using a suicide vector [22, 23], in addition to IPTG inducible T7-like [137] and constitutive porin-

based [106, 138] expression systems. Using Halomonas TD01 as a chassis in next-generation 

industrial biotechnology enables the use of more sustainable and more widely available seawater 

as a growth medium instead of fresh water, as well, enables the industrial fermentation to operate 

under non-sterile, open and continuous conditions in fermenters which are made from cheaper 

materials such as ceramic or plastic without the need of costly high-pressure steam pre-

sterilisation process associated with typical stainless steel bacterial fermenters [95, 139]. As a 

result, Halomonas TD01 has attracted attention in the field of next-generation industrial 

biotechnology (NGIB) as its use simplifies bioprocessing and further developments in Halomonas 

synthetic biology will lead to more interesting properties and products [95, 139]. However, the 
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genetic manipulation of Halomonas spp. is difficult and only mediated through homologous 

recombination using a suicide vector [136] (Section 0).  

Next-generation biofuels have become a natural application for synthetic biology. Synthetic 

biology approaches have improved the next-generation biofuels in term of the increase in biofuels 

production yield, the development of novel and cheap biochemical-based processes which can 

catalyse broader types of feedstocks, the improvement in the efficiency of feedstock-biofuels 

conversion and the creation of new microbial cell factories (Figure 4) [74, 87, 140]. Moreover, the 

next-generation biofuels have succeeded in overcoming several difficulties of the preceding 

generations, most of which are attributed to the microorganism’s production capabilities. 

Generally, the next-generation biotechnology aims to develop microorganisms which are able to 

flexibly and rapidly grow, reduce capital investment, be more use less fresh water, resist 

contaminants, carry out continuous processes, have an increased substrate to product conversion 

rate, and able to generate multiple products from a broad range of feedstocks [87, 108]. 

 

 

Figure 4: Next-generation biofuels production based on GM microbial cell factories. With synthetic biology, it is possible 
to create living organisms with improved bioconversion properties to produce biofuels, or many other molecules, from 
diverse sources of feedstocks. 

Current biofuel titres and production routes require further improvements and optimisations 

to increase large-scale production capabilities. This can include microbial cell host selection and 

pathway fine-tuning. Further advances in synthetic biology can be achieved using transcriptomics 

and proteomics experiments in combination with computational-based technologies to explore 

DNA regulatory parts on a transcriptional as translational level. Another important consideration 

is the engineering of existing enzymes and/or discovering novel enzymes with improved catalytic 

properties. Enzymes are biological catalysts act by enhancing the rate of biochemical reactions 
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without being changed themselves. They do not modify the net energy change or the equilibrium 

constant of the reaction they catalyse. As any catalyst, they work by lowering the reaction 

activation energy [141, 142]. To understand their mechanisms, key kinetic parameters are 

important to introduce:  the Michaelis-Menten constant (Km) and the catalytic rate constant (kcat). 

Enzyme reactions are generally described by the Michaelis-Menten equation (Equation 1; [143, 

144])  

Where 𝑣 is the velocity of reaction or the rate of formation of product, Vmax is maximum rate 

achieved by the system, [S] is the concentration of a substrate S, and Km is the Michaelis-Menten 

constant or the substrate binding affinity to the enzyme. For most enzymes, the Km value is 

inversely related to the affinity of the enzyme for the substrate, the higher the affinity, the lower 

the Km. Km is the substrate concentration at which the reaction rate reaches a value equal to half 

the maximum. Under defined conditions of pH and temperature and reaction medium, Km has a 

unique value for each enzyme. The catalytic rate constant (kcat) also known as turnover 

number/frequency is the number of substrate molecules converted to product by one molecule 

of enzyme per unit time (usually min-1 or s-1) under saturated concentration of the substrate(s), 

while kapp is the rate constant measured under defined reaction conditions. kcat/Km ratio is the 

specificity constant, which measures the ability of the enzyme to differentiate between competing 

substrates [141-144]. 

Furthermore, metabolic engineering of auxiliary pathways could be utilised to relieve 

bottlenecks and remove competing side-reactions. Information on how recombinant protein 

expression and the synthetic pathways interplay with the hosts’ own metabolism is a potentially 

powerful way to optimise metabolic flux in order to boost biofuel yields. Therefore, biofuels 

production pathways optimisation can be achieved at different basic control levels [77]; DNA 

[145], transcription, translation [146, 147], protein [148], substrate/product levels [147, 149, 150] 

(Figure 5). 

𝑣 =  
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚 + [𝑆]
 Equation 1 
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Figure 5: Overview of the proposed control points for applying synthetic biology strategies towards improving microbial 
next-generation biofuels production. Levels of control: DNA operon/gene multiple copies and plasmids copy number. 
Transcription is dependent on promoter sequence, type, strength, timing and whether it is inducible or constitutive. 
The organisation of operon components including the arrangement of genes affects transcription. mRNA is another 
control level, such as considering the capping and polyA-tail length and secondary structures needed to control the 
ribosomal binding time and early termination. Translation: RBS sequence determines its strength, codon usage 
optimisation compatible with the host translation machinery. Protein expression optimisation requires optimising the 
inducer types and half-life and their relative toxicity to the host cell. Balancing of up- and downstream metabolites is 
influenced by Importing and exporting transporters on the cell surface. Additional control mechanisms include the use 
of highly specific biosensors and inhibition by a competitor or allosteric regulator. (Created using BioRender.com). 

1.3. Basic molecular biology tools 

1.3.1. Polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) is one of the most useful and widely used technical advances 

that played a key role in the development of modern molecular biology and biotechnology. PCR is 

a powerful in vitro tool for exponential amplification of small amounts (perhaps one copy) of 

distinct DNA sequences to millions of identical copies “clones” of a target DNA. PCR can also be 

used to modify DNA sequences either by addition or deletion of DNA parts [151] Previously, 

amplification of DNA was a time-consuming process which involved transferring a target DNA 

(insert) into a vector (typically a plasmid), transforming the combined DNA construct (Insert and 

vector) into a bacterial cell, growing large quantities of cells then purifying the plasmid (harbouring 

the insert) from the bacterial cells once again. While, PCR allows the rapid amplification of specific 

DNA sequences in large quantities that are easier to purify without the need for the time-

consuming bacterial cells mediated cloning process [151, 152]. 

https://biorender.com/
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Typically, the PCR ingredients are mixture of four main components; template DNA, two 

primers that are complementary to either terminals of the target DNA sequence, mixtures of 

deoxynucleoside triphosphates (dNTPs) commonly known as nucleotides (A, T, C and G) and DNA 

polymerase which synthesises a complementary strand from the template DNA. PCR amplification 

steps take place in PCR machine or thermocycler. These steps can be summarized as in Figure 6. 

First step is the denaturation, the template DNA that has the target region is heated until it 

becomes single-stranded. Next step is the annealing of PCR primers to the terminals of the target 

DNA piece. Final step is the extension or elongation of DNA by DNA polymerase which makes 

copies of the target region. Theoretically, each cycle of thermocycler doubles the original amount 

of DNA. Ultimately, the repeated cycles result in multiple copies of the original target sequence 

[151, 152]. 

 

Figure 6: Overview of Polymerase Chain Reaction (PCR). 



38 
 

1.3.2. Overlap extension PCR (OEP) 

The overlap extension polymerase chain reaction (OEP) is a variant of PCR. It is also referred 

to as splicing by overlap extension OR splicing by overhang extension PCR. It is valuable technique 

that is carried out by a PCR reaction and is commonly used for inserting specific mutations at 

specific points in a sequence, editing or fusing complex DNA fragments into a larger fragment 

[152]. The OEP is achieved through three successive steps (Figure 7). 

 

Figure 7: Steps of Overlap Extension PCR (OEP). 

In step 1, the two DNA fragments required to be fused are generated separately by PCR 

creating two linear inserts. The PCR primers are designed to create 15-25 bp of overlap region in 

both DNA fragments. In step 2, the generated DNA fragments (inserts) from the first step PCR are 

subsequently mixed together and used as templates for a second PCR extension. The second PCR 

uses primers which are only complementary to the external terminals of the two inserts (Figure 

7: Primers 1 and primer 4). The two fragments are fused during the second PCR through the 15-

25 bp of overlap region. The final step, step 3, is to amplify the fused fragment produced from the 

second step. Ultimately, multiple copies of fused DNA fragment (insert) are produced. This insert 

is ready for the downstream step(s), i.e. circularization with the vector/backbone through Infusion 

cloning (Section 1.3.3) to construct a plasmid ready for transformation into a host cell. 
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1.3.3. Infusion HD Cloning 

In-Fusion HD Cloning is a technology developed by Takara Bio USA, Inc. for fast, directional 

cloning of one or more fragments of DNA into any vector [153]. The technique is initiated by 

engineering 15-bp overlaps between DNA fragments, i.e. linearized vector and inserts, by 

designing PCR primers for amplification of the desired sequences (Figure 8). Subsequently, In-

Fusion enzyme is used to fuse theses engineered DNA fragments efficiently and precisely by 

recognizing 15-bp overlaps at their ends. In-Fusion HD cloning technique offers increased cloning 

efficiency regardless of the DNA fragments’ numbers, sizes, orientations and the site of 

linearization within the construct. Neither ligation, phosphatase treatment nor restriction 

digestion is required to achieve In-Fusion cloning [154]. 

 

Figure 8: In-Fusion HD cloning overview. 

 

1.3.4. Suicide vector-mediated homologous recombination 

Suicide vector (or plasmid)-mediated homologous recombination is a robust tool of using 

non‐replicating vectors to genetically manipulate microorganisms [96, 136, 155]. The typical 

suicide vector used for homologous recombination is composed of an origin of replication 

incompatible with the target host cells, two flippase-flippase recognition target recombination 

system sites (FLP-FRT), a selection marker (e.g. antibiotic resistance gene), a linearisation site, and 

a multiple cloning site which is flanked with two homology arms (Figure 9) [22, 23, 96, 136]. 
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Figure 9: Map of a typical suicide vector. 

The suicide vector is first propagated in an intermediate host (usually E. coli). The vector 

contains only one origin of replication which is compatible with that intermediate host. The 

replicated suicide vector is then extracted from the intermediate host, then introduced by either 

transformation or conjugation into the target host cells. The target cells already contain auxiliary 

vectors harbouring a restriction enzyme which is required for linearising the suicide vector. In the 

target host cells, the suicide vector is inoperative and unable to replicate due to the incompatibly 

of the origin of replication. The suicide vector is then linearised by the restriction enzyme which 

recognises only one site along the suicide vector (Figure 9). The suicide vector is rapidly lost unless 

it integrates by the homologous recombination into the target host genome by a single cross-over 

of the two homology arms. The selection of the integrated cells is carried out in the presence of a 

selection marker (e.g. antibiotic) which corresponding to the marker gene and located between 

the two FRT sites (Figure 9). Ultimately, the selection marker is removed through the FLP-FRT 

system in order to carry out a second homologous recombination event [22, 23, 96, 136]. 

1.4. Gaseous alkanes – Future next generation biofuels 

There is an urgent need to continue developing sustainable, highly efficient, clean-burning 

and renewable energy sources that are sufficient to convey the rapidly expanding global energy 

demand without bearing an extra burden on health, food and environmental resources. In this 

context, there is a particular interest in short chain gaseous biofuels (i.e. propane, butane and 
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isobutane). Their biological production of these gases (bio-LPG) recently become one of the latest 

examples of synthetic biology applications as they hold the potential to be the future next 

generation biofuels. These gaseous biofuels showed advantages over liquid (bioethanol and 

biodiesel) and other gaseous (methane and hydrogen) biofuels in terms of their biological 

production routes (reviewed in this chapter), cost effectiveness and the broad range of cheap 

feedstocks used for their production. Moreover, these biofuels are non-cytotoxic to the producing 

host chassis due to their hydrophobicity and volatility. Their processing (e.g. harvesting, 

purification, liquification and transportation) can achieved with existing infrastructure with 

reduced costs. They can be used in their own as biofuels without need to be calorifically enriched 

by the addition of other gases, as is the case with biogas (methane). The natural pathways to these 

short chain alkanes have not been elucidated, and only a few studies have reported their 

biosynthesis. Therefore, the next sections are focusing on reviewing and developing novel 

synthetic biology strategies towards gaseous biofuels, mainly, propane, butane and isobutane as 

robust candidates for next-generation biofuels. 

1.5. Engineering Nature for Gaseous Hydrocarbon Production 

(Published in Microbial Cell Factories, 2020. DOI: 10.1186/s12934-020-01470-6) 

The development of sustainable routes to the bio-manufacture of gaseous hydrocarbons will 

contribute widely to future energy needs. Their realisation would contribute towards minimising 

over-reliance on fossil fuels, improving air quality, reducing carbon footprints and enhancing 

overall energy security. Alkane gases (propane, butane and isobutane) are efficient and clean-

burning fuels. They are established globally within the transportation industry and are used for 

domestic heating and cooking, non-greenhouse gas refrigerants and as aerosol propellants. As no 

natural biosynthetic routes to short chain alkanes have been discovered, de novo pathways have 

been engineered. These pathways incorporate one of two enzymes, either aldehyde 

deformylating oxygenase or fatty acid photodecarboxylase, to catalyse the final step that leads to 

gas formation. These new pathways are derived from established routes of fatty acid biosynthesis, 

reverse β-oxidation for butanol production, valine biosynthesis and amino acid degradation. 

Single-step production of alkane gases in vivo is also possible, where one recombinant biocatalyst 

can catalyse gas formation from exogenously supplied short-chain fatty acid precursors. This 

review explores current progress in bio-alkane gas production, and highlights the potential for 

implementation of scalable and sustainable commercial bioproduction hubs. 

https://doi.org/10.1186/s12934-020-01470-6
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One of our biggest global challenges is to reduce the dependence on rapidly diminishing fossil 

fuels, which impacts on climate change and has led to concerns over energy security [29]. This has 

led to new policies to restrict greenhouse gas emissions, increase the recycling of waste 

biomaterials and a switch to less polluting renewable alternatives [156]. Biofuels are now well 

established renewable and sustainable substitutes or additives to conventional transportation and 

domestic fuels. They are often less polluting, and are derived from biological processes or the 

chemical conversion of surplus biomass [25]. Bioethanol is the classic example, which is derived 

from the fermentation of starch or sugars. It is commonly blended with fossil fuels for use in 

transportation. In contrast, biodiesel is produced chemically via transesterification of plant-

derived oils, with a chemical composition similar to conventional diesel [25]. Biologically sourced 

gaseous biofuels could potentially serve as alternatives to compressed natural gas (CNG) and 

liquid petroleum gas (LPG). These range from traditional anaerobic digestion (AD)-derived 

hydrogen and methane [157], to more recently developed de novo pathways to bio-alkane gases 

(bio-LPG) [12, 22, 23, 158-160]. 

Successful implementation of commercial biofuel production requires strategies to reduce 

both polluting waste and the overall carbon footprint from production to usage. Early biofuel 

developments faced many challenges including the debate over food-fuel competition, the use of 

clean water resources and the high initial capital and operating costs for large-scale production 

[58]. Current advanced biofuel strategies attempt to address these challenges by being more 

economically efficient in terms of net energy gains [85], and are more environmentally sustainable 

[86]. In addition, advanced biofuels produced by microorganisms have similar properties to 

petroleum-based fuels. This enables them to ‘drop in’ to existing transportation infrastructures 

[30], and removes the need for engine modification or the redesign of fuel distribution 

infrastructures.  

Biological solutions to fuels production are often considered to be commercially unviable due 

to competition with lower cost crude oil and competing synthetic chemistry technologies. In spite 

of this, in recent years a variety of start-up companies have been established (Table 2) with novel 

technologies that seek to tackle the issues of cost effectiveness, greenhouse gas mitigation and 

process efficiency for the production of biofuels [46]. These companies often take advantage of 

synthetic biology technologies to engineer customised microbial cell factories [61], to enable the 

de novo production of biofuels from renewable feedstocks. Metabolic engineering tools are 

employed to modify existing biological pathways and a host microbial ‘chassis’ to maximise 

productivity. 
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Table 2: Selected benchmark companies making next-generation biofuels. 

Company/Start up  Technology / Description  Website 

Photosynthetic 

Algenol Algal production of ethanol, gasoline, jet and diesel 
fuels. 

https://www.algenol.com/ 

Joule Biotechnologies Algal production of hydrocarbon-based fuel. www.joulebio.com/ 

Sapphire Energy Crude oil production from algae. http://sapphireenergy.co.uk/ 

Synthetic Genomics Conversion of cellulosic biomass into advanced 
biofuels.  

https://syntheticgenomics.com/ 

TerraVia (Solazyme) Oil production using engineered microalgae from 
plant-based sugars.  

https://www.solazyme.com/ 

Fermentative 

Amyris 
Biotechnologies 

Renewable fuels with 80% reduction in greenhouse 
gas emissions. 

https://amyris.com/ 

Gevo Conversion of cellulosic feedstocks into alternative 
fuels such as isobutanol. 

https://gevo.com/ 

C3 Biotech Engineering Nature to bio-manufacture hydrocarbon 
fuels and ethanol from major industrial wastes. 

https://c3biotech.com/ 

Global Bioenergies Conversion of waste biomass into to glucose for the 
fermentative production of isobutene. 

https://www.global-
bioenergies.com/ 

LS9, Inca Production of biomass-based diesel, renewable 
chemicals and advanced biofuels. 

https://www.regi.com 

Mascoma Single step conversion of cellulosic feedstocks into 
bioethanol using engineered yeast and bacteria. 

https://www.mascoma.com/ 

Cell-free enzymatic bioprocess 

Codexis Conversion of renewable non-food biomass resources 
into transportation fuels using customised enzymes. 

https://www.codexis.com/ 

Synthetic chemistry from non-fossil fuel biomass 

Butamax® Advanced 
Biofuels 

Biomass conversion into bio-isobutanol production. https://www.butamax.com/ 

Nesté Renewable diesel and aviation fuel. https://www.neste.com/en 

aLife Sustain 9-Billion.  

One of the most promising new developments is in the design of novel routes to gaseous bio-

alkane production (propane and/or (iso)butane), also known as ‘bio-LPG’. This includes the 

development of chemo-biosynthetic [161] and fully biological (microbial) de novo technologies 

[12, 22, 23, 158-160]. The focus of this review will be to explore current developments and the 

potential of biological propane (C3), butane (n-C4) and isobutane (i-C4) production. This will 

illustrate how advances in synthetic biology techniques can be employed to modulate native 

pathways for the accumulation of existing metabolites, and the incorporation of novel pathways 

to non-native secondary chemicals. Future application of existing technologies could ultimately 

be extended to longer chain alkanes, thereby tapping into the biodiesel and commodity chemicals 

markets. 
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1.5.1. Gaseous bio-alkanes as biofuels 

The utilisation of the liquid biofuels ethanol and biodiesel as transportation fuels is well 

established globally [30]. Bioethanol is often used as a lead substitute in petrol (gasoline), and is 

available in blends up to 85% [162]. However, it has only 70% of the energy content of petrol; its 

purification is energy intensive and its hygroscopic nature leads to corrosion in engines and pipes 

[163]. Biodiesel has 91% of the energy content of Gasoil (D2 diesel), but it is prone to wax 

deposition at lower temperatures and current distribution infrastructures are problematic. In 

contrast, petrol-range alkanes (C3–C9) are promising alternative candidates as biofuels as they 

have a relatively higher energy density and existing low cost infrastructure is available for liquified 

gas storage and transportation [164].  

Gaseous biofuel production has the advantage over longer chain alkane production as they 

can be continuously harvested from aqueous microbial cultures due to their hydrophobicity and 

volatility [23, 30]. The latter is important as liquid biofuels are often cytotoxic to microorganisms, 

which limits the growth of the host chassis and subsequent biofuel titres. Gas phase harvesting 

significantly reduces the requirements for costly purification strategies, and downstream 

liquefaction can occur with existing infrastructure at low pressures. 

Biologically-derived methane and hydrogen gases (biogas or ‘coal gas’) are traditionally 

generated by anaerobic digestion (AD) of municipal, commercial and industrial wastes or energy 

crops [157]. Biogas is often utilised for the production of both electricity and heat, however a 

blend of hydrogen and methane can be used in transportation as it reduces exhaust emissions 

compared with methane alone [165]. Hydrogen is also used in industry for refining, treating 

metals, and processing food. Biogas streams often require calorific enrichment by the addition of 

propane, so are less ideal as transport fuels than petrol-range alkanes. In addition, as the simplest 

hydrocarbon methane gas is difficult to liquify and transport [166]. It is also a 20-30 times more 

potent greenhouse gas than carbon dioxide [167], and there are worldwide regulations in place 

to limit the release of emissions that contribute towards global warming. In spite of this, 

biomethane is predicted to capture a large market share as an alternative transport fuel (∼14%) 

and alternative energy fuel (∼32%) by 2030 [168].  

In contrast, propane gas is a highly efficient, clean-burning fuel [156], with existing storage 

and transportation infrastructure and well-established global markets. It is the third most widely 

used transportation fuel globally (20 million tons per annum) [23, 169], and is also used as a 

feedstock for many petrochemical industries [170, 171], domestic heating and cooking, non-
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greenhouse gas refrigerants and aerosol propellants (C3, n-C4 and i-C4 blends) [172, 173]. It is 

currently obtained primarily from natural gas and petroleum refining, and its ‘drop-in’ nature can 

boost the calorific value of current methane and/or biogas supplies. The only alternative 

commercial production of propane is the semi-biological Nesté process (Table 2) [161]. This 

involves a synthetic catalytic conversion of biodiesel waste (glycerol), a by-product of the 

transesterification of vegetable oils [86]. This energy intensive process is reliant on natural gas 

derived hydrogen [174], so is not truly a sustainable or renewable process. Therefore, there is a 

need for the commercial development of sustainable and renewable biological routes to clean 

burning fuels to allow countries to align with the global strategy of reducing carbon footprint, 

greenhouse gases and other pollutants. 

1.6. Enzymatic alkane production: Deformylation vs decarboxylation 

Biological production of C3, n-C4 and i-C4 has been observed in trace quantities as secondary 

metabolites in some microorganisms [158, 173, 175, 176]. However, the natural pathway(s) to 

short chain alkanes has not been elucidated, and they may instead be by-products of existing 

pathways present for long chain hydrocarbon biosynthesis. In recent years, two novel enzymes 

have been exploited for their bio-alkane gas production potential, due to their ability to generate 

long chain alkanes from fatty acids or aldehydes [23, 159]. The first is aldehyde deformylating 

oxygenase (ADO), which eliminates formate from fatty C(n) aldehydes to generate the 

corresponding C(n-1) alkane or alkene (Figure 10) [177, 178]. The second enzyme is a fatty acid 

photodecarboxylase (CvFAP), which catalyses the light-dependent decarboxylation of C(n) fatty 

acids to the corresponding C(n-1) alkane (Figure 10) [22, 23, 179-181].  

 

Figure 10: Enzymatic routes to hydrocarbon production using fatty acid decarboxylase (CvFAP) and aldehyde 
deformylating oxygenase (ADO). The crystal structure representations of CvFAP (PDB: 5ncc [180]), ADO (PDB: 4kvr [177]) 
and ferredoxin (PDB: 1a70 [182]) were generated in Chimera [183]. 

ADO and CvFAP are mechanistically and structurally distinct, yet both enzymes display a 

higher specificity towards medium to long chain fatty aldehydes and acids, respectively [177, 180]. 

Typical hydrocarbon products of both enzymes are of chain lengths more suitable as petrol or 

Blue light 
(455 – 470 nm) 
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diesel additives [164, 169, 184]. To improve gaseous hydrocarbon production, structurally-driven 

site-directed engineering studies of both enzymes have been performed to alter their specificity 

towards shorter chain substrates [23, 177, 185]. This has allowed biocatalytic pathways to be 

designed for gaseous hydrocarbon production utilising either ADO or CvFAP variants as the 

terminal enzymatic step. However, future design of commercial enzyme-driven gaseous 

hydrocarbon production requires an understanding of the catalytic requirements, robustness and 

efficiency of ADO and CvFAP before deciding whether a terminal deformylation or decarboxylation 

step is employed. 

1.6.1. Deformylation: Aldehyde deformylating oxygenase 

The cyanobacterial enzyme responsible for alkane production from fatty aldehydes was 

initially described as an aldehyde decarbonylase. This was because alkane formation was thought 

to proceed without any net change in oxidation state [186], with carbon monoxide as the expected 

co-product [187]. However, sequence and structural analysis of ADO from the cyanobacterium 

Prochlorococcus marinus MIT9313 [187] showed it is actually a member of the non-heme 

dinuclear iron oxygenase family [186], which are known to catalyse challenging oxidation 

reactions. In addition, ADO was shown to require both molecular oxygen and an NADPH-

dependent ferredoxin / reductase system for activity to reduce the di-ferric cofactor of ADO to 

the active di-ferrous state [186, 188]. Later demonstration of formate as the secondary co-product 

led to the renaming of ADO as an aldehyde deformylating oxygenase (Figure 10) [188, 189]. 

The native P. marinus ferredoxin partner protein for ADO is unknown, however the 

cyanobacterial homologue PetF from Synechocystis sp. PCC6803 was found to be a functional 

alternative [12, 159]. Further studies with an ADO homologue from Synechocystis elongatus 

PCC7942 showed that a fusion with its native ferredoxin:ferredoxin reductase (Fd:FNR) electron 

transfer complex or the reductase domain of P450RhF from a Rhodococcus species successfully 

generated a self-sufficient enzyme [190].     

To increase the specificity of ADO towards gaseous hydrocarbon production, structural 

guided mutagenesis was performed, based on the known crystal structure from P. marinus (Joint 

Center for Structural Genomics; PDB ID: 2OC5) [177, 185]. The substrate binding region of ADO is 

a tunnel-like pocket lined with hydrophobic residues. The presence of an unknown ligand of 

extended length in the crystal structure enabled the identification of residues that could 

potentially influence substrate binding. To increase the binding of butyraldehyde, residues V41 

and A134 were targeted for mutagenesis to tyrosine and phenylalanine (Table 3) [177]. This 
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strategy was designed to introduce a steric block to longer chain aldehydes beyond a chain length 

of C9.  The most successful variant was A134F, which showed a modest two-fold improvement in 

the rate of in vivo gas production in E. coli (0.46 mg propane/L culture) compared to wild-type 

ADO [177]. In another study, multiple substrate channel residues were targeted to introduce steric 

blocks at strategic places to progressively change the substrate chain length specificity (Table 3). 

Short chain selectivity improvements were seen with variants A118F and A121F, with increased 

preference for butyraldehyde and C4,6,7 aldehydes, respectively [185]. 

Table 3: Relative in vitro and in vivo studies of ADO and CvFAP for the production of alkane gases. 

 Alkane production (relative kapp min-1)  

Enzyme variant Propane Butane Ref. 

ADO kinetic studies relative to wild-typea 

A134F 4.5 5.9 [177] 

V41Y 1.0 1.8 [177] 

A134F/V41Y 1.0 1.3 [177] 

A118L 2.2 nd [185] 

A118F 2.2 nd [185] 

A121F 3.3 nd [185] 

Substrate Decoy Alkane Alkane (µM) Ref. 

CvFAP wild-type kinetic studiesb 

Formic acid None/C15 H2 48.8/291.7 [181] 

Acetic acid None/C14 methane 2.7/7.5 [181] 

Propionic acid None/C13 ethane 103/347.1 [181] 

Butyric acid None/C12 propane 382.2/1090.5 [181] 

Isobutyric acid None/C13 propane 305.2/1007 [181] 

Valeric acid None/C9 butane 860.7/2440 [181] 

Isovaleric acid None/C9 isobutane 268.6/940.2 [181] 

 Alkane production (mg/L)  

Enzyme variant Propane Butane Isobutane Ref. 

ADO in vivo production of alkane gasesc 

Wild-type 0.27 nd nd [177] 

A134F 0.46 nd nd [177] 

CvFAP in vivo production of alkane gases in E. colid  

Wild-type 7.0 17.7 5.6 [23] 

G462A 17.6 33.5 30.2 [23] 

G462F 31.2 27.7 28.6 [23] 

G462I 43.8  47.1 86.8 [23] 

G462V  24.5 21.9 17.4 [23] 

CvFAP in vivo production of alkane gases in other microorganismse  

G462I in Halomonas TQ10 7.0 17.7 5.6 [23] 

G462I in Synechocystis 17.6 33.5 30.2 [23] 
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aKinetic studies of isolated enzymes in the presence of butyraldehyde or valeraldehyde using a chemical reducing 
system (ferrous ammonium sulphate, phenazine methosulphate and NADH). Data is expressed as relative kapp (min-

1) compared to wild-type enzyme. bKinetic studies of CvFAP isolated enzymes with 150 mM substrate ± a decoy 
molecule. cIn vivo production of propane with ADO co-expressed with ferredoxin in E. coli. Cultures were grown in 
the presence of 10 mM butyraldehyde. dE. coli cultures expressing CvFAP in the presence of supplemental 10 mM 
butyric, valeric or isovaleric acid. eCultures expressing CvFAPG462I in the presence of 80 mM butyrate or CO2 for 
Halomonas or Synechocystis, respectively.  nd = not determined. 

The biotechnological application of ADO in scaled bio-alkane production is hampered by the 

relatively poor efficiency of the enzyme (turnover number of ∼3-5 h-1) [177], even with the 

preferred long chain fatty aldehydes [12, 159, 164]. For example, under steady state turnover 

conditions the reaction with heptanal has a kcat of ∼1 min-1, in spite of the report of an exponential 

burst phase with a kapp of 0.27 s-1 [177, 189]. In addition, this enzyme requires the co-expression 

of ferredoxin to supply an electron transfer system. For in vivo bio-alkane production, 

upregulation and subsequent accumulation of fatty aldehyde precursors is problematic due to the 

reactive and toxic nature of these compounds [12, 34, 164, 191]. In spite of this, multiple studies 

have demonstrated successful moderate production of gaseous and non-gaseous hydrocarbons 

in Escherichia coli and other microorganisms [12, 22, 159, 160, 164, 192]. 

1.6.2. Decarboxylation: Fatty acid photodecarboxylase 

The discovery of a fatty acid photodecarboxylase from the algae Chlorella variabilis NC64A 

(CvFAP) enabled the development of secondary ADO-independent biological routes to 

hydrocarbon production [180]. This blue light-activated, FAD-containing enzyme is a member of 

the glucose–methanol–choline (GMC) oxidoreductase family of enzymes. The mechanism of 

action of CvFAP is currently under investigation, but structural and spectroscopic studies suggests 

it likely proceeds via a radical-based decarboxylation of fatty acids, with the release of carbon 

dioxide as the co-product (Figure 10) [179-181, 193, 194]. Unlike ADO, this enzyme does not 

require a secondary electron transfer partner, nicotinamide cofactor or molecular oxygen for 

activity. It reputedly has a very promising turnover number of up to 8000 [180], suggesting it has 

a higher potential than ADO for scaled hydrocarbon production [23]. 

CvFAP shows a marked preference for long-chain fatty acids (C12−C20), with demonstrated 

substrate/product conversion of 96% for both C16 and C17 acids [179]. Activity drops dramatically 

for medium chain (C12) carboxylic acids (11% conversion), with only poor activity seen with C3-C4 

acids [23, 181]. One approach taken to increase wild-type CvFAP activity towards shorter chain 

substrates was to introduce a decoy molecule to ‘fill up’ the vacant space in the substrate access 

channel [181]. It was found that the decoy molecule did not facilitate the binding of the carboxylic 

acid, but rather increased the enzyme reaction rate. This successfully led to an increase in activity 
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with medium and short chain substrates (Table 3). For example, propane production from butyric 

or isobutyric acid increased nearly three-fold when reactions were supplied with C12 or C13 

alkanes as decoy molecules, respectively [181]. 

The crystal structure of CvFAP revealed that like ADO, it contained a hydrophobic substrate 

access channel that was designed to accommodate long chain fatty substrates [180]. Structural 

guided mutagenesis was performed to add a steric block to the substrate access channel to 

increase the specificity towards C3-C4 acids [23]. An important discriminating residue was found 

to be G462, as substitution to valine and isoleucine increased propane production 5- to 16-fold 

from exogenously supplied butyric acid (3.41 and 10.77 mg/L, respectively; Table 3) [23].   

The simpler reaction requirements and the higher turnover number of CvFAP compared to 

ADO suggest the former is a better candidate for scaled hydrocarbon gas production. However, a 

major limitation of CvFAP is its inherent instability, as seen by a loss of flavin content during 

protein purification [193]. Studies revealed that blue light-exposure, which is necessary for CvFAP 

activity, also irreversibly inactivates the enzyme through the formation of protein based organic 

radicals [193]. Photoinactivation was especially evident in the absence of a bound fatty acid 

substrate. In addition, continuous blue light exposure is known to be cytotoxic to microorganisms 

[195], therefore any CvFAP-dependent continuous culture strategies would need periodic ‘dark 

phases’ to enable culture (and enzyme) replenishment [23]. However, while neither ADO nor 

CvFAP are ideal biocatalysts, studies have shown that both can potentially be used as terminal 

biocatalysts in microbial hydrocarbon gas production strategies. 

1.7. Engineered biological routes to alkane gases 

A Multiple de novo routes to bio-alkane gas production have been developed, the majority 

utilising a terminal ADO-dependent deformylation of fatty aldehydes (Figure 7). However, the 

discovery of CvFAP has opened up new routes to alkane gas production, some of which are 

potentially truncated versions of ADO-dependent pathways. These routes are based on a single 

step process [23, 177, 181], fatty acid biosynthesis [159], clostridial butanol pathway / reverse  β-

oxidation [12, 164], valine biosynthesis [160] and amino acid catabolism pathways [22, 23] (Figure 

7). 
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With the exception of single step biocatalytic strategies, in vivo bio-alkane pathway design is 

based on the upregulation or introduction of non-native routes to fatty aldehyde or acid 

precursors. These fully biological routes have been investigated primarily within E. coli, but the 

potential usefulness of other microbial hosts have also been explored [23]. The following sections 

will describe current and potentially new strategies for bio-alkane gas or bio-LPG production. 

1.7.1. Single step bioprocesses 

Single step microbial bioprocesses can be advantageous over cascading pathways or in vitro 

reactions as only one biocatalyst is needed, and coenzymes and accessory proteins can be 

produced or recycled in situ where needed. However, any commercially successful scaled bio-

alkane gas process would require high precursor loading, so the cytotoxicity of the fatty aldehyde 

or acid substrate would need to be mitigated against.  

Recently, sustainable and renewable solutions to single step bio-alkane production (tuneable 

bio-LPG) were demonstrated using CvFAP variants expressed in robust microbial hosts [23]. In this 

study, a combinatorial approach was taken whereby proof of principle demonstration was 

followed by microbial chassis screening and development, design of scaled bio-LPG production 

‘hubs’, and techno-economic analysis of the bioprocess to improve the commercialisation 

potential. The latter included sourcing local waste materials for both carbon and fatty acid supply, 

such as AD of crop residue and household food waste. This approach could positively impact on 

global carbon management targets and clean air directives by the valorisation of both industrial 

and domestic waste [23]. 

The proposed bio-LPG hub design was based on supplementing microbial cultures with 

specific mixtures of butyric and valeric acids, to generate customer-specific blends of propane and 

butane as an LPG substitute. A variety of CvFAP variants were screened in E. coli, the most 

successful of which was CvFAPG462I. Cultures grown in the presence of supplemented butyrate, 

valerate and isovalerate generated the highest titres of propane, butane and isobutane (43.8, 47.1 

and 86.8 mg/L), respectively (Table 3). Transitioning of CvFAPG462I into the robust halophilic 

industrial bacterium Halomonas enabled a more commercially viable process to be developed. 

Cultures were grown in batch or continuous culture under non-sterile conditions in seawater or 

wastewater on biodiesel waste as a feedstock [23]. A pilot scaled bioprocess hub was proposed, 

based on a 10 m3 dark biomass generator (no light), two 10 m3 photobioreactors for gas 

generation, and a 17 m3 AD plant to supply the fatty acids. Cultures would require cyclic residence 

in the dark and light tanks to maintain cell density and maximise productivity. Gas production in 
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Halomonas was found to be lower than in E. coli (Table 3), however techno-economic analysis of 

the proposed pilot scaled bioprocess hub scaled up by ten-fold was predicted to generate around 

358 tonnes per year [23].   

The ultimate ‘carbon neutral’ approach to bio-alkane gas production would be to utilise 

industrial CO2 effluent as the carbon source by transitioning CvFAP into a photosynthetic host. 

Recently, CvFAPG462I was expressed in the photosynthetic algae Synechocystis PCC 6803 [23], 

which had been chromosomally modified to increase internal butyrate production [128]. In spite 

of elevation of in vivo butyrate production in this strain[23, 128], propane production was more 

pronounced when cultures were supplied with external butyrate (17.6 mg/L; Table 3). Therefore, 

Synechocystis cultivation from waste CO2 could be utilised as a butyrate supply for Halomonas-

dependent bio-alkane gas production as an alternative to requiring AD plants to supply fatty acids 

[23].  

There has been only a limited number of studies into the potential of single-step ADO-

dependent in vivo propane production. E. coli expressing ADO wild-type and the A134F variant 

were cultivated in the presence of 10 mM butyraldehyde (Table 3) [177]. In this case, propane 

titres were relatively low (0.27 and 0.46 mg/L, respectively) compared to comparable CvFAP-

containing cultures. 

1.7.2. Heterologous butyraldehyde upregulation via the fatty acid biosynthesis (FAB) pathway 

Multi-step pathways to secondary metabolite production are designed to increase in vivo 

precursor biosynthesis by upregulating existing pathways and/or the introduction of non-native 

biocatalysts. In the case of ADO, the immediate precursor for propane production is 

butyraldehyde. One route to butyraldehyde is via the incorporation of carboxylic acid reductase 

(CAR) from Mycobacterium marinum, activated by maturation factor protein (sfp; Bacillus 

subtilis), which catalyses the reduction of butyric acid to butyraldehyde [196]. Therefore, it is not 

surprising that the first described route to propane production in E. coli was a modification of the 

native fatty acid biosynthesis pathway (FAS) [159]. As butyric acid is the direct precursor of CvFAP, 

ADO-dependent pathways can potentially be modified to eliminate CAR/sfp and substitute 

ADO/Ferr for a terminal light dependent decarboxylation step (Figure 7).   

The FAS pathway involves a series of acyl carrier protein (ACP)-dependent chain elongation 

steps beginning with acetyl-CoA (Figure 7) [197]. The first stage in FAS modification was to bypass 

fatty chain elongation steps beyond butyryl-ACP by the introduction of thioesterase Tes4 from 

Bacteroides fragilis (Figure 7) [159, 198]. This is based on the cyanobacterial route to alkane 
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biosynthesis, whereby fatty acyl-ACP molecules are converted into fatty acids by acyl-ACP 

reductases [187]. This successfully led to butyrate accumulation in E. coli (Figure 12). The addition 

of the enzymes CAR, sfp and ADO led to low titres of propane production (∼0.4 mg/L), with 

significantly higher levels of the by-product butanol detected (∼20 mg/L) [159]. The latter is 

generated via the native aldehyde detoxification mechanism, where endogenous aldehyde 

reductases convert butyraldehyde into butanol [199]. Propane titres increased around seven-fold 

by the inclusion of Ferr from Synechocystis sp. PCC 6803 to act as an electron transport partner 

for ADO. Additional optimisation strategies tested were increasing the culture oxygen 

concentration and the inclusion of an NADPH / ferredoxin/flavodoxin-oxidoreductase (Fpr); the 

latter to ensure Ferr reduction was not limiting in E. coli [200]. Microbial chassis modification was 

performed by the chromosomal deletion of aldehyde reductases ahr and yqhD, which led to a ten-

fold reduction in by-product butanol formation. Finally, further optimisation of cultivation 

conditions led to a maximal titre of ∼32 mg/L propane in E. coli [159].  

 

Figure 12: Development of a de novo pathway to propane production in E. coli based on fatty acid biosynthesis. Non-
native genes inserted into E. coli are highlighted in red. Native aldehyde dehydrogenase genes chromosomally deleted 
are highlighted in magenta. The grey dotted line indicates a potential shortened pathway strategy that has not been 
tested. Data were obtained from [159]. 

Bacteria expressing CvFAP variants are known to generate alkane gases when cultivated in 

the presence of volatile fatty acids (VFAs) [23]. However, a similar approach with ADO / Ferr could 

be envisioned by the co-expression of CAR and sfp to convert the VFAs into the corresponding 
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fatty aldehydes. This approach was tested in E. coli to generate C3-C7 alkanes, using a variety of 

cyanobacterial ADO orthologues [178]. The best performing ADO in most cases was from Nostoc 

punctiforme PCC 73102, which generated propane in the presence of butyric acid at an initial rate 

of 20-23 µmol/L/OD600 nm/h. Overall propane yields were higher with this orthologue compared to 

the P. marinus ADO variant A134F [178]. Other studies have also described the production of 

alkanes from modifications of the FAS pathway, but they were limited to mostly medium and long 

chain hydrocarbons (min C5) [164, 201, 202]. 

1.7.3. Pathways based on reverse β-oxidation and Clostridial butanol production 

A parallel route from acetyl-CoA to butyrate has been engineered based on the CoA-

dependent reverse β-oxidation pathway for fatty acid breakdown [203-205]. This pathway is 

important within solventogenic Clostridia, as it is used for the production of butanol (Figure 7) 

[206]. The engineered alkane pathway is initiated by the condensation of two acetyl-CoA 

molecules to acetoacetyl-CoA. This can be catalysed directly by E. coli acetyl-CoA acetyltransferase 

(atoB), or indirectly via hydroxyl removal from malonyl-CoA by Streptomyces acetoacetyl-CoA 

synthase (NphT7; Figure 13) [12]. This is followed by three consecutive steps to butyryl-CoA 

catalysed by 3-hydroxybutyryl-CoA dehydrogenase (Hbd), 3-hydroxybutyryl-CoA dehydratase 

(Crt) and trans-2-enoyl-CoA reductase (Ter; Figure 7). This is analogous to the FAS-route from 

acetoacetyl-ACP to butyryl-ACP, except that acyl carrier protein is substituted for coenzyme A. 

Butyrate formation from butyryl-CoA was achieved via the incorporation of the acyl-CoA thioester 

hydrolase (YciA) from Haemophilus influenza [12]. The remaining steps to propane are the same 

as the YciA and ADOA134F-dependent FAS route, co-expressing the accessory enzymes sfp and Ferr, 

respectively. This route also has the potential to be truncated at butyric acid production, allowing 

propane to be produced by the inclusion of CvFAP (Figure 7).  
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Figure 13: CoA-dependent pathways to propane and butane via clostridial butanol pathway [12] and reverse β-oxidation 
[164, 204]. The homologous route is constructed with enzymes from Cupriavidus necator and Treponema denticola. 
Dashed arrows indicate proposed alternative routes not currently tested. adhE2: = bi-functional aldehyde-alcohol 
dehydrogenase. Other enzymes are defined in the Figure 7 legend. 

The most successful route in E. coli was found to be the clostridial atoB-CAR version (3.4 mg/L 

propane) [12]. These titres were achieved using the E. coli aldehyde dehydrogenase knockout 

strain (ahr/yqhD) for reduced butanol by-product formation [159]. An alternative to YciA/CAR-

dependent butyraldehyde production is the incorporation of bi-functional aldehyde-alcohol 

dehydrogenase adhE2 from C. acetobutylicum [207]. This enzyme directly converts butyryl-CoA 

into butyraldehyde, however it subsequently catalyses butanol production. Therefore, this route 

is likely to increase butanol production at the expense of propane titres.  

An additional version of this pathway was described in E. coli, with the genes encoding atoB, 

Hbd, Crt and Ter substituted for homologues from Cupriavidus necator and Treponema denticola 

(Figure 7) [164]. However, titres were lower than those utilising the clostridial enzyme route (0.17 

mg/L). This may be in part due to the absence of YciA, as this system relied on the presence of an 

endogenous E. coli thioesterase [164]. 
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Butane production was also achieved using the reverse β-oxidation route, beginning with the 

condensation of acetyl-CoA and propionyl-CoA to form 3-ketovaleryl-CoA [164] (Figure 13). This 

is catalysed by β-ketothiolase from Cupriavidus necator (BktBCn), and is analogous to the atoB-

catalysed condensation of two acetyl-CoA molecules to form acetoacetyl-CoA. The remainder of 

the pathway to butane follows the same reverse β-oxidation route with CAR and ADO (Figure 13). 

Using an endogenous thioesterase (no YciA) and wild-type E. coli, titres of 0.35 mg/L butane were 

obtained. This increased to 0.46 mg/L when the RARE E. coli strain was used, which has undergone 

genomic modification to delete six native aldehyde reductases [208]. 

Given that the FAS and reverse β-oxidation routes share a common precursor (acetyl-CoA) 

and analogous routes to fatty acid precursors, the efficiency and energy burden of each pathway 

has been examined. Overall, the reverse β-oxidation route is theoretically presumed to be the 

most efficient route to fatty acids in terms of cofactor balancing and energy consumption [164]. 

FAS reductases are in general thought to prefer NADPH [209], while the CoA-dependent β-

oxidation enzymes are NADH dependent [210]. Increasing NADPH usage through the FAS-based 

pathway would increase the carbon flux to the pentose phosphate pathway, unless the host strain 

contains an efficient engineered transhydrogenase. The FAS pathway also requires the utilisation 

of ATP, reducing the overall energy efficiency of the process. There is also a greater potential in 

transferability of a reverse β-oxidation pathway into multiple microorganisms, as it is dependent 

on the universal CoA molecule rather than an organism-specific ACP [211]. 

1.7.4. Bio-alkane gas production from de novo amino acid biosynthesis and catabolism 

pathways 

A third set of pathways has been developed for alkane gas production based on selected 

amino acid biosynthesis and/or catabolic routes. Amino acids were selected based on the 

composition of their respective R-groups. For example, the deamidation and decarboxylation of 

valine, isoleucine and leucine would essentially generate propane, butane and isobutane, 

respectively [22].  

A modified valine biosynthetic pathway for propane production was designed [160] based on 

prior studies that generated a non CoA-dependent pathway for isobutanol production in 

Saccharomyces cerevisiae [212], S. elongatus PCC 7942, [212] and B. subtilis [213]. Beginning with 

acetyl-CoA, the initial three steps to α-ketoisovalerate were upregulated by the inclusion of the 

recombinant genes encoding B. subtilis acetolactate synthase (alsS) and E. coli ketoacid 

reductoisomerase and dihydroxyacid dehydratase (ilvC and D) genes (Figure 7). At this point the 

valine biosynthesis pathway was diverted by the inclusion of an α-keto-acid decarboxylase from 
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Lactococcus lactis (Figure 7) [160]. This enzyme catalyses the decarboxylation of α-ketosiovalerate 

to form isobutyraldehyde [212]. To minimise the production of the side product isobutanol from 

isobutyraldehyde, the host E. coli strain was engineered to knock out nine aldehyde reductase 

genes (strain BW25113(DE3)Δ13), including YqhD and Ahr. This knock out strain successfully 

increased in isobutyraldehyde accumulation from 0.3 to 1.1 g/L, while isobutanol levels dropped 

from 0.57 g/L to very low levels [160]. In the final step, ADO catalysed the deformylation of 

isobutyraldehyde to generate propane, relying on the presence of an in situ electron donor 

partner.  

To increase propane yields, ADO mutagenesis studies were performed to add a steric block 

to longer chain substrates (A134 and V41 to F or Y), and broaden the substrate channel to 

accommodate branched chain substrates (I127, A48, A131, Y135, Q123, F100, I37 and I40 to G or 

A) [160]. In vivo studies with wild-type E. coli showed an increase in propane production only in 

variant I127G (83%) compared to wild-type enzyme. Subsequent studies with the 

BW25113(DE3)Δ13 strain yielded titres of 267 µg/L propane (Table 4), which is three-fold higher 

than the wild-type ADO constructs (91 µg/L) [160]. However, the maximal propane titre obtained 

here are less than 164-fold of the levels obtained in E. coli expressing CvFAPG462I in the presence 

of supplemental butyric acid (Table 3).  

Table 4: Microbial alkane gas production via amino acid biosynthesis and/or degradation routes. 

 Alkane production (mg/L)  

Terminal Enzyme Propane Butane Isobutane Comments 

KdcA-dependent pathway in E. coli (valine biosynthesis) [160] 

ADOWT 0.091 na na E. coli BW25113(DE3)Δ13 strain 

ADOI127G 0.267 na na E. coli BW25113(DE3)Δ13 strain 

KdcA-dependent pathway in E. coli (amino acid catabolism) [22, 23] 

CvFAPG462I 7.8 7.6 48.7 Endogenous amino acids 

CvFAPG462I 109.7 142 112.1 30 mM amino acids supplied 

KdcA-dependent pathway in Halomonas (amino acid catabolism) with added amino acids [22, 23] 

CvFAPG462I 8.0 0.11 0.65 Plasmid-borne construct 

CvFAPG462I 2.7 0.04 0.29 Genomic integrated construct 

CoA-dependent pathways in E. coli (amino acid catabolism) [22] 

ADOA134F 0.96 0.03 0.01 Endogenous amino acids 

CvFAPG462I 0.98 0.09 0.04 Endogenous amino acids 

In vivo studies determined in the presence or absence of supplemental amino acids (30 mM). na = not applicable. 

 



58 
 

An alternative approach to in vivo upregulation of amino acid precursor biosynthesis is to 

supplement cultures with specific amino acids, and engineer the microorganism with the 

degradative pathway to the respective fatty aldehyde (or acid) precursor. This approach was 

utilised for the production of propane, butane and isobutane by recombinant E. coli in medium 

supplemented with valine, isoleucine and leucine, respectively [22, 23]. The commercial potential 

of this approach is great, as the abundance of protein-rich wastes ensures a cost-effective amino 

acid and carbon source supply for microorganism cultivation. By adjusting the relative 

concentrations of each amino acid in the culture medium, tuneable customer-specific alkane gas 

blends could potentially be generated.  

The amino acid degradation approach requires the same set of four biocatalytic enzymes to 

generate all three alkane gases in vivo, with the relative alkane proportion dependent on the 

concentrations of each individual amino acid present in the culture medium. The degradation 

pathway was initiated by amino acid deamination catalysed by leucine 2-oxoglutarate 

transaminase (ilvE) from E. coli [214] to form the respective α-keto fatty acid (e.g. α-

ketoisovalerate from valine; Figure 7). This is followed by KdcA-dependent decarboxylation to the 

respective fatty aldehyde. In this study, the terminal step for alkane gas production was a CvFAP-

dependent decarboxylation of fatty acids (isobutyric acid for propane) rather than ADO-catalysed 

deformylation of the fatty aldehyde. This required an additional step, where the fatty aldehyde 

was converted to the respective fatty acid by 3-hydroxypropionaldehyde dehydrogenase (Hpad) 

from E. coli [215].   

The KdcA-dependent amino acid degradation pathway to alkane gas production was initially 

tested in the E. coli ahr/yqhD knockout strain with CvFAP variants G462I and G462V [22, 23]. 

Both generated similar levels of each alkane gas when amino acids were supplied to the culture 

medium, however there was a slight increase with the G462I variant. For example, titres of 

propane, butane and isobutane were 109.7, 142 and 112.1 mg/L in the presence of 30 mg/L valine, 

isoleucine and leucine, respectively. These levels are more than 400-fold improved over the best 

ADOI127G-dependent valine biosynthesis-based route to propane production (Table 4). In the 

absence of amino acid supplementation, the alkane gas titres drop to around 8 mg/L for propane 

and butane, with a noticeable preference for isoleucine production (48.7 mg/L) [22, 23]. The 

dramatic differences in alkane gas titres between valine biosynthetic and amino acid degradation 

routes is likely due to multiple factors, such as the substitution of ADO for CvFAP and dramatic 

increases in supplemental precursor supply in the latter case. 
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The commercial potential of the CvFAPG462I-dependent amino acid degradation pathway was 

explored by transitioning the four-gene construct into Halomonas [22, 23]. Alkane gas production 

dropped significantly (8 mg/L propane; Table 4), potentially due to differences in the expression 

of active recombinant enzymes between the two organisms, dramatic differences in culture 

conditions and amino acid uptake rates. A single-site genome-integrated construct was tested, 

yielding even lower titres of propane (2.7 mg/L). However, lab-scale non-sterile fermentation 

studies of Halomonas (400 mL) supplemented with 1.8% valine generated 89 mg propane/g cells, 

mostly within the first 24 hours [22]. The longevity of the bioprocess was increased by using an 

inducible genome-integrated construct, with propane titres increasing gradually to a peak at 70 h 

(ca. 180 mg/g cells/day), followed by a slow decline to minimal titres by around 140 hours. 

Switching from an IPTG-inducible to a constitutive system led to fairly consistent propane 

production rates of around 30 mg/g cells/day for up to 8 days [22, 23]. 

A second CoA-dependent amino acid degradation pathway has been designed, which 

contains the same initial ilvE deamination step as the KdcA-dependent route [22]. This pathway 

then diverges by the introduction of the human branched-chain α-keto acid dehydrogenase 

complex (BCKDHAB) [216], which catalyses a CoA-dependent decarboxylation of α-keto fatty acids 

in two-successive steps to form the corresponding acyl-CoA (Figure 7). For example, in the 

presence of valine, enzymes ilvE and BCKDHAB results in isobutyryl-CoA production. This is similar 

to butyryl-CoA generated using the β-oxidation pathway, but distinct from isobutyraldehyde 

generated by KdcA via non-CoA dependent decarboxylation. The acyl-CoA precursors then 

undergo the same YciA/CvFAP or YciA/CAR/sfp/ADO/Ferr alternative routes to generate alkanes, 

as described for the β-oxidation pathway [22]. 

In vivo alkane gas production by the CoA-dependent amino acid degradation routes were 

tested in E. coli strain ahr/yqhD in the absence of amino acid supplementation [22]. Alkane gas 

titres from both ADO- or CvFAP-dependent pathways were significantly lower than those obtained 

for the KdcA-dependent pathways with CvFAP cultivated under similar conditions (< 1 mg/L 

propane; Table 4). In this case, the major gas produced was propane instead of isobutane [22].   

Theoretical pathways from threonine to butane have been proposed, which differ from the 

KdcA- and CoA-dependent pathways [22, 164]. This is because threonine is a polar, uncharged 

amino acid with a side chain containing a hydroxyl group rather than a hydrocarbon chain. 

Therefore, the utilisation of threonine to form butane would require carbon chain elongation 

steps and hydroxyl removal in addition to deamination and decarboxylation. Threonine has 

already been implicated in the β-oxidation pathway from acetyl-CoA to propane (Figure 7 and 
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Figure 13). This is via degradation of threonine to propionyl-CoA, which is a co-substrate of bktB 

with acetyl-CoA in the first step to form 3-ketovaleryl-CoA [164]. 

The first proposed route is based on upregulating the native threonine to isoleucine 

biosynthetic pathway [217], except for the terminal transamination step, to allow an accumulation 

of α-keto-β-methylvalerate. This would be followed by the amino acid degradation pathway to 

alkanes described above (ADO or CvFAP versions), eliminating only the initial biocatalytic step 

catalysed by ilvE (Figure 7). So far, this proposed pathway has not been tested in vivo, likely due 

to the availability of simpler and more effective routes to butane via CvFAP direct decarboxylation 

of valeric acid or the de novo isoleucine to α-methylbutyrate pathway (Figure 13). 

The second proposed route begins with the upregulation of L-threonine dehydratase (ilvA) to 

deaminate threonine to α-ketobutyrate [217]. Carbon chain elongation then follows two stages 

to generate α-ketocaproate, catalysed by the isopropyl malate synthase, dehydrogenase & 

isomerase complex (LeuABCD; [218]) (Figure 7). The remaining steps mimic the isoleucine to 

butane pathway using enzymes BCKDHAB, YciA and CvFAP, to generate pentanoyl-CoA, valeric 

acid and butane, respectively. These latter precursors are actually structural isomers (chain 

isomerisation) of the equivalent compounds generated via the isoleucine degradation pathway 

(α-methylbutyryl-CoA and α-methylbutyric acid, respectively). Interestingly, this same LeuABCD-

dependent pathway could potentially be utilised with valine to generate isobutane instead of 

propane, the only difference being a substitution of ilvA for ilvE (Figure 7). This LeuABCD route 

from threonine to butane was investigated recently, but poor expression of a functional LeuABCD 

complex in E. coli prevented its implementation [22].  

Pathways derived from amino acid biosynthesis and/or degradation have been shown to be 

viable alternatives to propane, butane and isobutane production. In particular, in vivo 

fermentations with supplemental amino acids yielded titres comparable to those seen with one 

step CvFAP-dependent fatty acid decarboxylation, without the disadvantages of VFA cytotoxicity. 

Therefore, commercial exploitation of amino acid based alkane gas production may be feasible, 

given the global abundance of food and other proteinaceous waste that could act as precursor 

and carbon sources. 

1.8. Conclusions and Future Perspectives 

The commercialisation of production methods for biologically-sourced gaseous fuels is crucial 

to support the global challenges of realising renewable energy supplies and reducing the carbon 
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footprint and other pollutants. Further research is needed to develop tuneable alkane production 

across the spectrum of short to very long chain hydrocarbons, effectively converting 

microorganisms into the ‘oilfields of the future’. This will satisfy the demand for blending with or 

even replacing the current dependence on petroleum-based fuels and synthetic precursors.   

The transition from ‘proof-of-principle’ research to successful commercialisation requires a 

detailed understanding of the techno-economic factors associated with scaling biological 

processes. A recent study into the commercial potential of fermentative alkane gas production 

identified key parameters that needed optimisation to enable cost-effective fuel production, and 

proposed mitigations to overcome these barriers [23]. These mitigations included the transition 

towards robust industrial microorganisms requiring drastically reduced capital and running costs, 

sourcing low cost and renewable energy sources, and increasing gas production titres. The latter 

is particularly important for biological alkane production as the terminal ADO / CvFAP-dependent 

deformylation / decarboxylation step is thought to be the rate limiting step.  

Identification of the important barriers to commercial success can help focus further 

research, for example to improve in vivo biocatalytic efficiencies, by applying enzyme evolution or 

redesign strategies to increase reaction rates, stability and expression within a chosen chassis. The 

advent of synthetic biology techniques enables more in-depth optimisation of process 

development beyond traditional enzyme redesign. Enhancements in productivity can be obtained 

by optimising DNA regulatory parts [145], both on a transcriptional as translational level [146, 

147], metabolic engineering of auxiliary supply pathways to relieve bottlenecks, and the 

elimination or downregulation of competing side-reactions. These are important areas of process 

optimisation realised through bioengineering but overall process optimisation will be essential 

beyond the need to improve microbial cell factories for bio alkane gas production. 

The unprecedented curtailment of global economic activity and mobility during early 2020 

due to the Covid 19 pandemic has reduced global energy demand by 3.8% relative to the same 

time period in 2019 [219]. In spite of this, fossil fuel supplies remain limited and non-renewable, 

with demand still at high levels. The development of (ultimately) sustainable bio-manufacturing 

of gaseous hydrocarbons is therefore timely, with success measured by the ability to compete on 

price and abundancy with existing non-renewable and commercial synthesis routes. 
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1.9. Aims of the Project 

Whoever does not think about energy, does not think about the future. The ultimate aim of 

this project was to develop robust platforms for next-generation gaseous biofuels production 

towards providing more sustainable, renewable, eco-friendly and economically feasible energy 

sources. Therefore, the project would support the expanding market of renewable energy, thus, 

help in reducing, to some extent, fossil fuel dependency. This approach used some of the 

advanced synthetic biology tools and pathways engineering combined with exploiting the power 

of genetically engineered bacterial chassis to produce propane, butane and isobutane derived 

from widely available amino acids-containing biomass or industrial waste as a feedstock. This 

project was divided into four main areas of study. The review chapter (Chapter 1) and the 

experimental chapters (Chapters 2, 3 and 4) discussed henceforward are aligned with the 

following objectives: 

• Reviewing and exploring current progress in bio-alkane gas production, and identify the 

potential for implementation of scalable and sustainable commercial bioproduction hubs. 

• Designing multiple pathways from the amino acids valine, leucine and isoleucine in 

bioengineered E. coli for the production of propane, isobutane and butane, respectively. 

• Chromosomal integration of the best performing biogas production pathway into a robust 

industrial microbial chassis, i.e. Halomonas strain TQ10, which would potentially open up an 

approach for commercialisation. 

• Paving the way for a new application of synthetic biology-based strategies towards waste-

biogas conversion process in Halomonas through the utilisation of industrial wastes, 

particularly dairy and brewery wastes optimised for the generation of gaseous alkanes under 

non-sterile conditions. 

• Exploring further light-driven propane, butane and isobutane production in E. coli from 

externally fed waste volatile fatty acids (VFAs) catalysed by fatty acid photodecarboxylase from 

Chlorella variabilis (CvFAP). 
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2.1. Abstract 

Propane and butane are the main constituents of liquefied petroleum gas and are used 

extensively for transport and domestic use. They are clean burning fuels, suitable for the 

development of low carbon footprint fuel and energy policies. Here, we present blueprints for the 

production of bio-alkane gas (propane and butane) through the conversion of waste volatile fatty 

acids by bacterial culture. We show that bio-propane and bio-butane can be produced photo-

catalytically by bioengineered strains of E. coli and Halomonas (in non-sterile seawater) using fatty 

acids derived from biomass or industrial waste, and by Synechocystis (using carbon dioxide as 

feedstock). Scaled production using available infrastructure is calculated to be economically 

feasible using Halomonas. These fuel generation routes could be deployed rapidly, in both 

advanced and developing countries, and contribute to energy security to meet global carbon 

management targets and clean air directives. 

There is an urgent need to develop sustainable and renewable bio-fuels to address the 

depletion of fossil fuels and the consequences of their combustion on climate change. 

Commercially viable bio-LPG production (propane and butane blends) would answer both 

concerns by reducing the demand on petroleum and natural gas usage, and improving air quality 

by utilising a cleaner-burning fuel. A secondary global concern is the disposal and/or recycling of 

organic waste, enabling sustainable energy capture and utilisation, and improvement in the 

environment and living conditions. Both of these concerns can be met by generating biolgically-

sourced alkane gases through cultivation of engineered microbial hosts fed on waste carbon 

sources. The microbial ‘chassis’ could be engineered to utilise specific waste types (e.g. biodiesel 

waste or salted milk whey), and low cost bioprocess ‘hubs’ could be localised at existing waste 

generating industries. This would increase the recycling of industrial waste, thereby reducing the 

https://pubs.rsc.org/en/content/articlelanding/2020/ee/d0ee00095g#!divAbstract
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industries carbon footprint, improving waste management strategies and generating further 

income. 

2.2. Introduction 

The race to develop economically viable microbial biofuels is a consequence of the pressing 

need to reduce carbon emissions, improve air quality and implement renewable and sustainable 

fuel strategies [1]. Current over reliance on fossil fuels has led to concerns over energy security 

and climate change. This has driven new policies to restrict greenhouse gas emissions, increase 

the recycling of waste biomaterials and accelerate the delivery of the bioeconomy [2]. Effective 

sustainable biofuels strategies would comprise scalable production of transportable and clean 

burning fuels derived from a robust microbial host, cultivated on renewable waste biomass or 

industrial waste streams, with minimal downstream processing, and (limited) use of fresh water. 

Embedding production techniques within existing infrastructures for waste processing and fuel 

distribution would minimise expenditure. Tailoring to specific waste streams would support local 

economies, waste management, energy self-sufficiency, and carbon reduction in both advanced 

and developing countries. 

Propane is an ideal biofuel. This simple hydrocarbon gas is a highly efficient, clean-burning 

fuel requiring little energy to store in a liquefied state [2]. It is currently obtained from natural gas 

and petroleum refining. Propane is the third most widely used transportation fuel (20 million tons 

per annum globally), with existing infrastructure and global markets well established. It is also 

used for domestic heating and cooking, non-greenhouse gas refrigerants and aerosol propellants 

[3]. Its ‘drop-in’ nature boosts the calorific value of current methane / biogas supplies, with lower 

energy requirements for liquefaction and storage. The only existing alternative production 

method is the Nesté process, an energy intensive, catalytic chemical conversion of biodiesel waste 

(glycerol) reliant on natural gas derived hydrogen [4]. No natural biosynthetic routes to propane 

are known. Engineered biological pathways to propane have been developed based on 

decarbonylation of butyraldehyde incorporating natural or engineered variants of the enzyme 

aldehyde deformylating oxygenase (ADO) [5-9]. The low turnover number of ADO (∼3-5/h), 

however, limits implementation of these pathways in scaled bio-propane production [5, 6, 8]. 

Here we describe blueprints for the scaled and economic production of bio-alkane gas 

(propane and butane, or ‘Bio-LPG’) using engineered forms of a recently discovered, blue light-

dependent, fatty acid photodecarboxylase (FAP) that catalyzes decarboxylation of fatty acids to 

n-alkanes or n-alkenes (Figure 14) [10, 11]. We have taken a systems engineering approach to 
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convert waste VFAs to bio-alkane gas in live bacterial cultures. The strategies we describe could 

enable environment-friendly in situ gas generation (e.g. in rural and/or arid communities), 

dependent on the availability of abundant waste resources, and implemented with CO2 capture. 

These low carbon strategies could provide economic, sustainable, secure and clean alternatives 

to extant petrochemical LPG supplies. 

 

Figure 14: Structure-guided molecular engineering of CvFAP. (a) Photocatalytic gaseous hydrocarbon production from 
short chain volatile fatty acids. (b) Comparative propane production screen of variants of CvFAP in E. coli. Transformed 
E. coli cultures (three biological replicates) were grown at 37 °C in LB medium containing kanamycin (30 µg/mL) to a 
density of OD600 nm ∼0.6-0.8. CvFAP expression was induced with IPTG (0.1 mM) and cultures were supplemented with 
10 mM butyric acid. Triplicate aliquots (1 mL) of each culture were sealed into 5 mL glass vials and incubated at 30 °C 
for 16-18 h at 200 rpm, illuminated with a blue LED panel. Headspace gas was analysed for hydrocarbon content using 
a Micro GC. Data were normalized by dividing the propane titres (mg/L culture) by the relative protein concentration 
compared to the wild type (WT) enzyme (Figure S2). Error bars represent one standard deviation for triplicate biological 
repeats (n = 3).  Inset: Structure of the palmitic acid binding region of CvFAP (PDB: 5NCC) shown as a cartoon with 
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secondary structure colouring. Models of butyrate and palmitate in the active site of (c) wild-type and (d) G462V variant 
of CvFAP. The position of palmitate in the wild-type enzyme is crystallographically determined (PDB:5NCC). The 
positions of the remaining ligands were determined by Autodock Vina, and mutagenesis to G462V was simulated using 
SwissPDBViewer 4.10. The protein is shown as a cartoon with secondary structure coloring, with selected residues 
shown as sticks. FAD, palmitate and butyrate are shown as atom-colored sticks with yellow, green and blue carbons, 
respectively. In panels (c) and (d), the dashed line shows a hydrogen bond between palmitate and the wild-type enzyme, 
while the dotted lines indicate the distance between the C4 carbon of palmitate and the Cα atom of residue 462. All 
crystal structure images were generated in Pymol. 

2.3. Materials and Methods  

2.3.1. Materials, services and equipment 

All chemicals and solvents were of analytical grade or better. Gene sequencing and 

oligonucleotide synthesis were performed by Eurofins MWG (Ebersberg, Germany). All 

oligonucleotide sequences can be found in Table S2-Table S4. Gene synthesis was performed by 

Geneart (Thermo Fisher), with codon-optimization for E. coli or Synechocystis. The mounted high-

power blue LEDs and LED drivers were from Thorlabs (Ely, U.K.), with spectra centered at 455 nm 

(bandwidth (FWHM) 18 nm, 1020 mW typical output) and 470 nm (FWHM 25nm, 710 mW typical 

output). The custom-built LED blue light array had area of 396 cm2 of relatively consistent light 

intensity and a fixed average culture-to-LED distance of 8 cm (Figure S1). Light ‘intensity’ was 

measured with a Li-Cor light meter with a Quantum sensor in µmol photons/m2/s (or µE), with 

background light value subtracted. The photobioreactor was a thermostatic flat panel FMT 150 

(500 mL; Photon Systems Instruments, Czech Republic) with integral culture monitoring (OD 

680/720 nm), pH and feeding control and an LED blue light panel (465 nm; maximum PPFD = 1648 

µE photons). 

E. coli strain BL21(DE3) was modified by chromosomal deletion of two aldehyde reductase 

genes yqhD and yjgB (BL21(DE3)∆yqhD/∆yjgB/KanR; GenBank: ACT44688.1 and AAA97166.1, 

respectively) as described previously [5]. The kanamycin selection gene was removed using the 

Flp-mediated excision methodology (BL21(DE3)∆yqhD/∆yjgB) [12]. Synechocystis sp. PCC 6803 

was modified by chromosomal deletion of the acyl-ACP synthetase (∆aas) gene as described 

previously [13, 14] Halomonas strains TD01 [15] and TQ10, and modified pSEVA plasmids have 

been described previously [16]. Halomonas strain TQ10-MmP1 is a modified version of the TQ10 

strain, which had been cured of a recombinant plasmid. 
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2.3.2. Gene synthesis, sub cloning and mutagenesis 

The following N-terminally truncated (∆N) FAP enzymes were synthesized (Table S1): CvFAPWT 

from Chlorella variabilis NC64A [10] (Genbank: A0A248QE08; ∆N-61 amino acids truncated); 

CcFAP from Chondrus crispus (UniProt: R7Q9C0; ∆N-50), ChFAP from Chrysochromulina sp. 

(UniProt: A0A0M0JFC3), CmFAP from Cyanidioschyzon merolae (UniProt: M1VK13; ∆N-64), CrFAP 

from Chlamydomonas reinhardtii (UniProt: A8JHB7; ∆N-31), CsFAP from Coccomyxa 

subellipsoidea (UniProt: I0YJ13; ∆N-43), GpFAP from Gonium pectorale (UniProt: A0A150GC51; 

∆N-38) and PtFAP from Phaeodactylum tricornutum (UniProt: B7FSU6) [10]. Each gene was sub 

cloned into pETM11 with a N-His6-tag for rapid protein purification. The gene encoding 

thioesterase Tes4 from Bacteroides fragilis (UniProt: P0ADA1) was obtained from plasmid pET-

TPC4, as described previously [5]. For the valine to propane pathway, leucine 2-oxoglutarate 

transaminase from E. coli (ilvE; P0AB80); 3-hydroxypropionaldehyde dehydrogenase from E. coli 

(Hpad; P23883) and branched-chain keto acid decarboxylase from Lactococcus lactis (KdcA; 

Q6QBS4) were synthesised and sub-cloned into pET21b (C-His6-tag), pETM11 (N-His6-tag) and 

pET28b (N-His6-tag), respectively. 

Variant CvFAPG462V was generated by site-directed mutagenesis of the wild-type using the 

QuikChange whole plasmid synthesis protocol (Stratagene) with CloneAmp HiFi PCR premix 

(Clontech). Additional variants (e.g. G462N/W/L/C/I/F/A/H/Y and those at neighbouring positions; 

see Figure 14) were generated using the Q5 and QuikChange site directed mutagenesis kits (New 

England Biolabs and Novagen, respectively). PCR products were analysed by agarose gel 

electrophoresis, followed by gel purification (NucleoSpin Gel), or purified using the PCR clean-up 

kit (Macherey-Nagel). Constructs were transformed into E. coli strain NEB5α (New England 

Biolabs) for plasmid recircularization and production. The presence of the mutations was 

confirmed by DNA sequencing followed by transformation into E. coli strains BL21(DE3) and 

BL21(DE3)∆yqhD/∆yjgB [5] for functional expression studies. 

2.3.3. Molecular modelling 

Substrates palmitic and butyric acid were docked into chain A of the crystal structure of the 

palmitic acid bound CvFAP structure 5NCC using Autodock vina [17]. Non-polar hydrogen 

assignment was performed using AutoDock Tools 1.5.6. A cubic search volume with 15 Å sides was 

defined with the coordinates of C6 of palmitic acid as the centre, and an exhaustiveness of fifty. 

Twenty conformations were analysed and the lowest-energy conformation with the substrate in 

the correct orientation (carboxylate pointing towards the FAD) was selected. Mutations were 
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performed in SwissPDBViewer 4.10 [18], using the exhaustive search function to identify the best 

rotamer for the mutated residue. 

2.3.4. Multi-enzyme construct generation 

N-His6-CvFAPG462V was sub-cloned into plasmids pET21b and pBbA1c [19] by PCR-mediated 

In-Fusion cloning. Plasmids were transformed into E. coli strain NEB5α, BL21(DE3) and 

BL21(DE3)∆yqhD/∆yjgB [5] for functional expression studies. The multi-gene valine to propane 

construct was assembled with CvFAP variant G462I in pBbE1k with a single pTrc promoter (pTrc-

ilvE-Hpad-KcdA-CvFAPG462I) by overlap extension PCR, with vector linearisation and insert(s) 

amplifications performed by PCR. 

2.3.5. Halomonas construct generation 

CvFAPWT, CvFAPG462V and CvFAPG462I coding sequences were amplified from pETM11 (lacking 

His6-tag) and inserted (NcoI-XhoI) into Halomonas-compatible plasmid pHal2 (Figure 15) 

downstream of the MmP1 IPTG-inducible phage T7-like RNA polymerase promoter. The promoter 

is composed of an optimized MmP1-lacO-RiboJ-RBS sequence [16, 20] and the CvFAP translation 

initiation site (bold) comprises part of an NdeI restriction site (underlined): 

TTTGTTTAACTTTAAGAAGGAGATATACCATGG. Promoter induction only occurs in Halomonas 

strain TQ10-MmP1, which contains the cognate chromosome-integrated MmP1 phage RNA 

polymerase gene [16, 20]. pHal2 is derived from pSEVA441 [21] and contains the pRO1600 broad 

host range replication origin; the pRP4 origin of conjugative transfer (oriT); and genes conferring 

spectinomycin/streptomycin and kanamycin resistance, for selection in Halomonas TQ10-MmP1 

and in the E. coli conjugative donor strain S17-1 [22], respectively. pHal2-CvFAP variants were 

introduced into Halomonas TQ10-MmP1 by conjugation as follows. Kanamycin-resistant 

transformed colonies of donor E. coli S17-7 were mixed with TQ10-MmP1 on YTS agar plates (yeast 

extract 5 g/L, tryptone 10 g/L, NaCl 30 g/L, agar 15 g/L), incubated overnight at 37 °C, then 

streaked onto YTN6 agar (5 g/L yeast extract; 10 g/L tryptone, 60 g/L NaCl, pH 9, 15 g/L agar) 

containing spectinomycin (50 µg/mL) to select for Halomonas transconjugants. Plasmid content 

of the transconjugants was confirmed by DNA isolation, restriction mapping and sequencing. 
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Figure 15: Map of Halomonas-compatible plasmid (pHal2). Key features are T7-Like promotor: MmP1 IPTG-inducible 
phage T7-like RNA polymerase promoter; Ori: E. coli-compatible/Halomonas-incompatible high-copy-number ColE1 
origin of replication; OriT: origin of transfer for facilitating transconjugation from E. coli to Halomonas. pRO1600 oriV: 
Halomonas-compatible/E. coli-incompatible broad-host-range origin of replication from Pseudomonas aeruginosa 
plasmid pRO1600, it requires the pRO1600 Rep protein for replication. 

Chromosomal insertion of the CvFAPG462I gene with the MmP1 promoter (pHal2-derived) and 

valine to propane pathways (IPTG-inducible and pPorin 69) were performed using a novel suicide 

vector (pSH; Figure 16) protocol based on previously published methods [23, 24]. The insertion 

plasmids contained the biocatalytic and chloramphenicol resistance (CamR) genes surrounded by 

homology arms, an I-SceI restriction site and a colE1 ori that is not compatible with replication in 

Halomonas. This plasmid was co-conjugated into Halomonas TQ10-MmP1 with a second 

spectinomycin-resistant plasmid (pSceI) expressing the gene for the restriction enzyme I-SceI. 

Expression of I-SceI enabled the linearization of pSH plasmids, facilitating chromosomal 

integration [23, 24]. The sites for integration were chosen based on the intergenic regions in 

Halomonas showing prior high recombinant protein expression [23]. Successful integration was 

seen as growth of Halomonas on chloramphenicol-selective medium, as the pSH plasmid is not 

replicated. Integration was confirmed by colony PCR, genomic sequencing and in vivo propane 

production after pSceI plasmid curing [23, 24]. 
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Figure 16: Map of suicide vector (pSH). (a). Key features are I-SceI: I-SceI restriction site; FRT: FRT site for Flp/Frt 
recombination; Ori: E. coli-compatible/Halomonas-incompatible high-copy-number ColE1 origin of replication; OriT: 
origin of transfer for facilitating transconjugation from E. coli to Halomonas. Homology arms are highlighted in red 
colour. The insertion site for CvFAP gene or the pathway genes is highlighted in green colour. 

2.3.6. Synechocystis construct generation 

Two versions of the non-His6-tagged C. variabilis CvFAPG462V gene with identical amino acid 

sequences were constructed in Synechocystis sp. PCC 6803 (fapG462V_Ecoli and fapG462V_cyano), 

differing by applying codon optimisation for E. coli and Synechocystis, respectively. For 

fapG462V_cyano, plasmid pIY505 (pJET-‘FAP’) [14] variant G462V was generated by site-directed 

mutagenesis using the QuikChange whole plasmid synthesis protocol. To construct pJET-

fapG462V_Ecoli, the non-His6-tagged gene in pETM11 was amplified by PCR and cloned into the blunt-

ended pJET1.2 plasmid. The gene encoding Tes4 was amplified from construct pET-TPC4 [14] and 

ligated into blunt pJET1.2 plasmid. To clone the mutated fap genes and/or tes4 genes into the 

erythromycin resistant RSF1010 plasmid, the Biopart Assembly Standard for Idempotent Cloning 

(BASIC) method was used as described previously [13, 14, 25]. Gene expression was controlled 

using either the cobalt-inducible Pcoa or constitutive Ptrc (no lacI) promoters. Prefix and suffix 

linkers used to create the plasmids are listed in Table S3 and Table S4. The following constructs 

were generated: (i) pIY894: Ptrc-fapG462V_cyano; (ii) pIY918: Ptrc-tes4, fapG462V_Ecoli; (iii) pIY906: Pcoa-

tes4, fapG462V_cyano; and (iv) pIY845: Pcoa-tes4. Plasmid assembly was validated by DNA sequencing. 

Plasmids were transformed into the E. coli helper/cargo strain (100 µL; E. coli HB101 strain 

carrying the pRL623 and RSF1010 plasmids), conjugal strain (E. coli ED8654 strain carrying pRL443 
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plasmid) [26] and Synechocystis sp. PCC 6803 lacking acyl-ACP synthetase (encoded by slr1609; 

∆aas strain; OD730 ∼ 1) using the tri-parental conjugation method described previously [13, 14]. 

Each strain had been pre-treated by washing with LB and BG11-Co medium for E. coli and 

Synechocystis, respectively, to remove antibiotics. The mixture was incubated for 2 h (30 °C, 

60 µE), then spread onto BG11 agar plates without antibiotic, and incubated for 2 d (30 °C, 60 µE). 

Cells were scraped from the agar plate, resuspended in 500 µL of BG11-Co medium, and 

transferred onto a new agar plate containing 20 µg/ml erythromycin. Cells were allowed to grow 

for one week until colonies appeared.  

2.3.7. Protein expression and lysate production 

Wild type CvFAP-pETM11 homologues in E. coli BL21(DE3) were cultured in LB Broth Miller 

(500 mL; Formedium) containing 30 µg/mL kanamycin at 37 °C with 180 rpm shaking until OD600 

nm = 0.2. The temperature was maintained at 25 °C until OD600 nm = 0.6-0.8. Recombinant protein 

production was induced with 50 µM IPTG, and maintained at 17 °C overnight. Cells were harvested 

by centrifugation (8950 x g, 4 °C, 10 min), and analysed for protein content using 12% SDS-PAGE 

gels (Mini-PROTEAN TGX Stain-Free Precast Gels, Bio-Rad). Protein gels were imaged using a 

BioRad Gel Doc EZ Imager and the relative protein band intensity was determined using the BioRad 

ImageLab software. 

Cell pellets were resuspended in lysis buffer (1.2-1.7 mL/g pellet; 50 mM Tris pH 8 containing 

300 mM NaCl, 10 mM imidazole, 10% glycerol, 0.25 µg/mL lysozyme, 10 µg/mL DNase I and 1 x 

protease inhibitors) and sonicated for 20 minutes (20 s on, 60 s off; 30% amplitude). Cell-free 

lysate was prepared by centrifugation at 48 000 x g for 30 minutes at 4 °C. Lysate samples were 

analysed for recombinant protein expression by SDS PAGE. 

2.3.8. Hydrocarbon production 

In vitro propane production reactions (1 mL) of FAP homologues were composed of cell-free 

lysate and butyric acid (0.4 mM) in sealed 4 mL vials. Reactions were incubated at 30 °C for 24h at 

180 rpm under illumination (blue LED; 455 nm). In vivo propane production of CvFAPWT and 

variants in E. coli was performed by the following general protocol: Cultures (20-100 mL) in LB 

medium containing kanamycin (30 µg/mL; pETM11) or ampicillin (50 µg/mL; pET21b) were 

incubated for 4-6 h (OD600 nm ∼ 1) at 37 °C and 180 rpm, followed by induction with IPTG (100 µM) 

and butyric acid supplementation (1-1000 mM; pH 6.8). Triplicate aliquots (1-5 mL) each of 3 

biological replicate cultures were sealed into vials (4-20 mL) and incubated at 30 °C for 16-18 h at 

200 rpm, illuminated continuously with an LED (455 nm or 470 nm). Comparative in vivo studies 
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with 10 mM butyric, isobutyric, valeric, 2-methylbutyric and isovaleric acids were performed as 

above, with culture induction at OD600 nm of 0.6-0.8. For all in vitro and in vivo alkane gas production 

studies, the headspace gas was analysed for propane content using a Micro GC. Data is expressed 

as mg hydrocarbon production per litre of fermenting culture. 

Propane production in Halomonas was performed by a modified E. coli protocol as follows: 

Cultures were grown in phosphate buffered YTN6 medium (50 mM K2HPO4 pH 6.6) containing 

spectinomycin (50 µg/mL) for 5 h at 37 °C and 180 rpm, followed by IPTG induction at OD ∼ 1.6. 

The remainder of the in vivo propane production process was performed as above, with butyric 

acid concentrations of 10-80 mM. For studies with the valine pathway, amino acids (up to 30 mg/L) 

were added after induction in place of VFAs. Autolysed brewery yeast extract (waste amino acid 

source) was produced by culturing waste brewery barley grains from a North of England supplier 

in YPD medium (10 g/L yeast extract, 20 g/L peptone and 20 g/L glucose), followed by autolysis (2 

h at 50 C) and autoclaving. Waste milk medium was composed of milk whey containing 60 g/L 

NaCl and pH adjusted to 9.0.  

Propane production in Synechocystis was performed in BG11 medium [13, 14] using a 

modified protocol as follows: Starter cultures in BG11 medium were incubated at 30 °C under 30 

µE white LED until OD720 nm reached 1.0 (∼4 days). Replicate culture aliquots (2 mL) were harvested 

by centrifugation and re-suspended in 1 mL BG11 medium supplemented with sodium 

bicarbonate (150 mM), cobalt (II) nitrate hexahydrate (100 μM; for Pcoa cultures only), 50 μg/ml 

kanamycin, 20 μg/ml erythromycin at 30 °C ± butyric acid (10 mM). Cultures were sealed within 4 

mL gas tight vials and incubated at 30 °C for 24-48 h under blue light (average 63 µE).   

2.3.9. Halomonas cultivation 

Cultures were grown in phosphate buffered YTN6 medium containing spectinomycin (50 

µg/mL) for 5 h at 37 °C and 180 rpm. Recombinant protein expression was induced with IPTG (0.1 

mM; OD600 nm ∼ 1.6), and cultures were supplemented with butyric acid (0-100 mM, buffered at 

pH 6.6). Triplicate aliquots (1 mL) of cultures were sealed into 4 mL glass vials and incubated at 30 

°C for 16-18 h at 200 rpm, illuminated with a blue LED panel. For studies with the Synechocystis 

extract, cultures (1 mL) were incubated post induction with lysed Synechocystis extract in place of 

butyric acid. Headspace gas was analysed for hydrocarbon content using a Micro GC. 

Photobioreactor cultivation was performed with high salt glycerol medium at pH 6.8 (5 g/L 

yeast extract, 1 g/L glycerol, 60 g/L NaCl, 50 μg/mL spectinomycin and 0.5 mL/L antifoam; 400 mL) 

in batch mode, pre-equilibrated at 30 °C with 60-100% stirring output. An overnight starter culture 
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(10 mL) of Halomonas TQ10-MmP1 containing pHal2-CvFAPG462V was added, and the culture was 

maintained at 30 °C with an airflow rate of 1.21 L/min, automated pH maintenance, culture optical 

density monitoring and ambient room lighting until mid-log phase (4-5 hours). Protein induction 

by IPTG (0.1 mM) was followed by sodium butyrate addition (60-80 mM pH ∼ 6.8) with continual 

blue light exposure (1656 μE) for ∼48 h. Propane production was monitored at 15 min intervals 

by automated headspace sampling using a Micro GC, while aqueous butyrate and glycerol 

depletion were quantified by HPLC. 

2.3.10. Synechocystis cultivation 

The photobioreactor (400 mL) was set up in batch mode with starter culture diluted 3:1 in 

fresh BG11+ medium (BG11 pH 8.0 [13, 14] containing TES buffer and 1 g/L sodium thiosulphate) 

with 150 mM NaHCO3. The culture was maintained at 30 °C with maximal stirring, airflow of 1.21 

L/min, illumination by a white LED (30 μE), automated pH maintenance (1M acetic acid in 2 x 

BG11+) and optical density monitoring (680 nm and 720 nm). After reaching OD720 nm of ∼0.5, 

cobalt (II) nitrate hexahydrate (100 μM) was added as required, the warm white illumination was 

increased to 60 μE and the integral actinic blue LED light panel provided 500-750 μE blue light. The 

culture was maintained at 30 °C for 18-48 hours, fed and not fed respectively. Manual headspace 

sampling for propane content was performed by Micro GC, and butyrate depletion was quantified 

by HPLC. 

2.3.11. Analytical techniques 

Propane levels were determined by headspace injection using an Agilent 490 Micro GC, 

containing an Al2O3/KCl column, a thermal conductivity detector (TCD) and a heated injector (110 

°C; 100 ms injection) using helium as the carrier gas (10.2 psi). During continuous monitoring 

mode, fermenter exhaust gases were dried by passage through an ice-cooled condenser prior to 

entering the Micro GC. Compounds were separated isothermally (100 °C) over 120 s under static 

pressure conditions, with a sampling frequency of 100 Hz.  

Aqueous culture metabolites (glycerol and butyric acid) were analysed by HPLC using an 

Agilent 1260 Infinity HPLC with a 1260 ALS autosampler, TCC SL column heater and a 1260 

refractive index detector (RID). Cell-free culture supernatant samples (10 μL injection) were 

analysed isocratically on an Agilent Hi-Plex H column (300 x 7.7 mm; 5 mM H2SO4) at 60 °C with a 

flow rate of 0.7 mL/min for 40 minutes. Analyte concentrations determined by Micro GC or HPLC 

were calculated by comparing the peak areas to a standard curve generated under the same 

running conditions. 
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2.3.12. Techno-Economic Analysis (TEA) 

In this analysis [27-30], a number of assumptions were made to provide projected economics 

and establish benchmarks to assess the state of technology based on current research 

performance. Design basis and costing data for non-fermentation unit operations were obtained 

from earlier studies and publications. Rigorous structural and parametric optimisation, heat 

integration and site analysis were not included at this stage. 

The main tasks utilized were: (a) Conceptual design of a pilot-scale continuous process as the 

base case. Each reactor has a 1 m3 working volume, with an inside battery limit (ISBL) plant 

(fermentation and propane purification) cost of a process ∼£500,000. (b) Construction of a plant 

model in MATLAB, to calculate the mass & energy balance for the main process streams. (c) 

Creation of case studies from the base case. A total of 11 case studies (including the base case) 

were created by introducing additional assumptions with positive impacts on process economy ( 

Note S1). (d) Estimation of propane production costs, based on known process parameters at 

laboratory scale with financial assumptions, carbon footprint and minimum propane selling prices 

(MPSP). The design basis, specifications and assumptions regarding the unit operations are 

summarized in  Note S1. 

2.4. Results and discussion 

2.4.1. Biocatalyst selection and redesign 

We surmised that FAP could be engineered to increase the decarboxylation of butyric acid 

(and other short chain volatile fatty acids; VFAs) [11] to form propane (and other hydrocarbon 

gases) to enable their production at scale (Figure 14a). FAP from Chlorella variabilis NC64A has a 

reported reaction quantum yield of greater than 80% and it catalyzes a 1-step bioconversion of 

waste VFAs into alkanes [10]. However, it has a reaction specificity that is strongly in favor of long 

chain fatty acids (C14-C18) [10, 11, 31]. We screened a range of previously identified potential FAP 

homologues [10] for propane production with butyric acid. Direct kinetic comparison of each 

purified homologue was not possible as protein instability (aggregation) and flavin loss occurred 

to varying degrees during protein purification of each enzyme. Consequently, comparative 

propane production in live cells or cell-free lysates was the main approach taken in this study, with 

FAP concentrations estimated by quantification of the protein band density from SDS-PAGE 

(Figure S2). The presence of contaminating flavin and other chromophore (e.g. heme) -containing 

enzymes in cell lysates prevented active enzyme concentration determination by spectral analysis. 
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The most suitable FAP enzymes for hydrocarbon gas production were identified as the 

Chlorella variabilis NC64A (CvFAP) and Chlamydomonas reinhardtii (CrFAP) homologues [10, 11, 

31] using biotransformation assays of cell-free extracts (Table S5) [10]. We selected CvFAP as the 

target biocatalyst, given the availability of a three-dimensional crystal structure [10]. Using 

structure-based engineering we identified regions in the natural substrate binding channel of 

CvFAP that when targeted by mutagenesis may be able to confer increased activity of the enzyme 

with short chain VFAs. We made a collection of twenty-eight CvFAP variants, targeting residues 

G462, G455, Y466, V453, T484 and A457 for substitution (Figure 14b). A key substrate channel 

residue G462 was identified, and substituted for ten other residues (Val, Asn, Trp, Leu, Cys, Ile, 

Phe, Ala, His and Tyr; Figure S2 and Table S6). The side chains of these residues are in close 

proximity to bound palmitate in the co-crystal structure of CvFAPWT, and variants were designed 

to disfavor long chain fatty acid binding (Figure 14b inset) [10]. Propane production in E. coli 

cultures exposed to blue light was measured and normalized according to each variant’s relative 

expression level (Figure S1 and Figure S2). 

The most promising variants were found to be G462V and G462I (Figure 14b; Table S6), while 

variants at other positions produced less propane than CvFAPWT (Figure 14b). Some variants 

appeared to show higher propane yields than G462V (e.g. G462A/F/C), but inconsistent 

expression levels of these variants within biological repeats made it difficult to accurately quantify 

this. Molecular docking simulations of CvFAPWT and variants G462V and G462I were performed 

using Autodock Vina [17] to investigate the effects of the amino acid substitutions. This analysis 

predicted a 30 – 40-fold weaker binding of palmitate for the G462V/I variants (decrease in binding 

affinity of ∼2 kcal/mol; Table S7), with a small increase in binding of butyrate (∼30% tighter 

binding; Figure 14c and d). This is consistent with the observation that purified CvFAPG462I 

exhibited an increase in propane production compared to wild-type (9-fold after 1.5 hours; Figure 

S3). Conversely, CvFAPWT showed a 2.6-fold higher rate of pentadecane production from palmitic 

acid after 45 minutes than CvFAPG462I. 

Given the high variability in activity detected with some variants using cell lysates (Table S6), 

more detailed activity assays were performed with purified CvFAP wild-type and G462I variant 

(normalised against FAD content; Figure S3). CvFAPG462I showed increased propane production 

(6.48 + 1.04 µM propane) compared to wild-type enzyme (0.76 + 0.31 µM propane), confirming 

the trend seen with the cell lysate screening data. We also determined that purified wild-type and 

variant CvFAPG462I are susceptible to rapid photoinactivation (Figure S3), so process scale 

production will require regeneration of the biocatalyst through continuous replenishment with 
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live cell culture. This is possible by continuous biomass cultivation – an approach we have adopted 

in developing the design of bio-LPG production platforms described below. 

Next, we investigated the effect of butyric acid concentration on propane production using 

live E. coli cultures. As butyric acid lowers the pH of LB medium (Figure S4a), we performed studies 

with the CvFAPG462I variant with pH control (buffered at pH 6.8; Table S8). This showed propane 

production was maximal at around 50 mM butyric acid (Figure S4b). Under these conditions, the 

molar ratio of propane production to butyrate consumption was 1.9 to 1.  Propane titres were 

also affected by the plasmid backbone used, and the position of fused purification tags to CvFAP. 

We observed a 6.4-fold increase in propane production using CvFAPG462V in plasmid pET21b 

compared to pETM11 (48.31 + 2.66 mg/L culture). These levels are higher than maximal propane 

production observed previously with ADO (32 mg/L culture) using an E. coli strain upregulated for 

butyric acid production [5]. This highlights the need to explore multiple plasmid backbones, and 

the effect of location and size of protein tags on gas production in vivo. 

2.4.2. Tuneable bio-LPG blends 

Photodecarboxylation of other short chain fatty acids (butyric, isobutyric, valeric, 2-

methylbutyric and isovaleric acid) was investigated in vivo with wild-type and four CvFAP variants 

(G462V/A/I/F). The major gas produced, whether propane, butane or isobutane, was dependent 

on which VFA was supplied (Figure 17a). Additional gases produced arose from naturally arising 

VFAs in cell extracts. Variant G462I showed the highest levels of gas production, especially with 

the branched chain substrates isovaleric and 2-methylbutyric acids (5-8-fold higher than with 

G462V; Table S9). With CvFAPG462I, propane and butane production from butyric and valeric acid 

were less than 2-fold higher than with CvFAPG462V. Variants G462V and G462A generated similar 

levels of propane and butane, but G462A showed a greater variation in hydrocarbon titre (Figure 

17a; Table S9). These data consolidate the finding that residue 462 is important in conferring 

activity with short chain carboxylic acids. The photodecarboxylation products of these VFAs can 

be used to make biological LPG-blends. As CvFAPG462V generated similar titres of propane and 

butane, this was chosen to explore the production of tuneable bio-LPG blends of varied 

composition. 
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Figure 17: Tuneable bio-LPG blends. In vivo gaseous hydrocarbon production by wild type and variant CvFAP in E. coli 
BL21(DE3) ∆yqhD/∆yjgB. Effect of (a) CvFAP-pETM11 variant and (b) butyric:valeric acid blends with CvFAPG462V-pBbA1c 
on hydrocarbon production. Cultures (20 mL; 3 biological replicates) were grown in LB medium containing kanamycin 
(50 µg/mL) at 37 °C to OD600 nm ∼ 0.6-0.8. Recombinant protein expression was induced with IPTG (0.1 mM) followed 
by culture supplementation with fatty acid substrates (10 mM) after 1 h at 30 °C. Triplicate aliquots (1 mL) from each 
culture were sealed into 4 mL glass vials and incubated at 30 °C for 16-18 h at 200 rpm, illuminated with a blue LED 
panel. Headspace gas was analysed for hydrocarbon content using a Micro GC. aAll reactions designed to generate 
butane and isobutane also produced ∼ 2% propane. Errors for panel (a) are found in Table S9. Error bars represent one 
standard deviation for duplicate (n = 2) biological repeats for panel (b). 

The most common gases found in LPG blends are propane and n-butane. Blends may also 

contain isobutane, ethane, ethylene, propylene, butylene and isobutylene. The exact composition 

of LPG is country-specific, and can be varied between seasons as required, for example, in order 

to assure proper vaporisation in winter [32]. In the UK, LPG is 100% propane, while in Italy the 

propane:butane ratio varies from 90:10 to 20:80 (Figure 17b). As CvFAPG462V can generate both 

propane and butane at similar titres, the possibility of producing country-specific bio-LPG blends 

by varying the ratio of externally supplied butyric:valeric acids was investigated. The 
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butyric:valeric acid ratios fed to live cultures were closely correlated with propane:butane ratios 

measured in the culture headspace (Figure 17b; Table S10). This indicates the ease with which 

tuneable bio-LPG blends can be generated. Manipulation of the externally supplied VFA feed 

ratios, or modulation of VFA concentrations generated in vivo, could therefore offer simple routes 

to generate LPG blends in scaled production. 

2.4.3. Engineered metabolic pathways for bio-alkane gas production 

Upregulation of cellular VFA biosynthesis is an alternative means of biosynthesising alkane 

gas with engineered CvFAP biocatalysts. Ideally, the chemical precursor for a VFA biosynthetic 

pathway should be a major component of available waste feedstocks. Amino acids derived from 

protein-rich waste products are simple, cheap and readily available carbon sources. They are 

prevalent in salted milk whey from cheese manufacture [33], brewery waste yeast [34] and 

proteinaceous food waste [35]. 

A pathway was constructed from valine to propane beginning with the deamination of valine 

to α-ketovalerate, catalysed by leucine 2-oxoglutarate transaminase (ilvE) from E. coli [36] (Figure 

18a). Irreversible decarboxylation of α-ketovalerate leads to isobutyraldehyde catalysed by 

branched-chain keto acid decarboxylase (KdcA) from Lactococcus lactis [37]. Isobutyric acid is then 

formed by the action of 3-hydroxypropionaldehyde dehydrogenase (Hpad) from E. coli [38], which 

is subsequently decarboxylated by CvFAPG462I to form propane (Figure 18a). An ADO/ferredoxin-

dependent decarbonylation of isobutyraldehyde to propane [9] can provide a further ‘dark’ 

pathway to operate alongside the light-dependent pathway should this be required. 
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Figure 18: Metabolic pathway to bio-LPG. (a) Enzymatic CvFAP- and ADO-dependent pathways from valine to propane. 
Enzymes: ilvE = leucine 2-oxoglutarate transaminase; KdcA = thiamine diphosphate-dependent branched-chain keto 
acid decarboxylase; Hpad = 3-hydroxypropionaldehyde dehydrogenase. (b) Effect of valine supplementation on propane 
production in E. coli expressing a recombinant CvFAP-dependent pathway from valine. Culture conditions and gas 
measurement were performed as described in the legend of Figure 17, except the cultures were supplemented with 
valine (0-30 mg/mL) 1 h after IPTG-induction, instead of VFAs. The numerical data for panel b can be found in Table S11. 
Error bars represent one standard deviation for triplicate biological repeats (n = 3). Differences in ratios between the 
difference gases likely reflects competitive binding of the three amino acids for a common CvFAP binding site. 

This pathway was engineered in E. coli (Figure 18b inset) and cultures were supplemented 

with valine (0-30 mg/L). In each case, propane, isobutane and butane were detected in the 

headspace. Propane levels increased on feeding valine by up to 17-fold higher with 30 mg/L valine 

(109.7 ± 6.3 mg/L propane; Table S11). (Iso)butane titres decreased with increased valine 

supplementation. These observations are likely due to an increase in (valine-derived) butyrate 

levels, leading to the favouring of propane production over other alkane gases, similar to that seen 
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in Figure 17b. Endogenous valine and/or butyrate levels are likely high because propane yields 

were about three-fold higher than the externally fed valine concentration (Figure 18b). The 

propane titres observed using this pathway are comparable to those obtained by external feeding 

of butyrate to CvFAPG462V alone (Table S8). To operate with this pathway, waste feedstocks would 

need to be protein rich (e.g. food waste). Amino acid content of thirty-nine samples of vegetal and 

dairy product food waste from EU industrial agro-food systems has been shown to have a valine 

content that varies from 6.4-29.4 mg/g waste [35], and also can act as general carbon sources. 

Therefore, these abundant wastes are attractive feedstocks for alkane gas production. 

2.4.4. A microbial chassis for scaled bio-alkane gas production 

E. coli was chosen to demonstrate laboratory scale production of bio-alkane gases using 

CvFAP variants as proof-of-concept. It may not suitable, however, for scaled production. Microbial 

fuels and chemicals production is a costly process, and places high demands on both capital and 

operational expenditures. Typically, steel-based bioreactors with complex monitoring systems are 

used, with high running costs (e.g. energy-intensive aeration, mixing and downstream processing), 

production rates and titres. Sterilisation is required to minimise microbial contamination, and 

growth under aseptic conditions is necessary. There are also environmental concerns over waste 

processing and disposal, and production methods use large quantities of clean water. These multi-

faceted issues can increase production costs. At the outset, by selecting Halomonas st. TD01 as a 

production host, we tackled many of these issues [39]. 

Halomonas grows at high salinity (e.g. 20% w/v NaCl) and at pH values as high as 12. 

Continuous cultures have been grown for over three years in industrial-scale vessels for the 

biomanufacture of polyhydroxyalkanoates at greater than 1,000 tonnes scale, with no decline in 

growth potential [15]. Seawater, waste-water and recycled water can be used without 

sterilisation, conserving fresh water and reducing energy expenditure. Bioreactors can be 

constructed using low cost materials (e.g. plastics, ceramics and cement). Scaled production of 

polyhydroxyalkanoates using Halomonas is at a 65% cost saving compared to E. coli [21]. This 

suggests that distributed bio-LPG biomanufacture could be more profitable using Halomonas. 

We constructed a Halomonas-compatible plasmid pHal2 containing CvFAP using a broad host 

range pSEVA-derived plasmid [40] with an IPTG-inducible promoter (Figure 19a inset) [16, 41]. 

Halophilic in vivo alkane gas production with both CvFAPG462V and CvFAPG462I variants was 

performed with butyric acid (Figure 19a), with the highest titres shown for CvFAPG462V (157.1 + 

17.1 mg/L culture) with 80 mM butyrate in buffered medium (Figure 19b and Table S12). Variant 
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CvFAPG462I produced more propane than CvFAPG462V, and both variants produced several-fold more 

propane than the wild-type (Figure 19a). These titres are about nine-fold greater than those 

reported for E. coli containing engineered ADO-dependent pathways, and five-fold greater than 

E. coli containing CvFAPG462V and fed with butyrate [5, 6, 8]. Propane production progressively 

increased with light ‘intensity’ (up to about 2000 µmol/s/m2; Figure 19b inset) but declined at 

higher light intensities, most likely due to increased photoinactivation of CvFAP (Figure S3), or 

light-dependent effects on cell viability. Halomonas therefore proves to be well able to support 

the production of propane, showing titres comparable to valine supplemented E. coli cultures 

expressing the KdcA-dependent pathway (Figure 18). 

 

Figure 19: Propane production by robust industrial chassis Halomonas. (a) Comparative in vivo production of propane 
by wild-type and G462V/I variants of CvFAP with 25 mM butyrate. Inset: Schematic view of the Halomonas CvFAP 
plasmid constructs. (b) Effect of butyric acid concentration on in vivo propane production by CvFAPG462V. (c) Effect of 
light ‘intensity’ (i.e. photosynthetic photon flux density or PPFD) on propane production. The zero-time point was 
performed in complete darkness. Cultures were grown in phosphate buffered YTN6 medium containing spectinomycin 
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(50 µg/mL) for 5 h at 37 °C and 180 rpm. Recombinant protein expression was induced with IPTG (0.1 mM; OD600 nm ∼ 
1.6), and cultures were supplemented with butyric acid (0-100 mM, buffered at pH 6.6). Triplicate aliquots (1 mL) of 
cultures were sealed into 4 mL glass vials and incubated at 30 °C for 16-18 h at 200 rpm, illuminated with a blue LED 
panel. Headspace gas was analysed for hydrocarbon content using a Micro GC. Reactions were performed as biological 
repeats (technical repeats for the inset). Error bars represent one standard deviation for triplicate biological repeats (n 
= 3). Technical repeats were also performed in triplicate. 

For scaled-up production, engineered strains require waste biomass feedstock mixed with 

seawater and recycled water grown aerobically at high salinity with minerals, vitamins and VFAs. 

Wastewater streams (with salt supplementation) are suitable for production at inland sites. 

Autolysed spent brewery yeast or similar (e.g. hydrolysed ‘spent’ Halomonas cells) can be used to 

provide essential vitamins. Biodiesel waste (60-70% glycerin) is a cost-effective carbon source for 

bacterial growth [42]. VFAs can be sourced readily from anaerobic digestion (AD) (e.g. 50 g/L 

butyrate from fed-batch fermentation of brown algae [43]; 36 g/L with kitchen waste [44]). 

Bio-LPG production using waste feedstocks was investigated at laboratory scale in a flatbed 

photobioreactor. Non-sterile fermentations were performed using ‘clean’ (laboratory grade 

reagents) and ‘crude’ (seawater and waste glycerin) media. Seawater and biodiesel waste 

impurities affected Halomonas growth and propane production to only a minor extent (Figure 20). 

Maximal propane production occurred 4-6 hours after induction, with an overall yield of ∼90 mg/g 

cells (over 2 days). A steady decline in propane production after the early peak rate was observed 

(Figure 20b; Figure S5), attributed to plasmid instability and/or loss [45] or possibly CvFAP 

inactivation. In addition, the continuous exposure of Halomonas (or microorganisms in general) 

to blue light may impact on cell viability, compromising further replenishment of the CvFAP 

catalyst in vivo. In spite of this, we have shown that waste feedstocks and seawater are capable 

of supporting bio-alkane gas production. 
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Figure 20: Propane production by the robust industrial chassis Halomonas. (a) Culture growth (OD 680 nm) and (b) 
propane production of Halomonas expressing IPTG-inducible pHal2-CvFAPG462V in the presence of analytical grade 
glycerol (‘clean’) or biodiesel waste (‘crude’). (c) Cumulative propane production by Halomonas expressing plasmid-
borne or chromosomally integrated CvFAP variants. Cultures (400 mL) were grown in high salt glycerol medium at pH 
6.8 containing 50 µg/mL spectinomycin (plasmid borne cultures only) and 0.5 mL/L antifoam. Conditions were 
maintained at 30 °C with 65-100% stirring, an airflow rate of 1.21 L/min in the dark until mid-log phase (4-5 hours). 
Recombinant protein expression was induced with IPTG (0.1 mM) where required, followed by the addition of sodium 
butyrate (60 mM pH ∼ 6.8) and blue light exposure (1656 µE). Cultures were maintained for 48-110 h and propane 
production was monitored at 15- to 20-minute intervals by automated headspace sampling using a Micro GC. In panel 
(c), data for inducible and constitutively expressed plasmid-borne expression systems are indicated by grey and orange 
circles, respectively, while the chromosomally integrated expression system is indicated by green circles. R = lac 
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repressor; SpecR = spectinomycin resistance gene. (d) Production of alkane gases in Halomonas using the valine-
dependent pathway. The IPTG-inducible and constitutive promoters were pTrc and pPorin 69, respectively (Table S2). 
General culture conditions (non-sterile) and gas measurements were performed in YTN6 media, as described in the 
legend of Figure 19, containing autolysed brewery yeast without VFA addition. Milk whey medium (pH 9) was composed 
of cheesemaking residual salt whey from a North of England supplier supplemented with 60 g/L NaCl. Error bars 
represent one standard deviation for biological repeats (n = 3). 

2.4.5. Stable strains for bio-LPG production 

Genome-integrated alkane gas producing Halomonas strains are required for scaled 

production to eliminate the need for antibiotic-mediated plasmid maintenance. We integrated an 

IPTG-inducible CvFAPG462I into the genome of Halomonas and tested its bio-alkane gas producing 

ability in a photobioreactor for 48 to up to ∼100 h [16]. Cumulative propane yields were less than 

half those obtained with plasmid borne pHal2-CvFAPG462V (Figure 20c), in spite of the G462I variant 

displaying higher activity than CvFAPG462V (Figure 19a). This lower propane titre is not surprising 

as only one copy of CvFAPG462I was integrated into the genome. However, these titres compare 

favourably to plasmid-based expression (Figure 20c). Propane production rates were maximal 

around 60 h (Figure S6). Beyond 60 h, cell viability of Halomonas was shown to decline, as 

evidenced by a reduction in viable cells (colonies) detected during plate counting assays. This is 

likely due to prolonged high intensity light exposure. Continuous culture replenishment of the 

photobioreactor with fresh ‘dark-grown’ culture would mitigate against this loss of cell viability. 

Next, we eliminated the need for IPTG induction of CvFAPG462V using a modified constitutive 

pPorin-like promoter [46]. Constitutively-expressed CvFAPG462V cultures showed elevated (2.7-

fold) propane yields (237 mg/g cells) compared with induced cultures (Figure 20c; Figure S6), with 

a concomitant reduction in cell density attributed to slower cell growth. We also integrated a 

‘valine-to-propane’ pathway (constitutive and inducible versions) into the Halomonas 

chromosome and demonstrated bio-alkane gas production. Higher overall alkane titres were 

obtained with the integrated IPTG-inducible pathway (1.19 ± 0.01 mg/L isobutane; Figure 20d) 

compared to the constitutively expressed strain. Extensive industrial waste amino acid sources 

can be found in the dairy (salted milk whey) and brewery industries (autolysed yeast). We 

compared the bio-alkane gas production of the plasmid-borne KcdA-dependent pathway using 

these waste supplies and found in all cases, bio-alkane gases are produced (Figure 20d). The titres 

and compositions of the produced gas were dependent on feedstocks, which reflects on the 

relative amino acid and/or overall nutritional compositions of each feedstock. 
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2.4.6. Bio-LPG from carbon dioxide 

An ideal energy strategy would directly utilise CO2 as the carbon source for the production of 

biofuels. A microbial carbon capture solution could take advantage of the photosynthetic ability 

of cyanobacteria to fix CO2 into organic carbon. Synechcocystis PCC 6803 is an ideal host because 

it grows rapidly and is genetically tractable. It is tolerant to abiotic stress and growth requirements 

are well understood [47, 48]. Conversion of CO2 into medium chain-length fatty acids [13] and 

long chain hydrocarbons [14] has been described. We previously bioengineered Synechcocystis 

PCC 6803 by incorporating E. coli thioesterase A, which catalyses the conversion of fatty acyl-ACP 

to free fatty acids. We also knocked out the native fatty acyl ACP synthase gene (∆aas) to minimise 

the reverse reaction (Figure 21a) [14]. These changes increased the availability of free fatty acid 

precursors in vivo, enabling hydrocarbon biosynthesis direct from CO2, instead of via an external 

carbon source [14]. 

 

Figure 21: Propane production employing natural photosynthetic CO2 capture. (a) Scheme for engineering Synechocystis 
to enable propane production by CO2 fixation. (b) Cumulative propane production of Synechocystis Δaas expressing 
CvFAPG462V and Tes4 (strain pIY819). The photobioreactor (400 mL) was set up in batch mode with starter culture diluted 
3:1 in fresh BG11+ medium (BG11 pH 8.0 [13, 14] containing TES buffer and 1 g/L sodium thiosulphate) in the presence 
of 150 mM NaHCO3. Both pH control and CO2 supply were maintained using 1M NaHCO3 in 2 x BG11+. The culture was 
maintained at 30 °C with maximal stirring with an airflow rate of 1.21 L/min, illumination of warm white light (30 µE), 
automated pH maintenance (1M acetic acid in 2 x BG11+) and optical density monitoring (680 nm). After reaching an 
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optical density of ∼0.3 (∼20 h), cobalt (II) nitrate hexahydrate (150 µM) was added, warm white illumination was 
increased to 60 μE and the integral actinic blue LED light panel was activated to provide 500-750 µE blue light (460 – 
480 nm). The culture was maintained at 30 °C for 18-48 hours, with manual headspace sampling to quantify propane 
by Micro GC. 

In this work, we incorporated the gene for CvFAPG462V into wild-type Synechocystis and a ∆aas 

gene knockout strain in the presence or absence of Tes4 (a butyryl-ACP thioesterase from 

Bacteroides fragilis) [9] under the control of a cobalt-inducible promoter (Pcoa) or a constitutive 

promoter (Ptrc) (Figure 21a and Figure S7). CvFAPG462V was chosen for the experiments in 

Synechocystis due to the reproducibility of its high expression levels (Figure S2). Under batch 

culture conditions, neither the wild-type nor the Tes4/∆aas strains produced detectable propane. 

Only low levels of propane (11-14 µg/L culture/day) were produced when using strains carrying 

the CvFAPG462V gene that were supplied externally with butyrate (Figure S7). Encouraged by these 

findings, we then cultivated the Synechocystis Tes4/∆aas strain carrying CvFAPG462V in the 

photobioreactor under photosynthetic conditions (see 2.3. Materials and Methods section) with 

supplementary blue light exposure. This strain showed moderate propane production (11.1 + 2.4 

mg propane/L culture/day), which is equivalent to ∼12.2 + 2.6 mg propane/g cells/day (Figure 21b 

and Figure S7). To the best of our knowledge, this is the first demonstration of the direct 

conversion of CO2 into propane. 

A factor to consider when using Synechocystis for propane production is the photobleaching 

of photosynthetic pigments in the presence of high intensity blue light [49]. This fixes a practical 

upper limit on blue light intensity to maximise CvFAP activity whilst minimizing the extent of 

photobleaching (Figure S8 and Figure S3, respectively). Photobleaching was apparent when light 

exposure was maintained between 500 to 800 µE, but not during prolonged exposure (140 h) 

between 300 to 500 µE (Figure S8). 

A complementary strategy is to feed bio-alkane-producing Halomonas with osmotically lysed 

Synechocystis; the latter acting both as a carbon (growth) and butyrate feedstocks [50]. This 

bypasses photobleaching effects, but retains the ability to capture CO2. Synechocystis can also be 

degraded by AD to generate VFAs for Halomonas gas production. To test the feasibility of this 

approach, we fed batch cultures (1 mL aliquots) of Halomonas expressing CvFAP with lysed 

Synechocystis as supplementary carbon and butyrate sources, and produced propane gas (25.3 ± 

5.8 mg/L culture; Figure 21b). These titres were enhanced compared to control cultures reliant on 

only endogenous butyrate alone (YTN6 medium; 0.9 ± 0.1 mg/L culture). Use of Synechocystis as 

a feedstock could enable Halomonas to produce bio-LPG from industrial or atmospheric CO2 

rather than being reliant on waste organic matter. The International Energy Agency has estimated 
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that carbon capture and storage (CCS) /utilisation could potentially contribute to a 19% reduction 

in CO2 emissions by 2050 using existing technologies [51, 52]. A coupled Synechocystis–Halomonas 

process could further enhance management of industrial CO2 emissions as well as generate bio-

LPG to meet energy demands. 

2.4.7. Vision and economics of bio-LPG production 

Multiple designs of scaled bio-LPG production hubs have been envisaged, which differ in 

waste feedstock supply, bioreactor design (∼1000-10,000 L scale) and light requirements. A 

prototype design based on Halomonas cultivation, could be located in a coastal region with on-

site seawater, an anaerobic digester (AD) for VFA production and optionally a cyanobacteria 

photobioreactor for CO2 fixation and VFA supply (Table S11). The AD plant would be tuned to 

generate a specific VFA blend by modulating the waste composition (e.g. oil and salt 

concentrations), microbial consortium and running conditions (e.g. temperature). The site could 

also contain multiple photobioreactors for bio-LPG production (Figure 22) fed from a dark 

bioreactor for Halomonas propagation prior to bio-alkane gas production. These photobioreactors 

could be classical flat-bed photobioreactors, or even low-cost pressurised polyethylene bags with 

external illumination [53]. Propane could be harvested using gas-scrubbing methodologies [27], 

linked to existing desiccant moisture removal and liquefaction technology. On-site generated bio-

LPG could be used to feed adjacent heavy industry, or be transported using local distribution 

infrastructures. For on-site usage of the alkane gas blends, the exact gas composition (e.g. 

propane vs butane) does not need to conform to local government requirements if it is not sold 

under the ‘LPG’ label. This option allows the usage of local organic waste that may not generate a 

specific ratio of VFAs, or if the waste composition is likely to vary considerably. Also, small 

distributed plants can utilise local power generated by solar, wind or tidal technology to power 

LED illumination, considerably reducing operating costs. 
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Figure 22: Design of a prototypical future bio-LPG production hub. (a) Conceptual design and (b) process flow diagram. 
Manufacturing plant components: (1) sea water intake and pre-treatment; (2) biomass accumulation fermentation 
system; (3) anaerobic digestion (AD) plant for volatile fatty acid supply; (4) photobioreactor for propane production; (5) 
propane purification; (6) propane compression and liquefaction; (7) local propane distribution by road and rail; (8) local 
propane usage by heavy industry such as power generation or steel mills; (9) waste biomass treatment and fish feed 
production, (10) use of waste biomass pellets in fish-farming. 

The selection of suitable sites for bio-alkane gas production will be dictated by the need to 

use locally supplied waste feedstocks and seawater. The current global price for non-AD butyrate 

is around £2-3 per kg, which is not cost-effective for bio-alkane gas production. Local food waste 

could be used as both a carbon source and amino acid supply (KdcA pathway utilization) in place 

of AD-generated VFA blends. For example, the UK generates approximately 7 million tonnes of 

household food waste annually [54], of which 0.6-0.7 million tonnes can be collected by local 

authorities and treated through waste management systems [55]. Based on laboratory scale 

studies, food waste has a great potential as a VFA fermentation substrate due to high VFA yield 

(up to 0.43 g VFA/g substrate) [30].  
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The feasibility of this approach was investigated by performing a preliminary Techno-

Economic Analysis (TEA) and carbon footprint analysis, limited to the process itself, of a prototype 

design for Halomonas bio-alkane gas production ( Note S1, including Figure S9 – Figure S11 and 

Table S13 – Table S26). This analysis is intended to understand the gap between the early-stage 

research and commercial realisation, and to illustrate potential strategies to bring further process 

improvements. The TEA contains a high degree of uncertainty because the process is still at a low 

technology readiness level. Nevertheless, the analysis results can be used to highlight bottlenecks 

and hotspots which have significant impact on the economic or environmental aspect of the 

process, so that future research and process design can be directed in the most effective direction. 

The base case was modelled on a conceptual design of a pilot-scale continuous process with one 

1 m3 bioreactor for biomass synthesis, two 1 m3 photobioreactors in series for propane synthesis, 

and one 1.72 m3 anaerobic digester to generate butyrate feed. Ten further TEA cases were 

formulated by introducing additional measures and strategies to strengthen the economic 

potential of the process ( Note S1). Examples of cost reducing strategies include implementing 

non-sterile fermentation, valorization of side-streams to produce additional valuable chemicals, 

optimization of cell productivity and process scale-up. The design basis, process specifications and 

engineering as well as financial assumptions are summarized in  Note S1. Based on this 

information, the TEA model generated estimates for plant performance, production costs, 

minimum propane selling prices (MPSP) and CO2 emissions for all the cases. 

In comparison to chemical routes, CvFAP catalyst ‘poisoning’ by photoinactivation is 

overcome by continuous replenishment from a ‘dark’ bioreactor (biomass production in the dark). 

Reduction in energy costs associated with light supply (CvFAP photoactivation; cyanobacterial 

growth) is central to production costs savings. This could be managed by using solar energy or 

wind farm electricity. Substituting blue LEDs for concentrated wavelength-filtered sunlight (e.g. 

425-475 nm) could reduce the energy burden and associated costs. The daily blue light intensity 

in the Northern United Kingdom [56] averages around 29.0 W/m2, while the required 

photobioreactor intensity is up to 424 W/m2, dependent on microbial chassis. A 15-fold solar 

concentration is required to generate the required blue light intensities which could be met using 

existing solar concentration technologies, similar to the Australian National University parabolic 

trough or the Entech Incorporated Fresnel lens (each achieving 30-fold concentration) [57]. To 

allow diurnal propane production, light supplementation via LEDs could be supplied outside 

daylight hours. Alternatively, Halomonas could be engineered to include an alternative non-light 

requiring ADO-dependent pathway from valine (Figure 18a), enabling propane production during 

the dark phase. 
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A cost-effective solution to bio-alkane production requires a significant reduction in 

illumination costs. This was modelled by the utilisation of natural sunlight with solar 

concentrators, cleaner wind power and the localisation of the bioreactors within developing 

countries with lower operating costs (Case 6, 10 and 11; Table S16, Table S23 and Table S24) In 

addition, process scaling-up and the generation of secondary revenue are necessary to increase 

the cost-effectiveness of the process (Case 5 & 9). This could include the conversion of waste 

Halomonas and Synechocystis biomass to fertiliser, further processing through AD plants as a 

source of VFAs, or desiccated to produce fish food at larger scale. 

As about 25% of the carbon content of supplied butyrate would be lost as CO2, the energy 

ratio of propane production (i.e. energy output/energy input) at maximal productivity is estimated 

to be 3.18. (Case 11; Table S17, Table S23 and Table S24). The projected propane yields were 

estimated at 358 tonnes per year for a pilot production system scaled-up by 10-fold, with 

projected combined revenue of £3.1 M (primary and secondary products; Table S24). This is based 

on developing a Halomonas strain with multi-copy insertion of CvFAPG462I to ensure stable propane 

titres similar to plasmid-borne systems. The TEA study also predicted a 300-fold decrease in 

propane production cost at scale (US $626.80/kg to US $1.89/kg) in comparison to traditional, 

unoptimised biotechnological approaches. 

The UK LPG market is ca. 82,970 barrels per day [55], equivalent to ∼0.086 tonnes of propane 

per barrel or 2,540,000 tonnes per year. If the future transport sector were to use ca. 10% of the 

current market for bio-LPG as a drop-in fuel this would require around 710 of the said pilot process 

operating at maximal productivity and consume 225 tonne of crude glycerol per year. After four 

decades of technology development, ethanol derived from starch or cellulosic biomass is currently 

the dominant biofuel for liquid transportation and power generation. Bioethanol can now be 

made economically and at large scales sufficient to contribute to a nation’s fuel market; this is not 

yet feasible for other newly emerged biofuels e.g. butanol (non-ABE derived), biofene (farnesene), 

and bisabolene. Ethanol biorefineries have the capacity to utilise biomass feedstock, transforming 

most of the components into valuable products, which are integrated readily with existing 

industrial infrastructures. These features are desirable also for bio-alkane gas production 

processes, if they are to meet the ambitious goal of utilising propane/alkane blends as drop-in-

fuels. Also, fuelling vehicles with Bio-LPG is one way to diversify the availability of clean fuels and 

to increase energy security so that economies are not over reliant of provision of ethanol. Bio-LPG 

has its own niche in the transportation fuel sector – for example, it is suitable for high-mileage 

vehicles by offering improved engine life and lower maintenance costs. As with ethanol 
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production, Bio-LPG production will require scaled technology development and optimisation, 

and more detailed TEA evaluation as the technologies mature. 

The above example illustrates how an integrated biorefinery strategy could in principle be 

used to supply local energy requirements and generate income, while recycling industrial CO2 and 

food waste. A second strategy utilizing the multi-step pathway from amino acids could be 

employed, using food, brewery or dairy waste to supply the necessary amino acids (in place of AD-

generated butyrate). There are likely other configurations around these examples that could 

likewise be deployed at scale, enabling bio-LPG manufacture from waste biomass and 

atmospheric / industrial CO2, and provide renewable energy solutions for localised economies 

around the globe. That said, further exploration of the TEAs will be required coupled to further 

rounds of microbial strain optimization, as individual bio-production formats are scaled at higher 

technology readiness levels.   

2.5. Conclusions 

The development of any synthetic biological solution for chemicals production into a 

commercially viable process requires the consideration of both (bio)catalytic process optimisation 

and an understanding of the techno-economic challenges of developing scaled bioprocesses. We 

tackled both of these challenges when developing a series of biocatalytic solutions to alkane gas 

production. We investigated (i) single vs multi-catalytic pathways from abundant waste 

feedstocks, (ii) multiple chassis screening and development, (iii) lab-scale production in vivo and 

(iv) finally proposed designs for multiple scaled bio-LPG production ‘hubs’, utilising local waste 

materials and taking advantage of the available infrastructure. This combinatorial approach is key 

in any commercial development as it focuses the research and development beyond simple proof-

of-principle demonstration, and directs progression towards practical solutions to 

process/economic bottlenecks. 

We have shown that sustainable and renewable solutions to highly efficient and clean-

burning bio-alkane fuels (tuneable bio-LPG) is possible. Further optimisation of the microbial 

chassis to achieve stable high titres, coupled to improvements in the bio-LPG bioprocess hub 

design will drive the concept towards the realisation of a commercially-viable process. Localisation 

of these hubs close to existing waste-generating heavy industry in both advanced and developing 

countries will assist with waste management, reduce the carbon footprint, and increase energy 

security. This could positively contribute towards global carbon management targets and clean air 

directives. 
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2.7. Supplementary Information 

2.7.1. Supplementary Figures 

 

Figure S1: Custom built blue light LED array. It is composed of 480 individual blue LEDs, giving an area of 396 cm2 of 
relatively consistent light intensity and a fixed average culture-to-LED distance of 8 cm. Light intensity was measured 
with a Li-Cor light meter with a Quantum sensor, with background light value (room lights) subtracted. Values are in 
µmol photons/s/m2 or µE. Each square is approx. 3 x 3 cm. 
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Figure S2: Expression of various CvFAP variants in E. coli. Protein from equal quantities of soluble cell lysate was resolved 
by SDS PAGE, visualized with a BioRad Gel Doc™ EZ Imager, and relative quantities of bands corresponding to CvFAP 
determined using instrument software. L, molecular mass ladder; WT, CvFAPWT. 
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Figure S3: Purification and activity assays of CvFAP and CvFAPG462I. (a) SDS-PAGE gels of CvFAP and CvFAPG462I 
purifications, showing soluble cell lysate, supernatant, purification flow-through, column washes, elution (imidazole 
concentrations in mM) and desalted protein. Absorbance spectra of (b) purified CvFAPWT and CvFAPG462I normalised to 
280 nm. Protein concentration was measured using absorbance at 280 nm using the extinction coefficient ε = 63 830 
M/cm, and FAD-bound protein concentration was measured using absorbance at 460 nm, using the flavoprotein 
extinction coefficient (ε = 11,300 M/cm). The flavination percentage of each protein (amount of FAD-bound protein in 
the total protein sample) was determined by calculating the 460 nm/280 nm ratio. The absorbance spectra show that 
the flavination of CvFAP is higher than that of CvFAPG462I. (c) Activity assay of 1 μM CvFAPWT and CvFAPG462I with different 
concentrations of butyric acid with overnight incubation under a blue LED array. Protein concentrations calculated for 
the enzyme assays were based on the concentration of FAD-bound protein. CvFAPG462I has higher activity with butyric 
acid than CvFAP as shown by propane production. (d) and (e) The number of enzyme turnovers was calculated by 
measuring the amount of pentadecane (d) or propane (e) produced after illuminating samples containing 1 μM enzyme 
and either 100 μM palmitic acid (d) or 50 mM butyric acid (e) with a blue LED array. Samples were illuminated for 45 
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minutes (d) or 90 minutes (e), after which no further product was formed. Data are the average of three technical 
replicates. (f) Absorbance spectra of CvFAP before and after light exposure with the blue LED for 15 minutes, showing 
changes in the flavin peak upon illumination. To standardize culture light exposure, we assembled a custom-built LED 
array light source composed of 480 individual blue LEDs, giving an area of 396 cm2 of relatively consistent light intensity 
and a fixed average culture-to-LED distance (8 cm; Figure S1). The average PFD (78 + 10 µmol photons/s/m2) was similar 
to the average for the 470 nm LED, but importantly it showed a higher consistency of light over a wider area, and its 
maximal wavelength was close to the absorbance maximum of CvFAPWT. This new light source gave greater 
reproducibility between replicate samples, allowing comparative studies to be performed. (g) Photoinactivation of 
CvFAP. Purified CvFAPWT and G462I variant were either kept in the dark or exposed to high intensity blue light for 15 
min (455 nm). Aliquots (1 ml) were sealed in glass vials (4 mL) with 50 mM butyric acid, and illuminated under the LED 

array at 30 C (180 rpm) for 90 min. 

 

Figure S4: Effect of butyrate concentration on propane production. (a) Effect of unbuffered butyric acid addition to 
culture medium (LB). Cultures of E. coli BL21(DE3) containing pETM11-CvFAP variants (b) G462V and (c) G462I for 
unbuffered and buffered medium, respectively in LB broth with kanamycin (50 µg/mL) were inoculated at 1% volume 
from overnight starter cultures and grown for a further 6 h at 37 °C at 180 rpm. CvFAP expression was induced with 
IPTG (0.1 mM), butyric acid was then added. Triplicate aliquots (1 mL each; technical replicates) were sealed in 5 mL 
glass vials and incubated at 30 °C for 16-18 h at 200 rpm, illuminated continuously under a blue LED panel. Headspace 
gas was analysed for propane content using a Micro GC (100 ms injection) with an Al2O3/KCl column. Error bars 
represent one standard deviation of the data (n = 3). Data points: black = butyrate consumption; red = propane 
production; blue = culture OD600 nm. 
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Figure S5: Propane production by Halomonas in a photobioreactor. Cultures were grown in high-salt glycerol medium 
at pH 6.8 (5 g/L yeast extract, 1 g/L glycerol, 60 g/L NaCl, 50 µg/mL spectinomycin and 0.5 mL/L antifoam; 400 mL) at 
30 °C with maximal stirring and 1.21 L/min aeration. For crude medium, seawater with supplemental NaCl and biodiesel 
waste glycerol were used in place of laboratory grade reagents. CvFAPG462V expression was induced with IPTG (0.1 mM) 
at mid-log phase, followed by the addition of sodium butyrate (60 mM pH ∼6.8) and blue light exposure (1656 
µmol/s/m2 photons) for up to 48 h. Culture growth was maintained at OD 680 of 1.0 by automated feed addition. 
Propane production was monitored every 20 minutes by automated headspace sampling using a Micro GC. 

 

 

Figure S6: Halomonas plasmid-borne or genomically integrated propane production. Propane production via (a) 
plasmid-borne constitutively expressed CvFAPG462V or (b) chromosomally integrated IPTG-inducible CvFAPG462V in a flat-
bed photobioreactor. Cultures were grown in high-salt glycerol medium at pH 6.8 (5 g/L yeast extract, 10 g/L glycerol, 
60 g/L NaCl, 50 µg/mL spectinomycin and 0.5 mL/L antifoam; 400 mL) at 30 °C with maximal stirring and 1.21 L/min 
aeration. CvFAP expression was induced with IPTG where required (0.1 mM) at mid-log phase, followed by the addition 
of sodium butyrate (60 mM pH ∼6.8) and blue light exposure (1656 µmol/s/m2 photons) for 48-102 h. Propane 
production was monitored every 20 minutes by automated headspace sampling using a Micro GC. The decline in 
propane production after ∼60-80 h is due to loss of cell viability due to prolonged light exposure. 
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Figure S7: Photoautotrophic propane production. Propane production from plasmid constructs in Synechocystis ∆aas 
from CO2 or butyrate feeding. Culture growth was performed in batch mode (sealed vials) in the presence or absence 
of 10 mM butyrate, and under standard photosynthetic conditions in a photobioreactor (see 3.3. Materials and Methods 
section). The following constructs were generated: (i) pIY894: Ptrc::fapG462V_cyano; (ii) pIY918: Ptrc::tes4, fapG462V_Ecoli; (iii) 
pIY906: Pcoa::tes4, fapG462V_ cyano; and (iv) pIY845: Pcoa::tes4. Ptrc = E. coli promoter lacking the lacI, making it a 
constitutive promoter. Red numbers indicate propane production monitored in a photobioreactor in the absence of 
butyrate supply, while black numbers were obtained from batch (flask) cultures in the presence of 10 mM butyrate. 
1Propane production detected in non-induced cultures. Each data point is an average of biological triplicates. Errors 
represent one standard deviation of the data. Tes4 = acyl-ACP thioesterase; EryR = erythromycin resistance gene. ND = 
not determined because the higher expression of the cyanobacterial codon optimised gene CvFAPG402V_cyano appeared 
to be toxic, and significantly reduced cell growth rates. 

 

 

Figure S8: Effect of blue light intensity on Synechcocystis photobleaching. The photobioreactor (400 mL) was set up in 
batch mode with starter culture diluted 3:1 in fresh BG11+ medium (BG11 pH 8.0 [1, 2] containing TES buffer and 1 g/L 
sodium thiosulphate) in the presence of 150 mM NaHCO3. Both pH control and CO2 supply were maintained using 1M 
NaHCO3 in 2 x BG11+. The culture was maintained at 30 °C with maximal stirring with an airflow rate of 1.21 L/min, 
illumination of warm white light (30 μE), automated pH maintenance (1M acetic acid in 2 x BG11+) and optical density 
monitoring (680 nm and 720 nm). After reaching an optical density of ∼0.5 (720 nm), cobalt (II) nitrate hexahydrate 
(150 µM) was added as required, the warm white illumination was increased to 60 μE the integral actinic blue LED light 
panel was activated to provide (a) 800 μE blue light initially then a reduction to 500 μE or (b) 500 μE blue light initially 
then a reduction to 300 μE. The culture was maintained at 30 °C for up to 140 hours. Inset: Culture samples at the end 
of the cultivation, showing photobleaching in (a) but not (b). 
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2.7.2. Supplementary Tables 

 

Table S1: Putative maturea amino acid sequences of the synthesised proteins. 

Protein Amino acid sequence 

CvFAP MASAVEDIRKVLSDSSSPVAGQKYDYILVGGGTAACVLANRLSADGSKRVLVLEAGPDNTSRDVKIPAAI

TRLFRSPLDWNLFSELQEQLAERQIYMARGRLLGGSSATNATLYHRGAAGDYDAWGVEGWSSEDVLSWFV

QAETNADFGPGAYHGSGGPMRVENPRYTNKQLHTAFFKAAEEVGLTPNSDFNDWSHDHAGYGTFQVMQDK

GTRADMYRQYLKPVLGRRNLQVLTGAAVTKVNIDQAAGKAQALGVEFSTDGPTGERLSAELAPGGEVIMC

AGAVHTPFLLKHSGVGPSAELKEFGIPVVSNLAGVGQNLQDQPACLTAAPVKEKYDGIAISDHIYNEKGQ

IRKRAIASYLLGGRGGLTSTGCDRGAFVRTAGQALPDLQVRFVPGMALDPDGVSTYVRFAKFQSQGLKWP

SGITMQLIACRPQSTGSVGLKSADPFAPPKLSPGYLTDKDGADLATLRKGIHWARDVARSSALSEYLDGE

LFPGSGVVSDDQIDEYIRRSIHSSNAITGTCKMGNAGDSSSVVDNQLRVHGVEGLRVVDASVVPKIPGGQ

TGAPVVMIAERAAALLTGKATIGASAAAPATVAA 

CcFAP MAGTVASTFRRTVPSSEAATTYDYIIVGGGAAGCVLANRLTEDPSTRVLLLEAGKPDDSFYLHVPLGFPY

LLGSPNDWAFVTEPEPNLANRRLYFPRGKVLGGSHAISVMLYHRGHPADYTAWAESAPGWAPQDVLPYFL

KSESQQSAVPNQDAHGYEGPLAVSDLARLNPMSKAFIKAAHNAAGLNHNPDFNDWATGQDGVGPFQVTQR

DGSRESPATSYLRAAKGRRNLTVMTGAVVERILFENPAGSSTPVATAVSFIDSKGTRVRMSASREILLCG

GVYATPQLLMLSGVGPAEHLRSHGIEIVADVPAVGQNLQDHAAAMVSFESQNPEKDKANSSVYYTERTGK

NIGTLLNYVFRGKGPLTSPMCEAGGFAKTDPSMDACDLQLRFIPFVSEPDPYHSLADFATAGSYLQNRAN

RPTGFTIQSVAARPKSRGHVQLRSTDVRDSMSIHGNWISNDADLKTLVHGVKLCRTIGNDDSMKEFRGRE

LYPGGEKVSDADIEAYIRDTCHTANAMVGTCRMGIGEQAAVDPALQVKGVARLRVVDSSVMPTLPGGQSG

APTMMIAEKGADLIRAAARQADAATVGAAA 

ChFAPb MAMRRLVYICAVATVTAAISSRSVPTSARRLIALRGGVAAAEQLAEEPWDYIIVGGGAAGCVMAERLSAA

EARVLVLEAGTDASRDLRIRVPAGLIKVFKSERDWDFTTEAGQGTSGRGIYLCRGKALGGSSCTNVMLYN

RGSPADYNSWVAAGAEGWGPDSVLHYYRKSENYVGGASQYHGVDGPLSVSDVPYENELSTAFLRAAGELG

YRRVHDFNDWSAPQEGFGRYKVTQRNGERCSAANAYLEGTEGRSNLCVRTGVHATRVTLEGSGDDLCAAG

VEYIGADGKPSRAQLAQGGEVLLSAGAVQSPQLLMLSGIGPRAHLEEVGIEVRKELDNVGVGLADHPAVV

VSCGSKKKVSVTDEIRLWGGSKTNPMALLRWLLWRRGPLTSVACEFGGFFKTKPDLKQADVQVRFVAARA

MSPDGITTLQQLGAGAKFLSGYTTQIIACRPQSTGLVRLRSSDPLAQPMLQDVHLSDDADVATLREGIKL

GRQLLAAKSFDQYRDEEVYPGVAVQSDEDIDAYVRKTTHSANALVGSCRMGRVDDQAAVLDPEMRVRGVG

SLRVVDASAMPHIIGGQTCGPTIMMAEKAADLVLRQRAEINAYMQQAQAYLAASAGAATPALSPAQAA 

CmFAP MAQYDFIIVGAGAAGCVLANRLSTAQFSNGDRRYPRVLLLEAGDALAEAPYFEHIPLGFPQLIGSRLDYG

FFSRENPTHLGGRGAVYLPRGRGEGGSHAISVMLVHRGSRHDYETWVKDYEALGWGPDDVLPYFKRLESN

ERTAQRGADGEAATALHGSDGPLRVSDQRSPNPLSLAFIEACLERGIRRNKDFNDWDHGQEGAGLFQVTQ

RDGRRESPATAYLQPVRSRRNLHIETNALAEHLVWSKDGRRVEGIRFIDRHGRRRAALAHCEVILAAGAI

NTPQLLMLSGLGPGAHLQDFGIPVVRDLPGVGQNLQDHAAVMLSYYAPDPYGKDRDKKRIFYTERLGKDP

LVLAEYFLLGRGPLTSPVCEAGAFVHTQAVIGEPSCDLQLRFVPFFSDADPYKSLGEYRSGGHVLTNTSI

RPAGFGLQAVAIRPRSRGRIELATIDPRARPIIHTGWLEDKRDLQTLLSGLKLGREILSGDSMRPYRGRE

AFPETLEDDLVTYIRRTCHTANAIVGTARMGTGRDAVVDPELRVHGVERLRVIDASVMPKIIGGQTGVPT

MMIAERGADLVKKTWKLV 

CrFAP MASVRAAAGPAGSEKFDYVLVGGGTASCVLANKLSADGNKKVLVLEAGPTGDAMEVAVPAGITRLFAHPV

MDWGMSSLTQKQLVAREIYLARGRMLGGSSGSNATLYHRGSAADYDAWGLEGWSSKDVLDWFVKAECYAD

GPKPYHGTGGSMNTEQPRYENVLHDEFFKAAAATGLPANPDFNDWSHPQDGFGEFQVSQKKGQRADTYRT

YLKPAMARGNLKVVIGARATKVNIEKGSSGARTTGVEYAMQQFGDRFTAELAPGGEVLMCSGAVHTPHLL

MLSGVGPAATLKEHGIDVVSDLSGVGQNLQDHPAAVLAARAKPEFEKLSVTSEVYDDKCNIKLGAVAQYL

FQRRGPLATTGCDHGAFVRTSSSLSQPDLQMRFVPGCALDPDGVKSYIVFGELKKQGRAWPGGITLQLLA

IRAKSKGSIGLKAADPFINPAININYFSDPADLATLVNAVKMARKIAAQEPLKKYLQEETFPGERASSDK

DLEEYIRRTVHSGNALVGTAAMGASPAAGAVVSSADLKVFGVEGLRVVDASVLPRIPGGQTGAATVMVAE

RAAALLRGQATIAPSRQPVAV 

CsFAP MAPAADKYDFILVGGGTAGCVLANRLTADGSKKVLLLEAGGANKAREVRTPAGLPRLFKSALDWNLYSSL

QQAASDRSIYLARGKLLGGSSATNATLYHRGTAADYDAWGVPGWTSQDALRWFIQAENNCRGIEDGVHGT

GGLMRVENPRYNNPLHEVFFQAAKQAGLPENDNFNNWGRSQAGYGEFQVTHSKGERADCFRMYLEPVMGR

SNLTVLTGAKTLKIETEKSGGATVSRGVTFQVNGQDGSKHSAELAAGGEVVLCAGSIHSPQILQLSGIGP

QAELRSKDIPVVADLPGVGQNMQDHPACLSAFYLKESAGPISVTDELLHTNGRIRARAILKYLLFKKGPL

ATTGCDHGAFVKTAGQSEPDLQIRFVPGLALDPDGIGSYTAFGKMKDQKWPSGITFQLLGVRPKSRGSVG
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LRSDDPWDAPKLDIGFLTDKEGADLATLRSGIKLSREIAAEPAFGAYVGNELHPGAAASSDSAIDSFIRD

TVHSGNANVGTCSMGVNGNAVVDPSLRVFGIRGLRVADASVIPVIPGGQTGAATVMVAERAAEILLGSNQ

KQPAAAVPAAQPALA 

GpFAP MAPVDPAEKYDYILVGGGTAGCVLANKLSADGNKKVLVLEAGPSGDSLEVAVPAGIARLFAHPVMDWGMS

SLTQKQLVAREIYLARGRLLGGSSGTNATLYHRGTSSDYDSWGLEGWTSKDVLDWFVKAECYGDGPKPYH

GNSGSMNVEQPRYQNPLHEEFFRAAAAAGIPANPDFNDWSRPQDGYGEFQVAQNKGQRADTYRTYLKPAL

SRGNLKVVTGARTTKVHIEKGSSGPRARGVEFATQQFGDRYSAQLAPGGEVLMCTGAVHTPHLLMLSGVG

PAAALREHGVDVVADLAGVGANLQDHPAAVVAVRAKPEFEKLSVTSEIYDEKCNIKLGAVAQYLFNRRGP

LATTGCDHGAFVRTSGSHSQPDLQMRFVPGCALDPDGVKSYIVFGELKKQGRAWPGGITLQLLAIRAKSK

GSIGLKAADPFINPAININYFSDPADLATLKQGVRMARDIARQEPLRKYLQEETFPGERASSDSDIEEYV

RRTVHSGNALVGTCAMGTSPAKGAVVSSSDLKVFGVEGLRVVDASVLPQIPGGQTGAATVMVAERAAALL

KGQTTMAPSRQPVAA 

PtFAPb MAYDYIICGGGLAGCVLAERLSQDESKRVLVLEAGGSDYKSLFIRIPAGVLRLFRSKYDWQHETGGEKGC

NGRNVFLQRGKILGGSSCTNVCLHHRGSAEDYNSWNIPGWTATDVLPFFKQSQKDETGRDATFHGADGEW

VMDEVRYQNPLSKLFLEVGEAAGLGTNDDFNNWSHPQDGVGRFQVSEVNGERCSGATAFLSKAAKRSNVI

VRTGTMVRRIDFDETKTAKGITYDLMGDDTCTVPCLKEGGEVLVTGGAIASPQLLMCSGIGPGKHLRSLG

IPVVHDNSAVGENLQDHPAAVVSFKTPQKGVSVTSKLRLFGKTNPIPVFQWLFFKSGLLTSTGCDHGAFV

RTSDSLEQPDLQIRFLAARALGPDGMTTYTKFRTMKTVEDGYSFQSVACRAKSKGRIRLSSSNSHVKPMI

DGGYLSNQDDLATLRAGIKLGRMLGNRPEWGEYLGQEVYPGPDVQTDEEIDEYIRNSLHTANALTGTCKM

GTGRGAVVGPDLRVIGVNGVRVADSSVFPCIPGGQTATPTVMIADRAAVFVR 

aThe exact cleavage site of the putative signal peptides to form mature FAP enzymes was estimated according to UniProt. bNo 
chloroplast or mitochondrial targeting sequence identified. Red = mutation to generate a N-terminal NcoI restriction site; Blue bold 
= location of the G462V mutation.  
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Table S2: Oligonucleotide and other DNA sequences in E. coli and Halomonas. 

Protein DNA sequence 

pPorin 102 

promoter 

TTGCGTCCTGATCGTAGTGCGTATAGAGTTTGAGACTTTACTAGAGAAAGAGGAGAAATACT

AG 

pPorin 69 

promoter 

TTGCGTGCTCATTGGCCAATGTATAGAGTTTGAGACTTTACTAGAGAAAGAGGAGAAATACT

AG 

Mutagenesis in E. coli 

CvFAPG462V 

 

CvFAPG462I 

  

CvFAPG462F 

 

CvFAPG462A 

 

CvFAPG462H 

 

CvFAPG462L 

 

CvFAPG462C 

 

CvFAPG462W 

 

CvFAPG462Y 

 

CvFAPG462N 

 

CvFAPG455F 

 

CvFAPG455I 

 

CvFAPG455V 

 

CvFAPG455W 

 

CvFAPG455L 

 

CvFAPY466W 

 

CvFAPV453L 

 

CvFAPV453W 

 

CvFAPV453F 

 

CvFAPV453I 

 

CvFAPT484I 

 

CvFAPT484L 

 

CvFAPT484E 

 

CvFAPT484A 

 

CvFAPA457L 

 

5’-GCACTGGATCCGGATGTTGTTAGCACCTATGTG-3’ 

5’-CACATAGGTGCTAACAACATCCGGATCCAGTGC-3’ 

5’-GATCCGGATATTGTTAGCACCTATG-3’ 

5’-CAGTGCCATACCAGGAACAAAAC-3’ 

5’-GATCCGGATTTTGTTAGCACC-3’ 

5’-CAGTGCCATACCAGGAACAAAAC-3’ 

5’-GCGGTTAGCACCTATGTGCGTTTTG-3’ 

5’-ATCCGGATCCAGTGCCATAC-3’ 

5’-CAGTGCCATACCAGGAACAAAACG-3’    

5’-CAGTGCCATACCAGGAACAAAAC-3’ 

5’-GATCCGGATCACGTTAGCACCTATG-3’ 

5’-GATCCGGATCTGGTTAGCACCTATG-3’ 

5’-GATCCGGATTGTGTTAGCACCTATG-3’ 

5’-GATCCGGATTGGGTTAGCACCTATG-3’ 

5’-GATCCGGATTATGTTAGCACCTATG-3’ 

5’-GATCCGGATAACGTTAGCACCTATG-3’ 

5’-GATCCGGATTATGTTAGCACCTATG-3’ 

5’-CAGTGCCATACCAGGAACAAAAC-3’ 

5’-GATCCGGATAACGTTAGCACCTATG-3’ 

5’-CAGTGCCATACCAGGAACAAAACG-3’ 

5’-GTTTTGTTCCTTTTATGGCACTGGATCC-3’ 

5’-GAACTTGCAGATCCGGCAG-3’ 

5’-GTTTTGTTCCTATTATGGCACTGGATCC-3’ 

5’-GAACTTGCAGATCCGGCAG-3’ 

5’-GTTTTGTTCCTGTTATGGCACTGGATCC-3’ 

5’-GAACTTGCAGATCCGGCAG-3’ 

5’-GTTTTGTTCCTTGGATGGCACTGGATC-3’ 

5’-GAACTTGCAGATCCGGCAG-3’ 

5’-TTTTGTTCCTCTGATGGCACTGGATCC-3’ 

5’-CGAACTTGCAGATCCGGC-3’ 

5’-GTGTTAGCACCTGGGTGCGTTTTG-3’ 

5’-CATCCGGATCCAGTGCCATAC-3’ 

5’-CAAGTTCGTTTTCTGCCTGGTATGGCAC-3’ 

5’-CAGATCCGGCAGTGCCTG-3’ 

5’-CAAGTTCGTTTTTGGCCTGGTATGGCAC-3’ 

5’-CAGATCCGGCAGTGCCTG-3’ 

5’-CAAGTTCGTTTTTTTCCTGGTATGGCAC-3’ 

5’-CAGATCCGGCAGTGCCTG-3’ 

5’-CAAGTTCGTTTTATTCCTGGTATGGCAC-3’ 

5’-CAGATCCGGCAGTGCCTG-3’ 

5’-GCCTGAAATGGCCGAGCGGTATTDHMATGCAGCTGATTGCATGT-3’ 

5’-CCTGGCTCTGAAATTTGGCAAAACG-3’ 

5’-GCCTGAAATGGCCGAGCGGTATTDHMATGCAGCTGATTGCATGT-3’ 

5’-CCTGGCTCTGAAATTTGGCAAAACG-3’ 

5’-GCCTGAAATGGCCGAGCGGTATTDHMATGCAGCTGATTGCATGT-3’ 

5’-CCTGGCTCTGAAATTTGGCAAAACG-3’ 

5’-GCCTGAAATGGCCGAGCGGTATTDHMATGCAGCTGATTGCATGT-3’ 

5’-CCTGGCTCTGAAATTTGGCAAAACG-3’ 

5’-GTTCGTTTTGTTCCTGGTATGNTTCTGGATCCGGATGGTGTTAGC-3’ 

5’-GCTAACACCATCCGGATCCAGAANCATACCAGGAACAAAACGAAC-3’ 
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CvFAPA457V 

 

CvFAPA457I 

 

CvFAPA457F 

5’-GTTCGTTTTGTTCCTGGTATGNTTCTGGATCCGGATGGTGTTAGC-3’ 

5’-GCTAACACCATCCGGATCCAGAANCATACCAGGAACAAAACGAAC-3’ 

5’-GTTCGTTTTGTTCCTGGTATGNTTCTGGATCCGGATGGTGTTAGC-3’ 

5’-GCTAACACCATCCGGATCCAGAANCATACCAGGAACAAAACGAAC-3’ 

5’-GTTCGTTTTGTTCCTGGTATGNTTCTGGATCCGGATGGTGTTAGC-3’ 

5’-GCTAACACCATCCGGATCCAGAANCATACCAGGAACAAAACGAAC-3’ 

Assembly of pHal1-FAPWT 

Vector opening 
 

Insert generation 

5’-TGCCACCGCTGAGCAATAAAA-3’ 

5’-CATCTAGTATTTCTCCTCTTTCTCTAGTA-3’ 

5’-GAGAAATACTAGATGGCCAGCGCAGTTGAAGATATT-3’ 

5’-TGCTCAGCGGTGGCATTATGCTGCAACGGTTGCCG-3’ 

Generation of FAPG462V in pET21b 

Vector opening 5’-CTGAAAGGAGGAACTATATCCGGATTG-3’ 

5’-AGTTCCTCCTTTCAGCTCTACGCCGGACGCATCGT-3’ 

Assembly of pTrc-ilvE-Hpad-KcdA-CvFAPG462I in pBbE1k 

Vector opening 
 

CvFAP PCR 
 

ilvE PCR 
 

Hpad PCR 

 

 

KdcA PCR 
 

OEP 

5’-TTCTTTATCCTCCTTCTTAAAAGATCTTTTGAATTCTGAAATTGTTATCCGCTC-3’ 

5’-GGATCCAAACTCGAGTAAGGATCTCC-3’ 

5’-CAGAACAAATAAAGGAGGATAAAGAAATGGCCAGCGCAGTTGAAG-3’ 

5’-CCTTACTCGAGTTTGGATCCTTATGCTGCAACGGTTGCCGG-3’ 

5’-TTAAGAAGGAGGATAAAGAAATGACCACCAAAAAAGCCGATTACATTTGG-3’ 

5’-TTCTTTATCCTCCTTCACTCGAGCTGATTAACCTGATCCAG-3’ 

5’-CAGCTCGAGTGAAGGAGGATAAAGAAATGGACTTTCATCATCTGGCCTATTGG-3’ 

5’CATTATACGAGCCGGATGATTAATTGTCAATCATGCTTCCAGGCTAATCCAAATGGTTTT

CAG-3’ 

5’-ATCTTTTAAGAAGGAGGATAAAGAAATGTATACCGTGGGTGATTATCTGC-3’ 

5’-GGCCATTTCTTTATCCTCCTTTATTTGTTCTGTTCCGCAAACAGTTTGC-3’ 

5’-GACACCATCGAATGGTGCAAAACCTTTCGCGG-3’ 

5’-GGCCATTTCTTTATCCTCCTTTATTTGTTCTGTTCCGCAAACAGTTTGC-3’ 
aItalics = Shine-Delgarno sequence.  

 

 

Table S3: Prefix and suffix oligonucleotides used for DNA assembly. 

Assembly Prefix linker Plasmid Suffix linker 

Plasmid: pIY918 or pJET-Ptrc-Tes4-CvFAPG462V  

 

1 

LRBS1-4P pIY840 LRBS2-4S 

LRBS2-4P pIY882 1S 

1P pIY345 [2] LRBS1-4S 

Plasmid: pIY906 or pJET-Pcoa-Tes4-CvFAPG462V 

 

2 

LRBS1-4P pIY840 LRBS2-4S 

LRBS2-4P pIY882 1S 

1P pIY417 [2] LRBS1-4S 

Plasmid: pIY894 or pJET-Ptrc-CvFAPG462V 

3 LRBS1-4P pIY882 1S 

1P pIY345 LRBS1-4S 

Plasmid: pIY845 or pJET-Pcoa-Tes4 

4 LRBS1-4P pIY840 1S 

1P pIY417 [2] LRBS1-4S 

Plasmids pIY345 and pIY417 are described in Yunus, I. S. and Jones, P. R. (2018) [1]. 
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Table S4: Prefix and suffix linker oligonucleotides. 

Adapter Linker  

Linker Name Sequence (5' to 3') Name Sequence (5' to 3') 

Prefix linkers    

1P-A TTTATTGAACTA 1P-L 
GGACTAGTTCAATAAATACCCTCTGACT

GTCTCGGAG 
1P 

LRBS1-4P-A ATCACAAGGAGGTA LRBS1-4P-L 
GGACTACCTCCTTGTGATTTACAACTGA

TACTTACCTGA 
LRBS1-4P 

LRBS2-4P-A ATCACAAGGAGGTA LRBS2-4P-L 
GGACTACCTCCTTGTGATTTTCTGCTAC

CCTTATCTCAG 
LRBS2-4P 

Suffix linkers 

1S-A 
TGTCGTAAGTAA 

1S-L 
CTCGTTACTTACGACACTCCGAGACAGT

CAGAGGGTA 
1S 

LRBS1-4S-A 
GACGGTGTTCAA 

LRBS1-4S-L 
CTCGTTGAACACCGTCTCAGGTAAGTAT

CAGTTGTAA 
LRBS1-4S 

LRBS2-4S-A CCAATAGTAACA LRBS2-4S-L 
CTCGTGTTACTATTGGCTGAGATAAGGG

TAGCAGAAA 
LRBS2-4S 

 

 

 

Table S5: Screening of putative FAP homologues in E. coli. 

Homologue Soluble expression Propane production (mg/L culture) 

CvFAP High 0.336 ± 0.021 

CrFAP High 0.495 ± 0.073 

GpFAP Medium 0.164 ± 0.016 

CcFAP Low 0.001 ± 0.002 

ChFAP Low 0.009 ± 0.002 

CsFAP Medium 0.131 ± 0.021 

PtFAP Low ND 

CmFAP Low 0.002 ± 0.004 

Cultures were grown in LB medium containing kanamycin (30 µg/mL) at 37 °C at 200 rpm until 0.2 OD600 nm followed 

by temperature reduction to 25°C. Recombinant protein expression was induced at 0.6-0.8 OD600 nm with 0.5 mM IPTG 

and the cultures were incubated overnight at 17 °C. Cells were lysed by sonication and centrifuged (48000 × g, 4°C, 

30 min). 400 µM butyric acid was added to 1 ml clarified lysate and sealed in 4 ml glass vials with gas-tight caps with 

septa. The reactions were incubated at 30 °C for 24 h at 200 rpm under a blue light LED. Headspace gas was analysed 

for propane content using a Micro GC with an Al2O3/KCl column. Further experiments focused on CvFAP due to its 

high solubility and availability of crystal structure to inform rational engineering of the enzyme. Error bars represent 

one standard deviation of the data from technical replicates (n = 3). ND = none detected. 
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Table S6: Propane production by CvFAPWT and variants in E. coli. 

 

Variant 

Propane production  

(mg/L culture) 

Relative activitya  

(mg/L culture, normalised) 

WT 0.67 + 0.24 0.67 + 0.24 

V453F 0.95 + 0.14 0.74 + 0.11 

V453I 1.81 + 0.55 1.51 + 0.45 

V453L 0.33 + 0.18 0.32 + 0.17 

V453W 1.25 + 0.13 1.47 + 0.16 

G455F 0.29 + 0.07 0.25 + 0.06 

G455I 0.08 + 0.01 0.15 + 0.02 

G455V 0.05 + 0.00 0.06 + 0.00 

G455W 0.25 + 0.16 0.33 + 0.21 

G455L 0.08 + 0.10 0.19 + 0.24 

A457F 0.02 + 0.02 - 

A457I 0.03 + 0.10 0.03 + 0.11 

A457L 0.04 + 0.08 0.05 + 0.12 

A457V 0.07 + 0.15 0.07 + 0.16 

G462A 7.14 + 1.09 16.85 + 2.58 

G462C 3.94 + 2.38 5.90 + 3.57 

G462F 7.00 + 0.38 9.36 + 0.51 

G462H 0.04 + 0.02 0.04 + 0.02 

G462I 10.77 + 1.19 14.75 + 1.63 

G462L 0.02 + 0.01 - 

G462N 0.53 + 0.08 0.83 + 0.12 

G462V 3.41 + 2.99 3.25 + 2.85 

G462W 0.61 + 0.19 0.57 + 0.18 

G462Y 0.83 + 0.46 1.62 + 0.91 

Y466W 0.23 + 0.08 0.48 + 0.15 

T484A 0.03 + 0.03 0.02 + 0.02 

T484E 0.01 + 0.01 0.02 + 0.01 

T484I 0.00 + 0.01 0.01 + 0.01 

T484L 0.03 + 0.05 0.04 + 0.05 

5 ml overnight cultures (LB medium containing 30 µg/mL kanamycin) were started from 3 individual bacterial colonies on a 

transformation plate of each CvFAP variant in pETM11 (biological replicates). Cultures (20 mL) were grown in LB medium at 37 °C 

until OD600 nm = ∼1.0. Recombinant protein expression was induced with IPTG (0.1 mM) and cells were grown for 1 hour more at 30 

°C. 1 ml of culture was transferred to a 4 ml glass screw-top vial and 10 mM butyric acid was added. Vials were sealed and incubated 

at 30 °C for 16-18 h at 200 rpm, illuminated with a blue LED array. Headspace gas was analysed for gaseous hydrocarbon content 

using a Micro GC. Normalised data were calculated by dividing the propane yields (mg/L culture) by the relative protein 

concentration compared to the wild type (WT) enzyme (Figure S2). Error bars represent one standard deviation of the data using 

biological triplicates (n = 3). aLysates of A457I and G462L did not show visible bands on SDS PAGE. Discussion on the statistical 

analysis of this data and Table S10 is found in Supplementary Note S2.  
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Table S7: Molecular docking of CvPASWT and variants with butyrate and palmitate. 

 

Variant 

∆∆G (kcal/mol) Kd 

Butyrate Palmitate Butyrate Palmitate 

WT 0.00 0.00 1.00 1.00 

G462V -0.20 2.20 0.72 40.1 

G462I -0.20 2.00 0.72 28.6 

G462L -0.20 0.00 0.72 1.00 

V453I -0.10 0.20 0.85 1.40 

G455I -0.20 -0.40 0.72 0.51 

Y466W 0.10 1.30 1.18 8.85 

T484I 0.00 0.40 1.00 1.96 

A457V -0.10 0.90 0.85 4.53 

Molecular docking simulations were performed using Autodock Vina and the wild-type crystal structure of CvFAP [3]. Values of the 

predicted binding affinity are given relative to the WT (∆∆G = ∆Gvariant - ∆GWT) and dissociation constants are normalized against the 

values for WT (Kd = Kd,variant / Kd,WT). 

 

 
Table S8: Propane production by CvFAPWT and variants with pH control. 

Variant Propane production (mg/L culture) 

CvFAPWT 17.07 ± 1.56 

CvFAPG462I 62.19 ± 2.47 

CvFAPG462V 34.19 ± 2.75 

5 ml overnight cultures (LB medium containing 30 µg/ml kanamycin) were started from 3 individual bacterial colonies on a 

transformation plate of each CvFAP variant in the pETM11 vector (biological replicates). 20 ml cultures were inoculated the next 

morning with 1% of the overnight culture and grown at 37 °C with shaking at 180 rpm until OD600 nm = ∼1.0. The cells were inoculated 

with 0.1 mM IPTG and grown for 1 hour more at 30 °C with shaking at 180 rpm. 1 ml of culture was transferred to a glass screw-

top vial (4 ml) and 50 mM butyric acid was added (1M stock in water, pH 6.8). 50 mM K2HPO4 was added to control pH of reactions. 

Vials were sealed with gas-tight caps with septa and incubated overnight under a blue light LED array at 30 °C with shaking at 200 

rpm. Propane analysis was done by manual injection of 2 ml samples and quantified using a Micro GC. Errors represent one standard 

deviation of the data using three biological and technical replicates (n = 9). Discussion on the statistical analysis of this data and 

Table S8  is found in Supplementary Supplementary Note S2. 

 

 
Table S9: Hydrocarbon production by variant CvFAP with short-chain fatty acids. 

Variant 

Substrate acid 

Butyric Isobutyric Valeric 2-MB Isovaleric 

Propane 

(mg/L culture) 

Butane 

(mg/L culture) 

Isobutane 

(mg/L culture) 

WT 7.0 + 0.6 6.1 + 2.4 17.7 + 1.9 7.1 + 1.4 5.6 + 0.3 

G462A 17.6 + 0.7 5.0 + 1.2 33.5 + 6.5 50.0 + 11.4 30.2 + 3.9 

G462I 43.8 + 3.1 36.9 + 5.4 47.1 + 7.8 95.4 + 5.8 86.8 + 10.8 

G462F 31.2 + 0.7 31.4 + 3.3 27.7 + 0.8 38.5 + 10.9 28.6 + 4.0 

G462V 24.5 + 5.0 24.3 + 1.6 21.9 + 0.7 12.2 + 2.1 17.4 + 2.0 

Cultures of E. coli BL21(DE3) ∆yqhD ∆yjgB with pETM11-CvFAP variants (3 biological replicates) in LB medium containing kanamycin 

(50 µg/mL) were inoculated at 1% volume from overnight starter cultures and grown further at 37 °C to 0.6-0.8 OD600 nm 

Recombinant protein expression was induced with IPTG (0.1 mM) and cultures were supplemented with different short-chain fatty 

acids (10 mM). Triplicate 1 mL aliquots were sealed into 5 mL glass vials and incubated at 30 °C for 16-18 h at 200 rpm, illuminated 

continuously under a blue LED panel. Headspace gas was analysed for propane content using a Micro GC (100 ms injection) with 

an Al2O3/KCl column.  Errors represent one standard deviation of biological triplicates (n = 3). WT = wild type; 2-MB = 2-

methylbutyric acid.  
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Table S10: Effect of VFA blends on gaseous hydrocarbon production by CvFAPWT. 

Butyric Acid 

(%) 

Valeric acid 

(%) 

Propane 

(mg/L culture) 

Butane 

(mg/L culture) 

0 0 0.6 + 0.06 0.03 + 0.00 

0 100 0.21 + 0.01 17.13 + 0.31 

20 80 3.62 + 0.13 13.74 + 0.42 

30 70 5.76 + 0.04 13.15 + 0.03 

35 65 6.43 + 0.25 11.87 + 0.5 

40 60 7.39 + 0.22 10.99 + 0.07 

50 50 8.75 + 1.04 8.37 + 0.91 

60 40 11.67 + 0.66 7.41 + 0.29 

70 30 11.96 + 1.32 5.02 + 0.59 

80 20 14.04 + 0.22 3.72 + 0.05 

90 10 17.29 + 0.53 1.95 + 0.04 

92 8 17.56 + 0.31 1.57 + 0.05 

95 5 17.10 + 0.24 0.99 + 0.02 

100 0 19.32 + 1.55 0.00 + 0.00 

Cultures in LB were grown and induced with IPTG (0.1 mM) as already described (Table S9), then supplemented with butyric/valeric 

acid mixtures (10 mM total). Triplicate 1 mL aliquots were sealed into 5 mL glass vials and incubated at 30 °C for 16-18 h at 200 

rpm, illuminated with a blue LED panel. Headspace gas was analysed for gaseous hydrocarbon content using a Micro GC. Errors 

represent one standard deviation of the data from biological duplicates (n = 2).  

 

Table S11: Effect of valine supplementation on hydrocarbon production by CvFAPG462I. 

Valine 

(mg/mL) 

Propane 

(mg/L culture) 

Isobutane 

(mg/L culture) 

Butane 

(mg/L culture) 

0 6.33 + 0.31 30.13 + 1.45 7.37 + 0.33 

1 22.16 + 1.57 28.44 + 1.46 7.15 + 0.34 

2 39.07 + 0.64 28.07 + 1.10 7.23 + 0.26 

4 51.26 + 5.96 20.76 + 2.88 5.43 + 0.75 

8 73.02 + 5.55 17.39 + 1.28 4.85 + 0.30 

10 56.44 + 2.96 9.69 + 0.45 2.84 + 0.12 

15 75.71 + 3.77 9.48 + 0.44 2.86 + 0.14 

20 93.95 + 3.69 9.24 + 0.52 3.00 + 0.21 

25 81.90 + 4.46 6.61 + 0.38 2.25 + 0.12 

30 109.72 + 6.34 5.83 + 0.37 2.10 + 0.14 

Cultures (20 mL; 3 biological replicates) were grown in LB medium containing kanamycin (50 µg/mL) at 37 °C until OD600 nm reached 

∼0.6-0.8. Recombinant protein expression was induced with IPTG (0.1 mM) followed by culture supplementation with valine (0-35 

mg/L) after 1 h at 30 °C. Triplicate aliquots (1 mL) of each culture were sealed into 4 mL glass vials and incubated at 30 °C for 16-18 

h at 200 rpm, illuminated with a blue LED panel. Headspace gas was c for hydrocarbon content using a Micro GC. Errors represent 

one standard deviation of the data from biological and technical triplicates (n = 9). 
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Table S12: Propane production by CvFAPG462V in Halomonas. 

Butyric acid (mM) Additive Propane (mg/L culture) 

0 None 0.9 + 0.1 

10 None 54.9 + 1.4 

20 None 96.7 + 1.6 

30 None 117.2 + 15.4 

40 None 119.7 + 15.3 

50 None 138.4 + 6.32 

60 None 133.7 + 2.25 

80 None 157.1 + 17.14 

100 

57.8 + 8.7 

None 

(Synechocystis)a 

102.2 + 7.0 

25.3 + 5.8 

Cultures of Halomonas TQ10-MmP1 containing pHal2-CvFAPG462V were grown in YTN6 medium (yeast extract 5 g/L, tryptone 10 g/L, 

NaCl 60 g/L, pH 9.0/NaOH) containing spectinomycin (50 µg/mL) were inoculated from overnight starter cultures at 1% volume and 

grown at 37 °C at 180 rpm to 1.0–1.2 OD600 nm. Recombinant protein expression was induced with IPTG (0.1 mM). Cultures were 

adjusted to pH 6.8 by combined addition of KH2PO4 (50 mM) and butyrate (1-25 mM)*. Triplicate 1 mL aliquots were sealed into 5 

mL glass vials and incubated at 30 °C for 16-18 h at 180 rpm, illuminated continuously under a blue LED array. Headspace gas was 

analysed for propane content using a Micro GC (100 ms injection) with an Al2O3/KCl column. Error bars represent one standard 

deviation of the data from technical triplicates (n = 3). Optimal culture pH for propane production by CvFAP in Halomonas was pH 

6.5-7.0. It was therefore necessary to adjust the pH of the butyrate solution accordingly prior to mixing with the culture.  
aSynechocystis cell culture in BG11 medium containing ∼50 mM butyric acid produced during growth, as measured by HPLC, were 

lysed osmotically by 1:1 addition to 2 x LB60 medium and subsequently used for growth and propane production of Halomonas 

over-expressing CvFAPG462V. The addition of the lysed Synechocystis cellular material reduced the propane titre relative to pure 

butyric acid addition 138.4 mg/L from 50 mM pure butyrate vs 25.3 mg/L. 
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2.7.3. Supplementary Notes 

 

 Note S1: Techno-Economic Analysis (TEA) and Carbon Footprint Analysis [4-7]. 

 

 

Figure S9: Process flow diagram of a conceptual continuous photocatalytic bio-propane process. 

As presented in the main manuscript, a bioprocess has been developed based on a 

recombinant Halomonas strain (Halomonas XV12), which is capable of using glycerol and butyrate 

as the main carbon sources to synthesise biomass, propane and chemicals. A preliminary techno-

economic analysis (TEA) is conducted for the said bioprocess (Figure S9) in order to provide 

projected economics and establish benchmarks to assess the state of technology based on current 

research performance. The objective in this TEA is to estimate the production costs for the main 

unit operations for such a plant at pilot scale (base case: 3×1 m3 reactor working volume). Based 

on the operating costs and an estimated fixed capital cost of £500,000 (offered by a leading 

commercial supplier), we proceeded to estimate the minimum propane selling price (MPSP), 

namely the price at which propane must be sold in order to generate a net present value of 0 for 

a specified return by the end of the plant life. 
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Table S13: General design basis for base case propane manufacturing process. 

Parameter (utility) Value Sources 

Electricity price (£/kWh) 

(typical price for middle to large scale process in the industry)  
0.125 

Industrial energy  

price statistics (gov.uk) 

Electricity price (£/kWh) (onshore wind turbine) 0.06 Business Electricity Prices 

Crude glycerol unit price ($/kg) (composition, 80% glycerol) 0.115 Alibaba 

Process water price (£/m3) 1.361 Thames Water Utilities Ltd 

Wastewater price (£/m3) 0.892 Thames Water Utilities Ltd 

Compressor specific power (kW/(m3/h)) 0.083 100 psia delivery, air compressor 

Parameter (material) Value Sources 

Ammonium phosphate price ($/kg) (industrial grade) 0.150 

(Alibaba, RPI, ICIS) 

NaCl price ($/kg) 0.04 

Other medium ingredients, including IPTG ($/m3 of medium) 126.8 

Other medium ingredients, excluding IPTG ($/m3 of medium) 4.37 

Crude glycerol unit price ($/kg) 

(composition: 80% glycerol,14% water, 6% NaCl) 
0.115 

NaCl price ($/kg) 0.04 

Parameter (process) Value Sources 

NaCl concentration in sea water (g/l) 35 

Assumed 
Fermenter residence time (h) 24 

Fermenter working volume (pilot scale) (l) 1000 

Compressor specific power (kW/(m3/h)) 0.083 

Conceptual design 

TEA starts with the conceptual design of the proposed process. The process flow diagram for 

a pilot-scale, continuous bioprocess is presented in Figure S9, which includes five unit operations: 

1) Biomass enrichment 

2) Anaerobic digestion 

3) Photo-catalytic fermentation 

4) Waste treatment and biomass recovery 

5) Propane purification 

TEA simulation was performed in MATLAB 2019a and MS Excel. The general TEA information 

regarding utility prices, material purchase and selling price are summarised in Table S13. Process 

descriptions and process-specific TEA assumptions are detailed in the following sections. 
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Biomass enrichment 

Crude glycerol is used as the carbon source for the Halomonas strain. Carbon sources and 

nutrients are continuously fed into an aerobic fermenter along with other nutrients. A continuous 

stirred tank reactor (CSTR) is used as it is good at handling viscous fermentation broths and 

providing mixing to ensure efficient mass and energy transfer. This unit operation purely focuses 

on the enrichment of Halomonas biomass, as high cell density is crucial to achieving high propane 

productivity in the subsequent step. The fermenter model was simulated under the assumption 

that two simultaneous biochemical reactions take place: biomass synthesis (Equation 2) and 

respiration (Equation 3). 

𝐶3𝐻8𝑂3 + 0.883𝑂2 → 3𝐶𝐻1.41𝑂0.96 + 1.885𝐻2𝑂 Equation 2 

𝐶3𝐻8𝑂3 + 3.5𝑂2 → 3𝐶𝑂2 + 4𝐻2𝑂 Equation 3 

No propane is produced at this stage due to the absence of light source. The assumptions 

regarding biomass enrichment are summarised in Table S14. 

Table S14: TEA assumptions for biomass enrichment unit. 

Parameter Value 

Dry cell density (gCell/l) 10 

Temperature (°C) 30 

Fermenter residence time (h) 24 

Fermenter working volume (pilot scale) (l) 1000 

Specific power input (P/V) (W/L) 1.5 

Halomonas elemental formula [6] CH1.41N0.39O0.96P0.18 

Carbon split ratio between respiration and biomass synthesis 0.5 

Compressor specific power (kW/(m3/h)) 0.083 

Aeration rate (vvm) 1 

Anaerobic digestion (AD) 

Butyric acid utilised by the Halomonas strain to produce propane is sourced from an 

anaerobic digestion (AD) process. AD is a versatile valorisation method for organic waste 

materials, typically used to produce biogas (mainly methane) [7]. Volatile fatty acids (VFAs), 

including butyric acid, are intermediates in the methane formation pathway of conventional AD 

processes, which means they can be produced in a similar manner to biogas in an anaerobic 

digestor.  

Food wastage is an increasingly recognised global issue, which has put a heavy price on our 

economy, health and environment. According to the Food and Agriculture Organisation (FAO), 
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approximately 1.3 billion tonnes of food is wasted [8]. In the UK, the annual amount of house food 

waste is over 7 million tonnes [9], of which around 10% can be collected separately by local 

authorities owing to the waste collection practices enforced by the UK government. This has 

promoted numerous opportunities for utilising food waste for VFAs production. Food waste has a 

great potential as a VFA fermentation substrate due to its high VFA yield (i.e. up to 0.43 gVFA/g 

substrate) [7]. VFAs produced from AD is primarily a mixture of acetate, propionic, butyric, caproic 

and valeric acids, while the exact composition is subject to the type of organic matters, 

fermentation conditions and microbial cultures used [10]. It has been shown that by selectively 

feeding starch-rich food waste and employing strains such as Clostridiales as microbial producers, 

butyrate accumulation can be significantly enhanced [11]. In a study where kitchen food waste is 

used as the feedstock, an AD process inoculated with the digestion sludge from a local wastewater 

treatment process can yield 41 g/L of VFAs in 55 hours [12]. Butyrate content in VFAs varies 

between 19-51% depending on the oil and salt content of the food waste. The butyrate and other 

VFAs produced need to be separated and concentrated from the digestate suspension by means 

of filtration and reverse osmosis before being feed to downstream processes.  

Due to the lack of examples of commercial production of VFAs by AD and available TEA data, 

we based the calculation of butyrate production cost partially on a recent feasibility study of a 

biogas generating AD process in France [13]. The assumptions regarding AD are detailed in Table 

S15. 

Table S15: TEA assumptions for the production of butyrate through anaerobic digestion. 

AD parameters and conditions Description/value 

AD process type CSTR 

Feed type Food waste, preferably rich in starch   

Butyrate content in VFA 40% 

VFA yield 200 gVFAs/kg feed 

Hydraulic retention time (hours) 55 

Final butyrate concentration (kg/m3) 20 

Operating cost breakdown $/kg butyrate 

Water 0.002 

Gasoil 0.015 

Air treatment 0.017 

Water treatment 0.015 

Others 0.029 

Refuse to landfill 0.256 

Hazardous water treatment 0.043 

Separation 0.007 

Total OPEX 0.355 



125 
 

 

Photocatalytic fermentation 

During photocatalytic fermentation, culture broth containing sufficient Halomonas biomass 

produces propane from butyric acid in the presence of blue light source (wavelength: 450 nm to 

470 nm). This unit operation consists of two LED-lit, flat panel photobioreactors (PBRs) connected 

in series. Illumination specifications and requirements were first measured in a 400 ml lab-scale 

flat panel PBR with 50 mm light path (Table S16). The data were then extrapolated to predict the 

illumination requirements in larger-scale PBRs. 

Table S16: Illumination parameters in photobioreactors. 

Illumination parameters (Small PBR) Value 

Optimal incident light intensity (µmol photon/s/m2), determined 
experimentally 

1650 

Light wavelength (nm) 465 (blue) 

Incident light intensity (W/m2) 425 

Light path length (mm) 50 

Test absorbance (OD465nm). OD465nm was measured by 
photospectrometer (light path length=10mm) 

1 

Correlations between absorbance (OD465) and biomass 
concentration X (g/l) 

𝑂𝐷 = 4.063𝑋 (𝑋 ≤ 0.2) 

𝑂𝐷 = 1.237X3 − 3.8942X2 + 4.5063X
+ 0.1157 (0.2 ≤ 𝑋 ≤ 1) 

𝑂𝐷 = 0.3281 ln(X) + 1.968 (𝑋 ≥ 1) 

Estimated average light intensity of illuminated space (µmol 
photon/s/m2) 

216 

Typical luminous efficiency of LED 0.48 

Illumination parameters (Pilot-scale PBR) Value 

Light path (mm) 150 

 

According to experimental results, the optimal propane productivity in the small-scale PBR is 

achieved when incident light intensity equals 1650 microeinsteins (where the culture absorbance 

at 465nm wavelength equals 1). Light intensity I along the light path can be expressed using Beer-

Lambert Law (Equation 4): 

log10 (
I0

I
) = absorbance(OD465) = εXl Equation 4 

Where I0 is the incident light intensity, X stands for biomass concentration, l stands of the 

light path length and ε stands for the absorptivity. Due to the light scattering effect by cells, the 

absorptivity of cell culture is not constant, but rather a function of biomass concentration (namely 
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ε=f(X)). In sufficiently mixed cell culture, the average light intensity of illuminated space is given 

by Equation 5: 

Iaverage =
1

l
∫ I

l=l

l=0

dl =
I0

l
∫ 10−εXl

l=l

l=0

dl Equation 5 

The illumination area for the pilot-scale PBRs can be adjusted accordingly to provide the same 

level of average light intensity as in the lab-scale PBR. 

The design parameters related to propane production are summarised in Table S17. 

Digestate containing butyrate from the upstream AD process is fed into PBRs after being adjusted 

to appropriate pH. In the first PBR, the butyrate concentration is maintained at 50 mM, which is 

optimal for the propane synthesis. In the second PBR, conversion of butyrate to propane 

continues, but at a slower rate due to having lower butyrate concentration. The influence of 

reduced substrate concentration on propane synthesis is taken into account with a Michaelis-

Menten type kinetic equation (Table S17). According to experimental observation, 75% of the 

carbon in butyrate is converted to propane, with the rest converted to CO2. Therefore, the gas 

stream from PBRs is a mixture of propane, carbon dioxide and a small amount of moisture. 

Table S17: Propane production parameters and assumptions. 

Process parameters Value 

Butyrate concentration in reactor 1 (mM) 50 

Maximum specific propane production rate 
𝑞𝑚𝑎𝑥  (mg/gCell-h) 

28.8 

Kinetic equation for propane production 

𝑑𝑃

𝑑𝑡
= 𝑥𝑣𝑞𝑚𝑎𝑥

𝑆

𝑆 + 𝐸
𝑘 

where dP/dt = production rate of propane (g/l-h) 

𝑥𝑣 = cell density (g/l) 

𝑞𝑚𝑎𝑥  = max specific propane production rate (see above) 

S = concentration of butyrate (mM) 

k = 1.11, constant 

Butyrate to propane yield (w/w) 3 

Temperature (°C) 30 

Reactor 1&2 working volume (L) 1000 

Specific power input (P/V) (W/L) 1.5 

It should be noted that AD digestate is a complex medium consisting of not only butyrate but 

also other compounds that may interfere with propane synthesis in PBRs. In the present base 

case, we benchmark the process performance by neglecting the potential side effects of impurities 

in butyrate feed on the metabolic activity of cells. Nonetheless, for future studies, such effects 
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must be carefully taken into account as a relevant factor for determining whether the AD-derived 

butyrate is the optimal substrate for propane synthesis. 

Biomass and waste recovery 

Waste broth discharged from PBRs contains unreacted organic nutrients (glycerol, butyrate 

etc), salts and genetically modified biomass that are worthy of recovery. First of all, microbial 

biomass contains different levels of amino acids, fatty acids, vitamin, etc, which make it a potential 

source for use in aquaculture feed supplement [14, 15]. Secondly, Halomonas sp. accumulates 

ectoine in the cytoplasm to help maintain conformation and activity of proteins when living in 

halophilic environments. According to our experiments, Halomonas XV21 produces approximately 

0.15-0.2 g of ectoine per g of dry cell mass. Ectoine is a compound of relatively high commercial 

value, typically used as active ingredients in skincare products and enzyme stabiliser [16]. 

Recovering organic matters from the waste broth is an important means to strengthen the 

economic potential of this process, meanwhile reducing the generation of wastes. To maximise 

the recovery of usable constituents in the waste broth, the following additional steps are 

considered: 

1) Separation and concentration of biomass from culture broth via microfiltration and 

centrifugation. 

2) Subject the cell concentrate to osmotic down shock by dilution with water, forcing the 

release of ectoine. This step is known as “bacterial milking” [17].  

3) Released ectoine is further purified by cross-flow filtration, chromatography and 

crystallisation and drying [18], resulting in ectoine powder with high purity (>98%). 

4) Desalting and drying of biomass. 

5) Milling of biomass and pelletisation. 

6) Decontamination and disposal of biological waste through specialised contractors. 

Assumptions regarding biomass recovery and ectoine extraction are summarised in Table 

S18. Economic parameters regarding the production of aquafeed are taken from a TEA for single-

cell protein process conducted by Litchfield [19]. On the other hand, despite that “bacterial 

milking” technique has been invented for more than two decades, there was no published 

information for extraction and purification of ectoine in from large scale production processes to 

allow for accurate estimation of the production cost of ectoine. To compensate for known 

underestimation, ectoine is only sold for half of its market price in our case study. 
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Table S18: TEA assumptions for aquafeed and ectoine production. 

Parameter  Value 

Electricity  2.06kWh/ kg DCW processed 

Steam requirement 2.3kg/kg DCW processed 

Conversion of DCW to fishmeal 90% wt 

Ectoine content 0.15g/gDCW 

Ectoine recovery 60% 

Ectoine price ($/kg) 1000*50% 

Aquafeed ($/kg) 1.5 

Waste treatment ($/m3 broth) 1.18 

 

Propane purification (99% minimum purity) 

The fermentation gas from PBRs is a mixture of propane (49 wt%), CO2 (49 wt%) and water 

moisture (2 wt%). This unit operation starts with removal of carbon dioxide from propane. This is 

achieved through gas-scrubbing, a common technique used in carbon capture processes. The gas 

is passed through an amine-based solvent which chemically absorbs CO2, and is held in aqueous 

phase [4]. The solvent is then heated to release CO2 as a gas stream in a stripping column. 

Following CO2 removal, a desiccant-based dehydration unit is in place to remove any remaining 

moisture in the gas. The dried propane stream is essentially pure, and could be liquefied and 

stored in gas canisters (150 psi) for transport. Overall, the operating cost of this unit has three 

portions: desiccant cost, CO2 capture cost and propane liquefaction cost. The economic 

assumptions are listed in Table S19. 

Table S19: TEA assumptions for propane purification. 

Parameter Value 

Carbon capture power cost (kWh/tonne CO2). Potassium carbonate-based solvent [4] 1167 

Compressor specific power (kW/(m3/h)), 335 psia delivery, propane liquefier 0.5 

Desiccant price ($/kg), (desiccant/water ratio = 1/3) 2.6 

 

 

 

 

 

 

 



129 
 

TEA methodology 

Cost estimation 
 

Table S20: Heuristics and empirical correlations for cost estimation [20, 21]. 

Heuristics for estimation of working capital WC 

Parameter Value 

Working capital 10% ISBL 

Heuristics for estimation of fixed capital cost FC 

Parameter Value 

Inside battery limit cost (£) for the base case (Case 1) 275,000 

FC (£) 500,000 

Heuristics for estimation of fixed cost of production FCOP 

Parameter Value 

Shift posts 2.69 

Operator per shift 4.5 

Salary (£ per capita/yr) 25000 

Supervision 25% Labour cost 

Direct salary overhead 40% (Supervision + labour) 

Maintenance 5% ISBL 

Property tax 2% ISBL 

Rent 2% (ISBL + OSBL) 

General plant overhead 65% (Labour + Supervision + Direct salary overhead) 

Environmental charge 1% ISBL+OSBL 

Exchange rate (GBP to USD) 1.30 

 

Variable costs of production and revenue 

The variable costs of production (VCOP) sum up the spending on raw materials, consumables, 

utilities and other costs that are proportionate with the plant outputs. Revenue is the income 

generated by selling fermentation products. Key unit prices used for calculating VCOP and revenue 

have already been summarised in Table S13. 

Fixed costs of production and working capital 

Fixed costs of productions (FCOP), including rent, insurance charge and maintenance, were 

estimated from capital investment, in addition to labour cost (with £25,000 per shift per year) and 

related overhead charges. Working capital (WC) covering the plant start-up cost, inventory and 

accounts receivable/payable were estimated from ISBL. 
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Economic analysis method 

The base case analysis was conducted for a plant designed for 15-years operation. The plant 

is depreciated using the straight-line method over a 7-year period (i.e. half of the project life). We 

used the discounted cash flow (DCF) method to evaluate the plant’s feasibility. DCF analysis finds 

the minimum propane selling prices (MPSP) at which propane must be sold in order to generate 

a net present value (NPV) of zero for a specified hurdle rate by the end of the project (Equation 

6).  

NPV = ∑[𝐶𝐹𝑁/(1 + 𝑖)𝑁]

𝑁=𝑡

𝑁=1

 Equation 6 

Where i is the hurdle rate and N is the project life in years. CFN is the cash flow in the Nth 

year. Major financial assumptions used in TEA are summarised in Table S21. 

Table S21: Financial assumptions for TEA. 

Financial assumptions 

Parameter Value 

Project length (year) 15 

Plant depreciation schedule Proportional 

Depreciation period (year) Half of project length 

Debt ratio  0.4 

Equity ratio 0.6 

Cost of debt 0.08 

Cost of equity 0.11 

Hurdle rate 9.80% 

Inflation 2% 

Construction time (year) 2 

% of FC spent in year 1 30 

% of FC spent in year 2 70 

Startup time (year) 1 

% of FCOP during startup 100 

% of VCOP during startup 50 

% of VCOP during startup 50 

Plant salvage value 0 

Corporate tax 19% 

Operating time (h) 8000 

Downtime percentage (%) 20 
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Results 

 

 

Figure S10: Block flow diagram of the key parameters of the base case showing the material inputs/outputs, energy 
inputs and key system parameters for the base case. 

Base case 

TEA was performed for the base case scenario with the design basis and assumption 

presented in Section 2 and 3, respectively. Process balance along with key system parameters are 

shown in the following block flow diagram (Figure S10). 

MPSP, FC, WC, production costs as well as the cost breakdown are calculated and shown in 

Table S22. The basic, non-optimised technology is found to be economically unviable because of 

high projected MPSP and production cost, which have far exceeded the acceptable range of 

market selling price ($0.25-1.5/kg, >90% purity). FCOP accounts for nearly 90% of the overall 

production cost, while the remaining 10% of the cost due to VCOP comes mainly from the 

electricity consumption during process operation 

Table S22: Summary of the TEA of propane production (base case). 

VCOP - Raw materials (K$/yr) 13.32 

VCOP - Consumables ($/yr) 1.75 

VCOP - Electricity ($/yr) 132.04 

FC (K$) 650 

WC (K$) 65 

FCOP (K$/yr) 1,173 

Propane production (kg/yr) 2,106 

Variable production cost ($/kg propane) 69.86 

Fixed production cost ($/kg propane) 556.94 

MPSP ($/kg propane) 714.65 
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Further case studies 

In light of the significant gap between the early-stage research and commercial realisation, 

additional case studies have been created based on the base case by including various options for 

improvement, as listed in Table S23. These case studies serve to highlight the bottlenecks and 

hotspots, which may have significant impact on the operation of the process, so that future 

research and process design can be directed in the most effective direction. Addressing the 

corresponding technical, financial or engineering challenges would be the key to render this 

process economically viable. The TEA results are summarised in Table S24. 

Table S23: Descriptions of further case studies developed from the base case. 

Case No. Description 

1  Base case. Sterile medium made up with clean process water is used in the continuous fermentation 

system, while propane is produced as the sole fermentation product. 

2 [Case 1] + Introduction of a constitutively expressed chromosome integrated strain to eliminate the 

use of antibiotics and IPTG induction to ensure stable production of propane. 

3 [Case 2] + seawater instead of tap water and non-sterile fermentation conditions 

4 [Case 3] + multigene pathway from glycerol to butyrate in Halomonas to eliminating the need to source 

butyrate from AD processes.  

5 [Case 4] + co-production of other value-adding commodities (i.e. aquafeed and ectoine). 

6 [Case 5] + Electricity sourced from onshore wind turbines instead of via fossil fuels. 

7 [Case 6] + improvement of the specific propane productivity of cells by 10-fold (0.0288 → 0.288 

g/gDCW•h) – similar to Halomonas cell growth / secondary metabolite production optimisation trials 

described previously. 

8 [Case 7] + improvement of cell density in the reactor by 2-fold (10→20 g/L) 

9 [Case 8] + Scaling up the production system by 10-fold, assuming the rule of six-tenth for FC estimation 

10 [Case 9] + construction of the plant in Asian developing countries (e.g. India) with reduced capital 

(60%), utility/material (40%) and labour cost (20%). 

11 [Case 10] + Further reduction of the illumination cost in PBRs by 75% through utilisation of solar energy. 

Installation of solar concentrators is required [22]. 
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Table S24: Summary of the TEA of propane production (all cases). The minimum value of MPSP has been set to 
$0.25/kg, which is equal to the current propane market price.  

Case MPSP ($/kg) 
Propane 

Revenue (K$/yr) 

Aquafeed & 

Ectoine 

Revenue 

(K$/yr) 

Propane 

production 

(kg/yr) 

Variable 

production 

cost ($/kg) 

Fixed 

production 

cost ($/kg) 

1 714.65 1,505 0 2 69.86  556.94  

2 711.25 1,498 0 2 66.52  556.94  

3 710.55 1,496 0 2 65.75  556.94  

4 536.65 1,495 0 3 49.37  420.87  

5 481.75 1,342 155 3 49.98  420.87  

6 456.75 1,273 155 3 24.96  420.87  

7 64.45 1,276 155 20 3.63  59.22  

8 31.55 1,128 309 36 2.14  32.79  

9 0.25 89 3,090 358 2.14  3.60  

10 0.25 89 3,090 358 2.14  0.89  

11 0.25 89 3,090 358 0.92  0.96  

Case 

VCOP Raw 

materials 

(K$/yr) 

VCOP 

Consumables 

(K$/yr) 

VCOP 

Electricity 

(K$/yr) 

FC (K$) WC (K$) FCOP (K$/yr) 

1 13.32  1.75  132.04  650.00  35.71  1,172.80  

2 6.29  1.75  132.04  650.00  35.71  1,172.80  

3 5.70  0.71  132.04  650.00  35.71  1,172.80  

4 3.95  0.43  133.20  650.00  35.71  1,172.80  

5 3.95  1.12  134.20  650.00  35.71  1,172.80  

6 3.95  1.12  64.49  650.00  35.71  1,172.80  

7 4.09  1.45  66.37  650.00  35.71  1,172.80  

8 5.58  1.87  69.07  650.00  35.71  1,172.80  

9 55.84  18.66  690.74  2,587.70  142.18  1,288.84  

10 55.84  18.66  690.74  1,552.62  85.31  319.76  

11 55.84  18.66  255.99  1,971  108  345  

 

Table S24 summarises the TEA results for all the 11 case studies, including MPSP, product 

revenue, FC, WC, FCOP and breakdown of the VCOP. Overall, FCOP remains the major contributor 

to operating expenses (OPEX) for most of the cases. A step-change in fixed production costs 

appears first in Case 4, which sees a boost in propane production rate due to the replacement of 

food waste-derived butyrate with glycerol-derived one. More significant step changes occur in 

Case 7 and Case 9 where propane production rate is further enhanced by process scale-up and 

strain engineering. Similar to FCOP, notable reduction in VCOP occurs in Case 4 and 7 due to 

improved propane production rate. Given that electricity is the majority of VCOP, selection of 

cheaper sources of electricity (Case 6) and reduction of consumption by utilizing solar power (Case 
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11) would also significantly lower the VCOP. From an MPSP viewpoint, effective improvement of 

the process’s economic performance is observed in Case 5 (besides Case 4, 7, 8 and 9), suggesting 

the generation of secondary revenue under an integrated biorefinery framework is necessary to 

increase the cost-effectiveness of the process. 

Carbon footprint 
 

Table S25: Carbon footprints of propane production (all cases). 

Case 
Electricity 
(kgCO2/yr) 

NaCl 
(kgCO2/yr) 

Process 
water 
(kgCO2/yr) 

Nitrogen source (ammonium 
sulphate) (kgCO2/yr) 

kgCO2/kg 
Propane 

1 154,383  6,535  10  2,969  77.83  

2 154,383  6,535  10  2,969  77.83  

3 154,383  6,535  10  2,969  77.83  

4 155,738  6,535  10  2,969  59.30  

5 156,913  6,535  10  2,969  59.72  

6 16,286  6,535  10  2,969  9.26  

7 16,760  6,535  10  2,969  1.33  

8 17,443  6,428  10  5,937  0.83  

9 174,429  64,285  100  59,371  0.83  

10 174,429  64,285  100  59,371  0.83  

11 64,643  64,285  100  59,371  0.53  

 

For the different TEA case studies, we also computed cradle-to-gate carbon footprints, which 

primarily include emissions due to the utilization of salts (i.e. NaCl and (NH4)2SO4 as used in the 

culture medium), process water and electricity during operation, in hope that this can be used as 

a starting point for any wider work to reduce the process’s emission (Table S25). So far, the biggest 

source of CO2 emission of the process is the utilization of fossil-fuel derived electricity, given the 

energy-intensive nature of the artificially illuminated PBR system. Hence, moving to cleaner solar 

(Case 11) or wind power (Case 6) can be an effective way to reduce not only the operating costs, 

but the carbon emission as well. 
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Table S26: List of parameters and their respective bounds for sensitivity analysis. 

  Unit Base value Lower bound Upper bound % Variable change 

Crude glycerol price $/kg 0.113 0.0791 0.1469 -30 to 30 

Specific propane 

productivity   
kg/kgCell-h 0.288 0.2016 0.3744 -30 to 30 

Process scale (using the 

bioreactor working volume 

as the basis) 

(m3) 10 5 15 -30 to 30 

Plant life  (year) 15 10 20 -33 to 33 

Hurdle rate (%) 9.8 7 15 -30 to 50 

Total Capital investment  (%) 100 80 120 -20 to 20 

Sensitivity study 

To better understand the uncertainties of the process economics, one-at-a-time sensitivity 

analysis was conducted based on Case 11 for variables regarding finances and some of the major 

improvements suggested by the TEA (Table S26). 

Figure S11 compares the sensitivity of the various factors on the total annualised cost (TAC) 

per unit mass of propane produced. The TAC is defined as: 

𝑇𝐴𝐶 = 𝑉𝐶𝑂𝑃 + 𝐹𝐶𝑂𝑃 + 𝐴𝐶𝐶 Equation 7 

Where ACC stands for annualized capital charge, as given by Equation 8: 

𝐴𝐶𝐶 = 𝐹𝐶
𝑟

1 − (1 + 𝑟)−𝑛
 Equation 8 

Where r stands for hurdle rate, and n is the number of years the project can last for.  

The variation of TAC per unit mass of propane due to variable uncertainties is shown in Figure 

S11, where a steeper line indicates a stronger impact. 
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Figure S11: Spider chart for sensitivity analysis for process variables. 

Amongst the variables tested, specific propane productivity has the greatest negative impact 

on TAC/kg propane, followed by production scale and project length. Increasing these variables, 

especially propane productivity, could prove vital for strengthening the process’s economic 

viability. On the other hand, high fixed capital cost and hurdle rate are not favoured as they can 

easily render the process less viable. In addition, the curve about the price of carbon source (i.e. 

crude glycerol) is nearly flat, indicating that seeking alternative cheaper feedstock is of little 

economic significance at this stage. 
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Note S2: Statistical analysis of CvFAP variant cell lysate data 

Table S8 Analysis by single factor ANOVA indicates that despite high variance in the raw data 

there is a significant difference between variants with a p-value of 2.22x10-1. Analysis between 

WT and key variants G462V and G462I by single factor ANOVA indicates there is significant 

difference between variants (p=0.00143). The high variance in the raw data is likely caused by pH 

change due to butyric acid addition, differences in the degree of flavination between biological 

replicates, and in the case of the G462V variant, the presence of an outlier in the biological 

triplicate data. By two factor ANOVA of the raw data, comparing the variation between the CvFAP 

variants and the 3 biological repeats indicates there is a statistically significant amount of variation 

between variants (p=1.63x10-25) but not between biological repeats (p=0.596). However, 

comparing the raw data from the pH-controlled assays (Table S10) using an identical 2-way ANOVA 

indicates there is still significant variation between the three key CvFAP variants (p=7.50x10-5) and 

crucially even less chance of statistically significant variation between biological repeats 

(p=0.846). From these two-way ANOVA tests, we concluded that pH was a source of some 

variation due to the increase in p value between biological repeats (p = 0.846-0.596 = 0.25). 

Given the unequal variance due to the uncontrolled changes in pH in Table S8, a t-test 

assuming equal variances would not be appropriate in this case and an unpaired Welch’s t-test 

[23] would be more appropriate. By Welch’s t-test using one tail there is no significant increase by 

any of the variants compared to wild-type. There is a high degree of variation associated with the 

errors (standard deviation) in Table S8. For example, for wild-type the standard deviation is 35.8% 

of the mean, for G462V this value is 87.7% whereas for G462I this value is 11.0%. These three 

coefficients of variation [24] suggest pH changes likely had a greater effect on the G462V and WT 

data that the G462I data. 

Table S10 Analysis by single factor ANOVA indicates that there is a significant difference 

between WT and key variants with a p-value of 8.33x10-7.  Errors represent one standard deviation 

of the data using three biological and technical replicates. Analysis by paired two tailed t-test for 

means indicates that there is significant difference between the propane productivity of the CvFAP 

variants in this assay with pH control. The t-test for CvFAP WT vs CvFAPG462I gave P=0.00069 to 2 

S.F., while for CvFAPWT vs CvFAPG462V gave P=0.018. The final t-test between CvFAPG462I and 

CvFAPG462V gave P=0.0048. These three P values are less than 0.05, therefore these differences are 

statistically significant with 95% confidence. On such a data set with 13 independent groups the 

use of ANOVA is often recommended and found to be more accurate over multiple t-tests [25, 
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26]. This may explain why the ANOVA indicated significant difference but the Welch’s t-tests do 

not. 

To test the validity of this screening data, two CvFAP enzymes (wild-type and G462I) were 

purified and the increased activity of the G462I variant over wild-type was confirmed (Figure S3). 
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3.1. Abstract 

Microbial biorefinery approaches are beginning to define renewable and sustainable routes 

to clean-burning and non-fossil fuel derived gaseous alkanes (known as ‘bio-LPG’). The most 

promising strategies have used a terminal fatty acid photodecarboxylase, enabling light-driven 

propane production from externally fed waste butyric acid. Use of Halomonas (a robust 

extremophile microbial chassis) with these pathways has enabled bio-LPG production under non-

sterile conditions and using waste biomass as the carbon source. Here we describe new 

engineering approaches to produce next-generation pathways that use amino acids as fuel 

precursors for bio-LPG production (propane, butane and isobutane blends). 

Multiple pathways from the amino acids valine, leucine and isoleucine were designed in E. 

coli for the production of propane, isobutane and butane, respectively. A branched-chain keto 

acid decarboxylase-dependent pathway utilising fatty acid photodecarboxylase was the most 

effective route, generating higher alkane gas titres over alternative routes requiring coenzyme A 

and/or aldehyde deformylating oxygenase. Isobutane was the major gas produced in standard 

(mixed amino acid) medium, however, valine supplementation led to primarily propane 

production. Transitioning pathways into Halomonas strain TQ10 enabled fermentative production 

of mixed alkane gases under non-sterile conditions on simple carbon sources. Chromosomal 

integration of inducible (∼180 mg/g cells/day) and constitutive (∼30 mg/g cells/day) pathways 

into Halomonas generated production strains shown to be stable for up to 7 days. 

This study highlights new microbial pathways for the production of clean-burning bio-LPG 

fuels from amino acids. The use of stable Halomonas production strains could lead to gas 

production in the field under non-sterile conditions following process optimisation. 

 

 

https://biotechnologyforbiofuels.biomedcentral.com/articles/10.1186/s13068-020-01766-0
https://biotechnologyforbiofuels.biomedcentral.com/articles/10.1186/s13068-020-01766-0
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3.2. Introduction 

Global concerns about dwindling fossil fuel supplies has led to an urgent need to transition 

towards more sustainable bio-economy strategies [1]. This includes implementing economically 

viable routes to sustainable clean-burning biofuels derived from renewable waste biomass or 

industrial waste streams with minimal downstream processing costs. Microbial strategies for 

gaseous bio-alkane production (propane and butane) are promising because of the existence of 

well-established global markets (20 million tonnes propane per annum) and fuels’ distribution 

infrastructures [2]. The ‘drop-in’ nature of propane can boost the calorific value of existing biogas 

supplies, and propane has lower energy requirements for liquefaction and/or transportation [2]. 

In addition, the aerosol industry generates customer-specific gaseous hydrocarbon blends 

(propane, butane and isobutane) for use as propellants [3]. 

Engineered microbial routes to bio-propane and other gaseous hydrocarbons are now well 

established [4-9]. These pathways are dependent on variant forms of either aldehyde 

deformylating oxygenase (ADO) from Prochlorococcus marinus [4-6, 9, 10] or fatty acid 

photodecarboxylase (CvFAP) from Chlorella variabilis [4, 8, 11]. ADO variant A134F catalyses the 

NADPH-dependent decarbonylation of butyraldehyde to propane in the presence of its electron 

transfer partner ferredoxin [4, 6, 12]. CvFAP variants G462I and G462V were shown to catalyse 

the blue-light dependent decarboxylation of butyric and valeric acids to propane and butane, 

respectively [4]. In the latter case, microbial alkane production can be achieved in vivo by direct 

feeding of volatile fatty acid (VFA) precursor molecules. Alternative routes require the 

upregulation of butyraldehyde or butyric acid, utilising pathways derived from fatty acid 

biosynthesis [5], reverse β-oxidation [7], valine biosynthesis [9] or the clostridial butanol pathway 

[6]. 

We recently explored the commercial potential of CvFAP-dependent bio-LPG production 

(bio-propane / butane blends) using recombinant E. coli, Halomonas and Synechocystis as 

microbial chassis [4]. Amino acids were explored as potential bio-alkane precursors, where valine 

(C3), isoleucine (n-C4) and leucine (i-C4) could be converted to propane, butane and isobutane, 

respectively (Figure 23). In these pathways, amino acids undergo deamination by leucine 2-

oxoglutarate transaminase (ilvE; [13]) to generate α-keto acids, followed by the action of 

branched-chain keto acid decarboxylase (KdcA; [14]) to generate the respective aldehyde. The 

action of the aldehyde dehydrogenase 3-hydroxypropionaldehyde dehydrogenase (Hpad; [15]) 

produced the equivalent carboxylic acid, which underwent decarboxylation to bio-alkane gas by 
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CvFAPG462I (Figure 23). This KdcA-dependent route successfully produced bio-LPG blends in both 

E. coli and Halomonas, using proteinaceous waste as the source of amino acids [4].  

 

Figure 23: Overall scheme of the biocatalytic production of gaseous hydrocarbons propane, isobutane and butane from 
amino acids valine, leucine and isoleucine, respectively. Enzymes: ilvE = leucine 2-oxoglutarate transaminase from E. 
coli; BCKDHAB = human branched-chain α-keto acid dehydrogenase complex; YciA = acyl-CoA thioester hydrolase from 
Haemophilus influenza; CAR = carboxylic acid reductase from Mycobacterium marinum; sfp= maturation factor 
phosphopantetheinyl transferase from Bacillus subtilis; CvFAP = fatty acid photodecarboxylase from Chlorella variabilis; 
ADO = aldehyde deformylating oxygenase from Prochlorococcus marinus; Ferr = ferredoxin from Synechocystis sp 
PCC6803 and KdcA = branched-chain keto acid decarboxylase from Lactococcus lactis. AlDH enzymes: αKGSDH = α-
ketoglutaric semialdehyde dehydrogenase from Burkholderia ambifaria; PadA = phenylacetaldehyde dehydrogenase 17 
from E. coli; or Hpad = 3-hydroxypropionaldehyde dehydrogenase puuC from E. coli. 

In this study we have explored the potential of additional CvFAP- and ADO-dependent routes 

to gaseous bio-alkanes from the amino acids valine, isoleucine and leucine. A second coenzyme A 

(CoA) dependent [16] route was designed (Figure 23; Figure S12 and Figure S13), and the original 

KdcA-dependent route was refactored to identify the optimal aldehyde dehydrogenase 

homologue and promoter system. Optimised pathways were incorporated into E. coli and the 

industrial chassis Halomonas either on plasmids or as stable chromosomally integrated strains. 

Fermentative production of gaseous bio-alkanes was achieved, demonstrating the potential of 

this approach for bio-LPG production. This study illustrates a potentially viable alternative to the 

VFA-fed CvFAP-dependent bio-alkane route for commercial exploitation, as food waste could act 

as both the bio-alkane precursor and carbon source, eliminating the need to supplement cultures 

with potentially cytotoxic VFAs.  
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3.3. Materials and Methods 

3.3.1. Materials, services and equipment 

All chemicals, solvents and reagents were purchased from commercial suppliers, and were of 

analytical grade or better. The gas calibration standard was a custom blend of 1% each of propane, 

butane and isobutane in nitrogen (Thames Restek, Saunderton, UK). Media components were 

obtained from Formedium (Norfolk, UK). The E. coli strains used for propagating all plasmids were 

Stellar™ (Clontech) or NEB5α (New England Biolabs). Expression studies were carried out using E. 

coli strains BL21(DE3) and NiCo21(DE3) (New England Biolab). E. coli strain BL21(DE3) was 

modified by chromosomal deletion of two aldehyde reductase genes yqhD and yjgB 

(BL21(DE3)∆yqhD/∆yjgB/KanR) [5], and the kanamycin selection gene was removed  

(BL21(DE3)ΔΔ) as described previously [4]. Halomonas strain TQ10-MmP1 and modified pSEVA 

plasmids have been described previously [4]. 

Gene sequencing and oligonucleotide synthesis were performed by Eurofins MWG 

(Ebersberg, Germany). Details of all the plasmid and chromosomal constructs used in this study 

are found in Table S31-Table S33. pSBR1Ks-i-SceI is a hybrid of pSEVA and Biobrick (pBb-type) 

plasmids, containing oriT, I-SceI meganuclease gene under trc control, pRO1600-ColE1 double 

origin and both kanamycin and spectinomycin resistance markers. Plasmids pSH-N3 and pSH-N15 

are based on the CRISPR/Cas9 editing Halomonas genome donor DNA pSEVA241 plasmid of Quin, 

Q. et al [17], except the gRNA and antibiotic resistances were removed, and the insert contained 

the target DNA with a pKIKO-derived chloramphenicol resistance gene flanked by FRT sequences 

[18]. Node 3 and node 15 refer to Halomonas chromosomal loci for insertion of target DNA [19]. 

The modified pPorin-like constitutive promoter plasmids pHc102-RFP, pHc69-RFP and pHc59-RFP 

were kindly supplied by Duangthip Trisrivirat (Vidyasirimedhi Institute of Science and Technology; 

VISTEC). These plasmids are a modified pHal2-based plasmid [4] containing RFP with the T7-like 

promoter swapped for a modified pPorin-like constitutive promoter. The BglBrick series of vectors 

were obtained from Addgene (https://www.addgene.org) [20]. Gene synthesis was performed by 

GeneArt (ThermoFisher, Germany) or GenScript (USA). The sequences of all the oligonucleotides 

used in cloning and mutagenesis can be found in Table S34-Table S38.  

The mounted high-power blue LEDs and LED drivers were from Thorlabs (Ely, U.K.), with 

spectra centered at 470 nm (FWHM 25nm, 710 mW typical output). The custom-built LED blue 

light array had area of 396 cm2 of relatively consistent light intensity and a fixed average culture-

to-LED distance of 8 cm. The photobioreactor was a thermostatic flat panel FMT 150 (500 mL; 
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Photon Systems Instruments, Czech Republic) with integral culture monitoring (OD 680/720 nm), 

pH and feeding control and an LED blue light panel (465 nm; maximum PPFD = 1648 µE photons). 

3.3.2. Single and multi-gene construct synthesis 

The propane synthesis plasmids pTPC7 (YciA-sfp-CAR; [6]), ADOA134F, petF (Ferr) and 

pCvFAPG462V (fatty acid photodecarboxylase from Chlorella variabilis) were assembled as described 

previously [4, 6]. A second IPTG-inducible CvFAPG462V construct was generated by sub cloning the 

variant gene into pBbA1c-RFP (pTrCvFAPG462V), eliminating the RFP gene. The following genes were 

designed, synthesised and sub cloned into pET21b, incorporating a C-terminal His6-tag: leucine 2-

oxoglutarate transaminase from E. coli (ilvE; UniProt: P0AB80); human branched-chain α-keto acid 

dehydrogenase (BCKDHAB; P12694 and P21953; His6-tag on subunit B only), phenylacetaldehyde 

dehydrogenase 17 from E. coli (PadA; P80668), threonine dehydratase from E. coli (ilvA; P04968) 

and the E. coli leuABCD complex composed of 2-isopropylmalate synthase (LeuA; P09151), 2-

isopropylmalate dehydrogenase (LeuB; P30125) and isopropyl malate isomerase complex 

(LeuC/LeuD; P0A6A6/P30126). Additional synthesised genes sub cloned into pETM11 were α-

ketoglutaric semialdehyde dehydrogenase from Azospirillum brasilense (αKGSDH; Q1JUP4) and 3-

hydroxypropionaldehyde dehydrogenase from E. coli (Hpad; P23883), while branched-chain keto 

acid decarboxylase from Lactococcus lactis (KdcA; Q6QBS4) was sub cloned into pET28b. These 

latter genes contained a vector-derived N-terminal His6-tag. Genes were codon optimised 

(GeneOptimizer, ThermoFisher Scientific, UK) to remove rare codons for optimal expression in E. 

coli. For LeuABCD, the native E. coli operon sequence was synthesised (no His6-tags), with gene 

expression controlled by a single T7 promoter (Table S31). 

The multi-gene construct pYSCAP (YciA-sfp-CAR-ADOA134F-Ferr) contained the genes encoding 

non-His6-tagged versions of acyl-CoA thioester hydrolase from Haemophilus influenza (YciA; 

P44886); maturation factor phosphopantetheinyl transferase from Bacillus subtilis (sfp; P39135); 

carboxylic acid reductase from Mycobacterium marinum (CAR; B2HN69); aldehyde deformylating 

oxygenase variant A134F from Prochlorococcus marinus (ADO; Q7V6D4) and ferredoxin from 

Synechocystis sp PCC6803 (Ferr; P27320) [5, 6]. This construct was synthesised as a complete 

operon with codon optimised genes, synthetic Shine-Dalgarno (SD) sequences and the 

constitutive promoters R0011 (http://2015.igem.org/) and proD upstream of YciA and ADOA134F, 

respectively [12]. 
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3.3.3. Multi-gene constructs assembly in E. coli 

In most cases, the assembly of multi-gene constructs was performed by In-Fusion cloning, 

according to the manufacturer’s protocols [21]. Vector linearisation and insert(s) amplification 

were performed using the polymerase chain reaction (PCR), using the CloneAmp™ HiFi PCR Premix 

kit (Clontech), incorporating 15-25 bp overhangs necessary for subsequent ligations. In some 

cases, overlap extension PCR (OEP) was performed to ligate two or more DNA fragments 

generated by PCR to simplify subsequent construct assembly. In this method an initial 5 PCR cycles 

were performed with the template DNA fragments only, followed by the addition of the forward 

primer of the first DNA fragment and the reverse primer of the last insert. Following In-Fusion 

cloning, each construct was transformed into the E. coli strain Stellar or NEB5α for plasmid 

recovery, and the correct assembly was confirmed by DNA sequencing. The oligonucleotide 

sequences and template DNA used in each PCR reaction is shown in Table S34-Table S38. The 

following sections will detail the general approaches taken for the assembly of each plasmid. 

ADO-containing CoA-dependent multi-gene E. coli constructs assembly - A dual construct 

was assembled in pBbE2k [20] containing ADOA134F and its electron transfer partner Ferr [6], under 

the control of a tetracycline-inducible promoter. Both ADOA134F and Ferr genes were PCR amplified 

from their respective constructs in pCDFDuet-1 and pRSF-Duet1 [6]. The PCR products included 

the existing vector-derived 5’-SD sequence for ADOA134F and a non-native SD sequence 

(GGAGGACAGCTAA) for Ferr. In-Fusion cloning was performed with the linearised destination 

vector pBbE2k-RFP, minus the RFP gene and its SD sequence, to generate pTetADOA134FFerr (Table 

S34).  

The assembly of a butyryl-CoA to propane pathway construct pAFYSC (T7-ADOA134F-Ferr-YciA-

sfp-CAR) was performed using the vector pETDuetT-1. PCR linearisation of construct TPC7 (T7-

YciA-sfp-CAR) occurred between the T7 promoter and the initial SD sequence, while the two genes 

from pADOA134FFerr were amplified with both SD sequences. In-Fusion cloning between the two 

PCR products generated the IPTG-inducible pAFYSC pathway (Table S34).  

To eliminate the need for IPTG induction, a constitutive expression system was constructed 

using the BglBrick plasmid pBbE7k-RFP as the backbone [20]. The plasmid was linearised by 

reverse PCR, eliminating the T7 promoter-RFP cassette (lacIq retained), and the proD-ADOA134F 

insert was amplified from the multi-gene construct pYSCAP. Following In-Fusion cloning, the new 

ADO-containing constitutive expression vector (pPrADOA134F) was used as the backbone for the 

construction of a series of ADO-dependent pathways from butyryl-CoA to propane. The first 
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constitutive pathway assembled was pPr*AFYSC (proD*-ADOA134F-Ferr-YciA-sfp-CAR), via the 

ligation of the pAFYSC pathway genes (SD-ADOA134F-Ferr-YciA-sfp-CAR) into the linearised proD-

containing empty plasmid (pPrADOA134F minus SD-ADOA134F; Table S34). This was followed by 

linearisation of pPr*AFYSC by reverse PCR to eliminate the now redundant lacIq repressor. The 

new construct (pPrAFYSC) was re-circularised by In-Fusion cloning in the absence of any insert.  

The generation of ADO-dependent pathways to propane, butane and isobutane from the 

amino acids valine, isoleucine and leucine, respectively, requires the addition of genes ilvE and 

BCKDHAB to the existing AFYSC constructs (Figure 23). Initially a constitutively controlled dual 

enzyme construct (pPr*IB; proD*-ilvE-BCKDHAB) was assembled in the same modified BioBrick 

plasmid as used for pPr*AFYSC construction. The individual genes (ilvE and BCKDHAB) were 

amplified by PCR from their respective synthesised constructs. This was followed by OEP to 

generate a dual enzyme insert, followed by ligation to the linearised empty vector (pPr*AFYSC 

minus AFYSC). A complete pathway from amino acid to gaseous hydrocarbon was generated by 

the inclusion of ilvE-BCKDHAB with AFYSC to form pPr*AFYSCIB (proD*-ADOA134F-Ferr-YciA-sfp-

CAR-ilvE-BCKDHAB). This was performed by linearising pPrAFYSC after CAR, and ligating it to the 

ilvE-BCKDHAB insert amplified from pPr*IB. To increase the expression of ilvE and BCKDHAB, a 

second proD promoter was inserted downstream of CAR in pPrAFYSC by In-Fusion cloning, to 

generate pPrAFYSCPr (Table S34). Insertion of the ilvE-BCKDHAB fragment of pPr*IB after the 

second proD generated pPr*AFYSCPrIB (proD*-ADOA134F-Ferr-YciA-sfp-CAR-proD-ilvE-BCKDHAB. 

IPTG-inducible constructs catalysing gaseous hydrocarbon production from amino acids were 

generated by amplifying the seven pathway genes from pPr*AFYSCIB and ligating them into 

pBbE1k, linearised downstream of the trc promoter (pTrAFYSCIB; trc-ADOA134F-Ferr-YciA-sfp-CAR-

ilvE-BCKDHAB). Similarly, the addition of a second trc promoter upstream of ilvE was performed 

by PCR coupled to In-Fusion cloning to generate pTrAFYSCTrIB (trc-ADOA134F-Ferr-YciA-sfp-CAR-trc-

ilvE-BCKDHAB; Table S34).  

FAP-containing CoA-dependent multi-gene E. coli constructs assembly - Simplified gaseous 

hydrocarbon producing constructs from amino acids were generated by substituting the four 

genes CAR, sfp, ADOA134F and Ferr for a single gene CvFAP variant G462V or G462I. An initial 

construct pTrFG462VYIB was generated (trc-CvFAPG462V-YciA-ilvE-BCKDHAB) using pTrAFYSCIB as the 

backbone. This latter plasmid was linearised, eliminating the genes encoding AFYSC (Table S35). A 

dual gene insert was constructed (CvFAPG462V-YciA) by PCR amplification of each individual gene, 

followed by OEP. This was ligated to the backbone plasmid upstream of ilvE, generating an IPTG-

inducible construct. A similar constitutive construct pPrFG462VYIB (proD-CvFAPG462V-YciA-ilvE-
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BCKDHAB) was generated as above, except the backbone template was the proD-containing 

plasmid pPrAFYSCIB.  

KdcA-dependent multi-gene E. coli constructs assembly - Alternative CvFAPG462V-dependent 

pathways were constructed by the substitution of six genes (BCKDHAB, YciA, CAR, sfp, ADOA134F 

and Ferr) for KdcA, an alcohol dehydrogenase and CvFAPG462V. These pathways were constructed 

in pBbE1k, including the insertion of a second trc promoter upstream of the latter two genes (trc-

KdcA-CvFAPG462V). Each individual gene and second trc promoter were amplified by PCR, and OEP 

was performed between trc and KdcA DNA fragments (Table S36). In-Fusion cloning was 

performed generating three KdcA-dependent and IPTG-inducible constructs (pTrIA*TrKFG462V, 

where A* = αKGSDH, PadA or Hpad; Table S31). Each of these three constructs underwent site 

directed mutagenesis of the CvFAP gene to produce the equivalent pathway with the variant 

G462I (pTrIαKTrKFG462I, pTrIαTrKFG462I and pTrIαTrKFG462I, respectively) as described previously [4].  

3.3.4. Halomonas KdcA-dependent construct assembly 

Six KdcA-dependent pathways were constructed in the Halomonas-compatible plasmid pHal2 

[4], which varied by the type of promoter used. This was performed by multi-step In-Fusion 

cloning, where PCR was used to amplify the inserts, eliminating the His6-tags, and/or linearise the 

vectors (Table S37). Each construct was propagated in the E. coli conjugative donor strain S17-1 

[22]. Plasmid transformation into Halomonas was performed by conjugation according to the 

method described previously [4]. Plasmid content of each trans-conjugant was confirmed by DNA 

isolation, restriction mapping and sequencing.  

The initial construct was generated under control of the IPTG-inducible MmP1 T7-like 

promoter (pHT7LIHKFG462I; [4]), which later underwent LacIq elimination (T7LL) to generate the 

respective constitutive construct (pHT7LLIHKFG462I). A second constitutively expressed construct 

was generated by substituting the T7-like promoter for a truncated trc promoter, which was 

deficient in both trc and lacI (pHLIHKFG462I). Three constitutive promoters were generated (c102, 

c69 and c59) based on the major outer membrane protein porin constitutive expression system 

in Halomonas (Table S31; [23, 24]). The IHKFG462I operon was inserted downstream of each 

promoter, generating a further three Halomonas constructs (pHc102IHKFG462I, pHc69IHKFG462I and 

pHc59IHKFG462I).  
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3.3.5. Chromosomal integration of pathway genes into Halomonas 

Chromosomal insertion of the KdcA-dependent pathways into Halomonas TQ10 was 

performed using a novel suicide vector (pSH) protocol (Figure S18) based on previously published 

methods [4, 17, 25]. The pSH insertion plasmids (pSH-N3 and pSH-N15) contained the biocatalytic 

and pKIKO-derived FRT flanked [18] chloramphenicol resistance genes surrounded by homology 

arms (node 3 or 15; [19]), an I-SceI restriction site and a colE1 ori (incompatible) with replication 

in Halomonas (Figure S21 inset). This plasmid was co-conjugated into Halomonas TQ10-MmP1 

with a second spectinomycin-resistant plasmid (pSBR1Ks-i-SceI), the latter expressing the 

restriction enzyme I-SceI. In vivo expression of I-SceI linearised pSH plasmids facilitates 

chromosomal integration [17, 25]. Successful integration was seen as growth of Halomonas on 

chloramphenicol-selective medium, as the pSH plasmid is not replicated in Halomonas. 

Integration was confirmed by colony PCR, genomic sequencing and in vivo propane production 

after pSceI plasmid curing [17, 25].  

Eight KdcA-dependent constructs (ilvE-Hpad-kdcA-CvFAPG462I) were integrated into 

Halomonas strain TQ10 (Table S38). The constructs varied by the chromosomal loci (node 3 or 15) 

and the promoter type (inducible vs constitutive). The inducible system was the MmP1 T7-like 

promoter (T7L), while the constitutively expressed constructs were controlled by pPorin-like 69 

(c69), lacIq-deficient MmP1 T7-like promoter (T7LΔL) or the truncated pTrc promoter minus trc 

and lacI (ΔL; Table S38). The insertion of inducible T7LIHKFG462I or constitutive c69IHKFG462I 

constructs into pSH-N3 or pSH-N15 was performed via In-Fusion cloning using PCR linearised 

destination vectors (between one homology arm and upstream of the chloramphenicol gene; 

Figure S16) and amplified multigene constructs with their own promoters (N3- or N15T7LIHKFG462I; 

N3- or N15c69IHKFG462I). For the ΔL-containing plasmids, a similar protocol was performed as 

above, except the T7LIHKFG462I construct for each node was used as the template, and the only 

DNA eliminated/inserted was the promoter (N3- or N15cΔLIHKFG462I). To generate the constructs 

with the T7LΔL promoter, PCR elimination of the laciq gene was performed on the equivalent T7L-

containing constructs followed by self In-Fusion cloning to re-circularise the plasmid (N3- or 

N15cT7LΔLIHKFG462I). Successful integration of the constructs at the correct loci was confirmed by 

colony PCR and genome sequencing.  

3.3.6. Protein expression and lysate production 

IPTG-dependent expression of proteins YciA, CAR, sfp, CvFAPG462V, ADOA134F and Ferr in E. coli 

has been demonstrated previously [4, 6]. The remaining proteins ilvE, BCKDHAB, KdcA, αKGSDH, 

PadA, Hpad ilvA and LeuABCD were transformed into E. coli strain BL21(DE3) for protein 
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overexpression studies. Cultures (1 L) were grown in LB Broth Miller (Formedium) containing the 

required antibiotic (50 µg/mL ampicillin or 30 µg/mL kanamycin) at 37 °C with 180 rpm shaking 

until OD600 nm = 0.6. Recombinant protein induction was performed with IPTG (0.1 mM), followed 

by a further 12-16 h incubation at 25 °C. Cells were harvested by centrifugation at 3320 x g for 30 

min at 4 °C.  

Cells were resuspended in lysis buffer (5 mL/g pellet; 50 mM Tris pH 7.0 containing 1 mM 

MgCl2, 1 mM β-mercaptoethanol, 10% glycerol, 2X protease inhibitors, 50 µg/ml DNAse and 50 

µg/ml lysozyme) and freeze-thawed in liquid nitrogen. Cells were lysed by sonication, and clarified 

using centrifugation (48000 x g). Protein content was determined using 12% SDS-PAGE gels (Mini-

Protean TGX Stain-Free Precast Gels, Bio-Rad). Protein gels were imaged using a BioRad Gel Doc 

EZ Imager and relative protein band intensity was determined using the BioRad ImageLab 

software. Identification of His6-tagged proteins was performed by Western blots using the Trans-

Blot® Turbo™ Transfer system (PVDF membranes; BioRad) and the Western Breeze 

Chemiluminescent Immunodetection kit (alkaline phosphatase; Life Technologies) with mouse 

(His tag monoclonal antibody) and alkaline phosphatase-containing (Anti-C-My) primary and 

secondary antibodies, respectively. 

3.3.7. Gaseous hydrocarbon production 

In vivo gaseous hydrocarbon production by recombinant E. coli was performed using the 

following general protocol: Cultures (10 mL) were incubated for 4-6 h (OD600 nm ∼1.6-2) at 37 °C 

and 180 rpm in LB or TB medium containing 50 µg/ml ampicillin, 30 µg/ml kanamycin or 50 µg/ml 

chloramphenicol, dependent on the antibiotic resistance (Figure S16). Supplemental valine, 

leucine or isoleucine (up to 30 mg/L) were included in the medium where required. Protein 

induction (0.1 mM IPTG) was performed for trc or T7-containing constructs, and triplicate aliquots 

(1 mL) each of 3 biological replicate cultures were sealed into glass vials (3 mL) and incubated at 

30 °C for 16-18 h at 200 rpm, illuminated continuously with a blue LED (455 nm or 470 nm).  

For propane production in Halomonas, LB60 medium (1% tryptone, 0.5% yeast extract, 6% 

NaCl) pH 9.0 was used containing spectinomycin (50 µg/mL). Cultures were agitated (180 rpm) at 

37 °C for 5 h incubation (OD ∼1.6-2) prior to induction. IPTG (0.1 mM) was added (where 

necessary), and the remaining methodology was performed as described above for E. coli cultures. 
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3.3.8. Photobioreactor cultivation 

General photobioreactor cultivation (400 mL) was performed with high salt glycerol medium 

(30-32% seawater or Instant Ocean, NaCl to 6%, 0.1% glycerol and 0.5% yeast extract) pH 6.8 

containing 0.5 mL/L antifoam and antibiotic (50 µg/mL spectinomycin or 34 µg/mL 

chloramphenicol for plasmid-borne and constitutive constructs, respectively). Alternative growth 

media were based on LB60 pH 6.8, which were supplemented with 1.5% valine (LB60Val) or 

casamino acids (LB60Cas).  Cultivation was performed in batch mode, pre-equilibrated at 30 °C 

with 60% stirring output. An overnight starter culture (10-15 mL) of Halomonas TQ10 expressing 

pHT7LIHKFG462I was added, to achieve a starting OD680 nm of ∼0.2, and the culture was 

maintained at 30 °C with an airflow rate of 1.21 L/min, automated pH maintenance, culture optical 

density monitoring and ambient room lighting until mid-log phase (4-5 hours). Protein induction 

by IPTG (0.1 mM) was performed for T7L-promoter systems with continual monitoring for 2-10 

days with blue light exposure (1656 or 600 µE for plasmid-borne and chromosomal systems, 

respectively). Alkane gas production was monitored at 20 min intervals by automated headspace 

sampling using a Micro GC, while aqueous amino acid and glycerol depletion were quantified by 

HPLC. 

Fermentations of Halomonas TQ10 containing chromosomally integrated N3T7LIHKFG462I or 

N3cΔLIHKFG462I was performed as above with LB60Val pH 6.8, except culture medium feeding was 

employed to maintain an optical density of 0.8 and to replenish the carbon source. Cultures were 

maintained for about 240 h, with alkane gas production monitored at 2-3 times daily by manual 

sampling using a Micro GC. 

3.3.9. Analytical techniques 

Propane levels were determined by manual headspace injection or automated (fermentation 

off gas monitoring) using an Agilent 490 Micro GC, containing an Al2O3/KCl column and a thermal 

conductivity detector (TCD). Aqueous culture metabolites (VFAs and glycerol) were analysed by 

HPLC using an Agilent 1260 Infinity HPLC with a 1260 ALS autosampler, TCC SL column heater, a 

1260 refractive index detector (RID) with an Agilent Hi-Plex H column (300 x 7.7 mm; 5 mM H2SO4). 

The running conditions for both the Micro GC and HPLC were the same as described previously 

[4].  For amino acid quantitation, analysis was performed according to the method of Bartolomeo 

and Maisano (2006) [26]. Each analyte concentration was calculated by comparing the peak areas 

to a standard curve generated under the same running conditions. Error bars indicate one 

standard deviation of the data obtained for the replicates (biological and/or technical triplicates). 
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3.4. Results and discussion 

3.4.1. CoA-dependent pathway design from amino acids to bio-alkanes  

A CoA-dependent (VFA-producing) pathway with CvFAP was designed, based on the ADO-

dependent clostridial butanol pathway from butyryl-CoA to propane [6]. Similar to the KdcA 

pathway, an initial ilvE-dependent amino acid deamination generates the respective α-keto acids 

(Figure 23). This is followed by CoA-dependent decarboxylation of the α-keto acid, catalysed by 

the human branched-chain α-keto acid dehydrogenase complex (BCKDHAB) [16]. CoA is 

subsequently eliminated by acyl-CoA thioester hydrolase (YciA; Haemophilus influenza) [6] to 

generate the respective carboxylic acid (Figure 23). This is similar to the native leucine to isovaleric 

acid route described in Propionibacterium freudenreichii [27]. Finally, decarboxylative alkane 

production is catalysed by the G462V or G462I variant of CvFAP.  

To generate the ADO-dependent pathway version, the carboxylic acid precursor is converted 

into the respective aldehyde by carboxylic acid reductase (CAR; Mycobacterium marinum) 

activated by the maturation factor phosphopantetheinyl transferase (sfp; Bacillus subtilis) [6]. The 

terminal step is the ADO- and ferredoxin-dependent decarbonylation of the aldehydes to bio-

alkanes (Figure 23). All of the enzymes in this pathway were shown to express in E. coli in an active 

form (Figure S14-Figure S15; [4, 6]). An alternative CoA-dependent route from threonine to 

butane was also designed (Figure S13-Figure S15), with the initial ilvE step substituted for 

threonine dehydratase (ilvA) from E. coli [28] and hydrocarbon chain extension performed by the 

E. coli leuABCD operon [29]. However, initial constructs did not produce detectable propane due 

to the absence of activity of the LeuABCD-catalysed steps (results not shown). Therefore, the 

threonine to butane pathway was not investigated further in this study.  

3.4.2. CoA-dependent pathway bio-alkane gas production  

To test the performance of in vivo bio-alkane production from amino acids, a series of five 

ADO-dependent DNA expression constructs were assembled in E. coli (AFYSCIB; ADOA134F-Ferr-

YciA-sfp-CAR-ilvE-BCKDHAB). These constructs varied by the presence of either one or two 

isopropyl β-D-thiogalactopyranoside (IPTG)-inducible (trc) or constitutive promoters (proD or 

trcΔlac) [30] located upstream of the ilvE and/or ADOA134F genes (Figure 24a inset). The 

constitutive promoter trcΔlac was generated by removing the repressor protein gene (lacI) and 

the operator region from a standard trc promoter. Initial in vivo trials were performed with the 

single proD-controlled construct, expressed in multiple E. coli strains. Highest gaseous bio-alkane 

production was observed in the double deletion strain BL21(DE3) [4, 5], with propane making 
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up to 79% of the total hydrocarbon gas in the culture headspace (0.11 ± 0.01 mg/L propane; Figure 

S16 and Table S27). This strain was designed previously to reduce the competing pathway from 

butyraldehyde to butanol by knocking out the E. coli aldehyde reductases Ahr and YqhD [5]. It has 

been shown to increase in vivo propane titres in ADO-dependent pathways [5, 6], so was selected 

as the E. coli chassis for the remainder of this work.  

 

Figure 24: Hydrocarbon production of E. coli strain BL21(DE3)∆∆ containing engineered (A) ADO- and (B) CvFAP-
dependant routes. Cultures (10 mL) were grown in LB medium containing 30 µg/mL kanamycin and 50 µg/ml 
chloramphenicol (pTrF/TrADO and pPrF/TrADO only) for 4-6 h at 37 °C and 180 rpm. Protein induction (100 µM IPTG) 
was performed for trc-containing constructs, and triplicate aliquots (1 mL) each of 3 biological replicate cultures were 
sealed into glass vials (3 mL) at 30 °C for 16-18 h at 200 rpm. For CvFAP-dependent constructs, the cultures were 
illuminated continuously with a blue LED (455 nm or 470 nm). Gaseous hydrocarbon levels were determined by manual 
headspace injection on an Agilent 490 Micro GC. Errors represent one standard deviation of the replicates (biological 
and/or technical triplicates). Constructs (inset): ProD = pPrAFYSCIB; ProD/ProD = pPrAFYSCPrIB; Trc = pTrAFYSCIB; 
Trc/Trc = pTrAFYSCTrIB and Trc-lacIq = pTrΔLAFYSCIB. 

In vivo alkane production by five AFYSCIB constructs in E. coli showed the highest bio-alkane 

titres when only one promoter (trc or proD) was present upstream of ADOA134F (Figure 24a; Table 

S28). The single trc-containing construct showed a 21-fold increase in propane titres over the 

equivalent proD-containing version. The best performing construct contained a single trcΔlac 
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promoter (0.96 ± 0.01 mg propane/L culture), with yields similar to those obtained with the 

ADOA134F-dependent clostridial butanol pathway from glucose (3.4 mg/L; [6]). Low levels of butane 

and/or isobutane were also detected with the single promoter constructs, with levels up to 10% 

of the total alkanes (up to 0.02 ± 0.01 mg butane/L culture; Figure 24a). These data show that the 

CoA-dependent route can successfully generate low levels of multiple gaseous alkanes under 

standard E. coli cultivation conditions in the absence of additional amino acid supplementation. 

However, a prior study showed an ADO-dependent reverse-β-oxidation biosynthesis pathway 

from glycerol generated ca. 22-fold higher butane titres (0.46 mg/L; [7]).  

Additional CoA-dependent pathways to bio-alkanes were designed to simplify the pathway 

and substitute the catalytically slow ADO enzyme [12] for the light dependent CvFAPG462V variant 

enzyme [4]. This latter enzyme has a reported reaction quantum yield of greater than 80% [8]. 

Pathway modification required the elimination of the two terminal steps catalysed by CAR / sfp 

and ADOA134F / Ferr, as CvFAP directly acts on the carboxylic acid precursor (Figure 23). This 

shortened pathway may have the added advantage of a lower overall cellular burden in E. coli as 

fewer recombinant genes are expressed.  

We generated two CvFAP-dependent constructs (FG462VYIB; CvFAP-YciA-ilvE-BCKDHAB; Figure 

24b inset), which differed by the type of promoter upstream of CvFAPG462V (trc or proD). Gaseous 

alkane production was seen in E. coli only in the trc-containing construct in the presence of blue 

light, at titres similar to those seen with the best AFYSCIB pathway (0.98 ± 0.06 mg/L culture; 

Figure 24b; Table S28). Propane titres were at least 10-fold higher than butane or isobutane, which 

differs from the CvFAP-dependent KdcA route [4] where the dominant gas produced was 

isobutane (4.8-fold higher than propane). This is likely due to substrate preferences of KdcA 

and/or differences in the amino acid concentrations present in the culture medium [31]. 

The requirement for blue light in CvFAP-dependent pathways necessitates adaptations to 

traditional in vivo bacterial cultivation strategies, as prolonged exposure to blue light (380-500 

nm) is known to decrease the viability of E. coli [32] and cause the photoinactivation of CvFAP [4, 

33]. Therefore, dark cycles (light absence) might be required periodically during fermentation to 

ensure the maintenance of sufficient cell density and the regeneration of biocatalysts. As ADO-

dependent pathways do not require light, we tested E. coli strains expressing CvFAPG462V with 

AFYSCIB pathways for alkane gas production (Figure 24b inset). However, in each case bio-alkane 

gas production was lower than what was obtained with the individual pathways alone (0.15-0.26 

mg propane/L culture; Figure 24b; Table S28). This could potentially be due to the additional 
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cellular burden of extra gene overexpression and/or the requirement of two antibiotics to 

maintain both plasmids.  

Overall, we have demonstrated gaseous alkane production in E. coli using the CoA-dependent 

routes, although the levels are at best ∼6.5-fold lower than the KdcA-dependent route with CvFAP 

[4]. Therefore, we focused our studies on improving the KdcA-dependent pathway, which utilises 

CvFAP in place of ADO. This route shows more promise as a potential industrially-useful route to 

gaseous bio-alkanes from amino acids.   

3.4.3. KdcA-dependent route refactoring 

The existing KdcA-dependent pathway (Figure 23) is a four-gene construct (IHKFG462I; ilvE-

Hpad-KdcA-CvFAP [4]) controlled by two trc promoters upstream of ilvE and KdcA. We targeted 

the aldehyde dehydrogenase (AlDH) and terminal decarboxylation (CvFAP) steps in this pathway 

to see if further improvements in bio-alkane yields could be obtained. The existing AlDH is 3-

hydroxypropionaldehyde dehydrogenase (Hpad) from E. coli, which have known activity towards 

isovaleraldehyde, butyraldehyde and valeraldehyde [15]. Two alternative aldehyde 

dehydrogenase homologues were selected, based on their known substrate specificities for short 

chain aldehydes. The first was α-ketoglutaric semialdehyde dehydrogenase (αKGSDH) from 

Azospirillum brasilense as it displays a known broad specificity [34]. The second homologue is 

phenylacetaldehyde dehydrogenase 17 (PadA) from E. coli, which is involved in phenylalanine 

degradation [35]. Each of these AlDH genes expressed in soluble active form in E. coli (Figure S14-

Figure S15). In addition, both G462I and G462V variants of CvFAP were incorporated to see which 

supports the highest levels of bio-alkane gas production in vivo.  

Six KdcA-dependent pathways were constructed under trc control, differing by the AlDH 

homologue and the specific CvFAP variant (Figure 25a inset). A shortened ADO-dependent version 

of this pathway (IKAF; ilvE-KdcA-ADOA134F-Ferr; Figure 23) was not investigated in this study as 

prior studies suggested a CvFAP-dependent route is likely to be more productive [4]. For example, 

the CvFAP route is much more redox efficient. ADO needs a lot of cofactors, whereas, CvFAP uses 

light for activation. In the CvFAP-dependent version the conversion of aldehyde back to acid by 

Hpad or homologues should also generate a reduced cofactor. 
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Figure 25: Hydrocarbons production of E. coli strain BL21(DE3)∆∆ containing engineered KdcA/CvFAPG462V-dependant 
routes. Gaseous alkane yields dependent on the (A) enzyme homologues and (B) amino acid supplementation for 
pTrIHTrKFG462I construct. Cultures (10-20 mL) were grown in LB medium containing 30 µg/mL kanamycin for 4-6 h at 37 
°C and 180 rpm. Luria broth contains ca. 7, 8.8 and 5.4 mM valine, isoleucine and leucine, respectively [31]. Protein 
induction (100 µM IPTG) was performed, followed by culture supplementation with valine, leucine or isoleucine (30 
mg/mL) in part B) after 1 h at 30 °C. Triplicate aliquots (1 mL) each of 3 biological replicate cultures were sealed into 
glass vials (4 mL) and incubated at 30 °C for 16-18 h at 200 rpm, illuminated continuously with a blue LED (455 nm or 
470 nm). Gaseous hydrocarbon levels were determined by manual headspace injection on an Agilent 490 Micro GC. 
Errors represent one standard deviation of the replicates (biological and/or technical triplicates). Data for LB + valine 
was obtained from previous studies [4]. Expression constructs (inset): αKGSDH/V = trc-ilvE-αKGSDH-trc-kdcA-
CvFAPG462V; Hpad/V = trc-ilvE-Hpad-trc-kdcA-CvFAPG462V; PadA/V = trc-PadA-Hpad-trc-kdcA-CvFAPG462V; αKGSDH/I = trc-
ilvE-αKGSDH-trc-kdcA-CvFAPG462I; Hpad/I = trc-ilvE-Hpad-trc-kdcA-CvFAPG462I and PadA/I = trc-PadA-Hpad-trc-kdcA-
CvFAPG462I. 

As expected, dramatically higher titres of gaseous bio-alkanes were detected in all six KdcA-

dependent pathways compared to the CoA-dependent routes (Figure 25a; Table S28). In each 

case, the major gas produced was isobutane (73-79% total bio-alkane), with propane proportions 

decreased to only 12-18% of the total headspace alkane. In addition, there was a 2-2.4-fold 

increase in isobutane titres with CvFAP variant G462I over G462V [4]. There was a slight 

improvement in bio-alkane production with Hpad, consistent with its known specificity for 
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isovaleraldehyde, butyraldehyde and valeraldehyde [15]. The highest bio-alkane-yielding 

construct generated isobutane titres of 48.7 ± 3.2 mg/L in standard E. coli growth medium. This is 

comparable to E. coli expressing CvFAPG462I alone supplemented with isovaleric acid (87 mg/L 

culture; [4]).  Production levels were also dependent on the plasmid backbone, as changing from 

a kanamycin-resistant to an ampicillin-resistant construct showed significant decreases in alkane 

titres (Table S29).  

The ratio of gases produced was similar in each KdcA-dependent pathway version, with 

isobutane:propane:butane ratios of ca. 76:12:12 for the highest producing construct. This switch 

from predominantly propane to isobutane production suggests that KdcA may have a higher 

preference for α-ketoisocaproate over α-ketoisovalerate or α-keto-β-methylvalerate (Figure S12-

Figure S13). As each AlDH-containing construct generated similar ratios of each bio-alkane gas, 

the product profile might in part be influenced by the amino acid composition of the medium and 

their relative uptake rates into the cell.   

3.4.4. Tuneable bio-alkane blends 

Ideally, a route to bio-LPG based on microbial fermentation would be tuneable, to allow 

precise control of the relative ratios of propane:butane (± isobutane) to suit customer 

requirements. This was demonstrated successfully in E. coli expressing only CvFAP variants, where 

propane to butane ratios were dependent on the relative proportions of butyric and valeric acids 

fed to the cultures, respectively [4]. A similar system could be applied using the KdcA-dependent 

pathway by supplementing the culture with specific amino acid blends. This approach could be a 

suitable alternative to VFA feeding as amino acid supplementation does not have the pH and 

cytotoxicity effects seen when adding millimolar concentrations of organic acids to cultures. In 

addition, a localised anaerobic digestion plant [4] would not be required to generate VFAs from 

waste biomaterial. 

Leucine and isoleucine supplementation of E. coli cultures expressing IHKFG462I showed 

proportional increases in isobutane and butane, respectively, without reaching saturation levels 

(Figure 25b; Figure S17 and Table S30). These data are similar to previous studies with valine 

supplementation, where increasing levels of propane were generated [4]. With 30 mg/mL 

individual amino acid supplementation, similar yields of propane, isobutane and butane were 

detected (110 ± 6 [4], 112 ± 0.6 and 142 ± 3 mg/L, respectively). In each case, the predominant 

gas was greater than 95% of the total headspace alkane produced. Therefore, the desired country- 

or customer-specific requirements for propane:butane:isobutane ratios (bio-LPG or aerosol 
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propellants [3] during alkane gas production could be achieved by enriching the culture medium 

with specific amino acid blends. However, ideally the chosen microbial chassis should be modified 

to increase in vivo production of the required amino acid precursors, enabling the required bio-

alkane blends to be generated from the locally derived waste feedstock. 

Successful commercialisation of this approach would require the utilisation of cost-effective 

feedstocks and amino acid supply, such as proteinaceous waste (e.g. food waste). One study found 

the amino acid content of thirty-nine samples of vegetal and dairy product food waste from EU 

industrial agro-food systems had a valine content between 6.4-29.4 mg/g waste [36]. Therefore, 

this waste could potentially be utilised as both a carbon and amino acid source. 

3.4.5. Halomonas as industrial chassis  

Economically viable scaled bio-production strategies can be difficult to achieve due to high 

capital and operating expenditures of typical fermentation systems. This includes energy intensive 

running costs such as sterilisation, aseptic growth conditions, complex monitoring systems and 

downstream processing. Environmental concerns include the use of vast quantities of clean water 

and the route of waste disposal. To address these concerns, CvFAP-dependent bio-LPG production 

from VFAs was recently demonstrated in the halophilic production host Halomonas [4]. This 

microbial chassis grows at high salinity (up to 20% w/v NaCl) and pH values (up to 12), allowing 

for cultivation in seawater, waste-water or recycled water without the need for costly sterilisation 

and aseptic conditions [37]. This allows Halomonas bioreactors to be constructed using low cost 

materials, such as plastics, ceramics and cement, with overall costs savings of ca 65% compared 

to conventional scaled E. coli cultivation [38]. 

Given our recent success in transitioning CvFAP-dependent VFA to propane production from 

E. coli to Halomonas [4], we decided to take a similar approach with the KdcA-dependent amino 

acid pathway. Preliminary IPTG-inducible and constitutively expressed KdcA-dependent pathways 

were introduced into Halomonas, using both plasmid-borne and chromosomal integration 

strategies [4].  Bio-propane production was successfully demonstrated in small scale in vivo batch 

cultivation using valine-supplemented medium [4]. However, the scalability of the process was 

not tested, and construct optimisation had not been performed for expression in Halomonas. To 

address this, we utilised the highest performing E. coli construct (IHKFG462I) to generate six 

Halomonas-specific plasmids, which differed only by the promoter system. An efficient IPTG-

inducible MmP1 T7-like promoter (T7L) was initially employed [4], as standard pET vector-based 

viral systems do not function in Halomonas [39]. Following our success in re-purposing trc into 
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two constitutive promoters for E. coli (TrL and L; Table S31), we performed equivalent 

truncations in T7L to generate constitutive promoters T7LL and HL, respectively. We also tested 

three variant Halomonas promoters (c102, c69 and c59), which are based on the major outer 

membrane protein porin constitutive expression system (Table S31; [23, 24]). Preliminary studies 

with the constructs containing T7L and c69 promoters in standard (non-supplemented) media 

were reported elsewhere [4], and form the basis of comparison with the remaining four constructs 

under constitutive control in this study.  

The best performing construct in Halomonas contained the CvFAPG462I variant under T7L 

control, generating primarily isobutane (9.32 ± 0.63 mg/L; Figure 26a; [4]). This is around 4-fold 

lower than the equivalent E. coli IHKFG462I system under double trc control (38.6 ± 2.5 mg/L 

isobutane). Titres of propane were also decreased around 2-fold (3.78 ± 0.26 mg/L) in simple 

medium (no amino acid supplementation). For the constitutive expression systems, the best 

performers were controlled by T7LL and HL promoters (Figure 26a; Table S31). Surprisingly, 

titres of gaseous alkanes were lower using the Halomonas-specific Pporin-like variant constitutive 

promoters (c59, c69 and c102) compared to the truncated T7-like ones. In the majority of these 

constructs, the relative proportion of propane was increased relative to isobutane, to near 

equivalent levels. 
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Figure 26: Effect of the KdcA-dependent pathway promoter on gaseous alkane production in Halomonas TQ10 in the 
(A) absence or (B) presence of valine culture supplementation. Pathway promoter-IHTrKFG462I was present as either a 
plasmid-borne or chromosomally integrated construct (single site). Cultures (20 mL) were grown in LB medium 
containing 30 µg/ml kanamycin for 4-6 h (OD600 nm ∼0.6-0.8) at 37 °C and 180 rpm. Recombinant protein expression was 
induced with IPTG (0.1 mM) and culture supplementation with valine (30 mg/mL) after 1 h at 30 °C. Triplicate aliquots 
(1 mL) each of 3 biological replicate cultures were sealed into glass vials (4 mL) and incubated at 30 °C for 16-18 h at 
200 rpm, illuminated continuously with a blue LED (455 nm or 470 nm). Gaseous hydrocarbon levels were determined 
by manual headspace injection using an Agilent 490 Micro GC, containing an Al2O3/KCl column. The errors represent 
one standard deviation of the data.  

The top three performers were further investigated by determining the increase in propane 

production in the presence of supplemental valine (30 mg/mL). Surprisingly, propane titres of the 

inducible construct only increased two-fold (7.99 ± 1.07 mg/L; Figure 26b; Table S31), compared 

to the 17-fold increase with comparable constructs in E. coli (Figure 25b; [4]). In each case, the 

relative concentrations of (iso)butane in valine-supplemented medium were dramatically 

decreased compared to standard media (Figure 26b; Table S31), likely due to the competition of 

different VFAs on the CvFAP active site. This suggests a limiting factor in this process may be the 

rate of amino acid uptake and/or endogenous amino acid metabolism by Halomonas compared 

to E. coli, and may also be contributing to the overall lower gaseous alkane titres in Halomonas 
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compared to E. coli. Alternatively, one or more of the pathway enzymes may be unstable or poorly 

expressed in Halomonas. Notwithstanding, the prototype production pathway has been 

successfully demonstrated in Halomonas.  

3.4.6. Chromosomal integration into Halomonas 

Chromosomal integration of pathways into an industrially robust microbial chassis is 

preferable to maintaining the genes for these pathways on a plasmid, as it eliminates the need for 

expensive and/or toxic selection agents [40], and prolongs the fermentation time to maximise 

product yields. To investigate this, we integrated four versions of the IHKFG462I pathway into 

Halomonas strain TQ10 at to chromosomal loci (nodes 3 and 15; [19]), each differing only by the 

promoter type (T7L, T7LL, HL and c69). This was performed by utilising a novel suicide vector 

protocol (Figure S18), which was based on previously published methods [4, 17, 25]. Small-scale 

batch cultures were compared for gaseous alkane production in the presence and absence of 

supplemental valine (30 mg/mL).  

As expected, the highest performing strain contained the inducible T7L promoter (1.39 ± 0.09 

mg/L isobutane; [4]), however similar titres were obtained for the constitutive HL system (1.19 

± 0.01 mg/L isobutane; Figure 26a; Table S31).  Overall, combined gas titres were significantly 

lower than for the equivalent plasmid systems, as in each case only a single copy was present in 

the genome. However, these differences were less marked in the presence of valine 

supplementation, with the HL construct showing only ca. two-fold decrease in propane titres 

compared to the equivalent plasmid-borne system (1.84 ± 0.28 mg/L propane; Figure 26b).  

The chromosomal integration site had a significant impact on the overall gas titres, with loci 

1 (node 3; [19]) showing ca. a 2.5-fold increase over loci 2 (node 15; Table S31). This suggests there 

is scope to significantly improve bio-gas titres by screening a variety of integration sites and/or 

multi-copy insertion of the construct into the Halomonas chromosome [19].   

3.4.7. Fermentative amino acid to bio-alkane production in Halomonas   

To investigate the scalability of this fermentative bio-alkane approach, we performed 

laboratory scale cultivations of Halomonas expressing the plasmid-borne inducible IHKFG462I 

construct (T7L promoter) up to 48 h in a flatbed photobioreactor (400 mL). Fermentations in 

standard Halomonas medium (∼0.25% amino acid blend) containing glycerol [4] showed primarily 

propane production, with an estimated 17 mg propane/g cells over 48 hours (Figure S22). The 

addition of casamino acids (∼2% amino acid blend) led to predominantly isobutane production 
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(max 27 mg isobutane/g cells), with similar propane and butane titres around three-fold lower 

(ca. 9 mg/g cells; Figure 27a). This switch in bio-alkane gas predominance is consistent with the 

individual amino acid concentrations in each medium (Figure S23). Valine-supplemented medium 

(1.8 %) saw propane titres rise to around 90 mg propane/g cells in 46 h (Figure 27b), equivalent 

to Halomonas TQ10 expressing CvFAPG462V with supplemental butyric acid (89 mg propane/g cells; 

[4]). In most cases, the rate of gaseous alkane production peaked within the first 24 hours, 

followed by a rapid decline in production (Figure S19-Figure S21). This is attributed to plasmid 

instability and/or loss, or possibly CvFAP light inactivation [4, 33]. 

 

Figure 27: Bio-alkane production by Halomonas TQ10 expressing IHKFG462I in plasmid or chromosomally integrated 
constructs. Cumulative alkane production by the plasmid borne inducible construct pHT7LIHKFG462I in LB60 medium 
supplemented with (A) casamino acids or (B) valine. Rate of alkane production of Halomonas TQ10 expressing 

chromosomally integrated (C) N3T7LIHKFG462I (inducible) or (D) N3cLIHKFG462I (constitutive). Photobioreactor 
cultivation (400 mL) was performed with medium pH 6.8 containing 0.5 mL/L antifoam and antibiotic (50 µg/mL 
spectinomycin or 34 µg/mL chloramphenicol for plasmid-borne and constitutive constructs, respectively). The culture 
was maintained at 30 °C with 60% stirring output with an airflow rate of 1.21 L/min, and ambient room lighting until 
mid-log phase (4-5 hours). Protein expression was induced by 0.1 mM IPTG, where required, and the culture was 
maintained for 24-240 h with blue light exposure (1656). Culture medium feeding was employed to maintain an optical 
density of 0.8 and to replenish the carbon source for the chromosomal constructs. Alkane gas production was monitored 
by automated (A-B) or manual (C-D) headspace sampling using a Micro GC. The effect of amino acid supply on gaseous 
alkane titres was investigated by performing triplicate fermentations in three different culture media (Figure S19-Figure 
S21). Cumulative propane, isobutane and butane titres were calculated from the average production rates per hour in 
fermentations from freshly transformed Halomonas TQ10 in each media (Figure 27a-b and Figure S22). 
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The longevity of the bioprocess was investigated by continuous flow fermentation of the 

genome integrated IHKFG462I Halomonas strains (T7L and HL; node 3) in valine-supplemented 

medium. Fermentation of the inducible (T7L) strain showed a gradual increase in propane 

production, peaking at around 70 h (∼180 mg/g cells/day), followed by a slow decline to minimal 

titres by ∼140 h (Figure 27c). This suggests a gradual decrease in biocatalytic enzyme production, 

likely due to degradation/inactivation of IPTG and/or CvFAP photoinactivation [33] during the 

extended fermentation time [41]. Significant propane production in this strain was extended to 

nearly 5 days, however elimination of the need for IPTG could potentially extend propane 

production even further. 

The constitutively expressed (HL) Halomonas strain showed a fairly consistent propane 

production rate from 60-200 h (up to 30 mg/g cells/day; Figure 27d), followed by a rapid decline 

in bio-alkane production and cell viability. This loss of Halomonas viability is presumably due to 

the extended exposure to high intensity blue light that is required for CvFAP activity. Cytotoxicity 

of blue light is a common feature of microorganisms in general [42]. Therefore, process 

optimisation to reduce the blue light intensity is required for efficient photocatalysis by CvFAP to 

extend propane production further. An alternative strategy could be employed where periodic 

‘dark cycles’ are implemented, to allow cultures to regenerate to high cell density in the absence 

of light. For example, Halomonas TD01 (precursor of strain TQ10) is known to grow to high cell 

density (40 g/L cells dry weight) in 24 h with nutrient feeding [37]. This could be followed by 

feeding with amino acids and blue light exposure to switch on alkane gas production, until a 

decline in productivity is seen. 

Overall, propane production in the constitutive strain decreased nearly 8-fold from the 

equivalent IPTG-inducible strain. However, stable expression levels over an extended 

fermentation time could potentially generate higher levels of propane overall. Therefore, this 

fermentative approach from amino acids to gaseous alkanes could potentially be scaled to 

produce bio-LPG from proteinaceous feedstocks. Process and chassis engineering to increase bio-

LPG titres could provide a viable alternative approach to the simpler route from VFAs. 

3.5. Conclusions 

The fermentative KdcA-dependent pathway from amino acids to gaseous alkanes provides 

an alternative, yet complementary solution to VFA-dependent bio-LPG production. This wholly 

biological approach is in stark contrast to existing commercial ‘bio-LPG’ production strategies [43], 

which are essentially a chemically synthesised product from biologically-sourced materials. 
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Utilising Halomonas as the microbial chassis of choice, cultivated on renewable proteinaceous 

waste, could potentially reduce the process costs to enable successful commercialisation. Site-

specific implementation of direct (VFA) or pathway driven (amino acid) strategies would be 

dependent on the availability and relative composition of local waste feedstocks, and the 

economics of waste pre-processing (hydrolysis vs anaerobic digestion). These renewable and 

sustainable approaches to clean burning gaseous fuels could reduce the dependence on and 

environmental impact of fossil fuel combustion, and tap into the existing global market (US$19.5 

billion in 2017) of amino acids.   
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3.7. Supplementary Information 

3.7.1. Supplementary Figures 

 

 

Figure S12: Potential amino acid derived biological routes for the production of (a) propane from valine and (b) 
isobutane from leucine. Enzymes: ilvE = leucine 2-oxoglutarate transaminase from E. coli; BCKDHAB = human branched-
chain α-keto acid dehydrogenase complex; LeuA = 2-isopropylmalate synthase from E. coli; LeuB = 2-isopropylmalate 
dehydrogenase from E. coli; LeuC/LeuD = isopropyl malate isomerase complex from E. coli; YciA = acyl-CoA thioester 
hydrolase from Haemophilus influenza; CAR = carboxylic acid reductase from Mycobacterium marinum; sfp = maturation 
factor phosphopantetheinyl transferase from Bacillus subtilis; CvFAP = fatty acid photodecarboxylase from Chlorella 
variabilis; ADO = aldehyde deformylating oxygenase from Clostridium beijerinckii; Ferr = ferredoxin from Synechocystis 
sp PCC6803 and KdcA = branched-chain keto acid decarboxylase from Lactococcus lactis. AlDH enzymes: αKGSDH = α-
ketoglutaric semialdehyde dehydrogenase from Burkholderia ambifaria; PadA = phenylacetaldehyde dehydrogenase 17 
from E. coli; or Hpad = 3-hydroxypropionaldehyde dehydrogenase puuC from E. coli. 
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Figure S13: Potential amino acid derived biological routes for the production of butane. Pathway for the production of 
(a) butane from isoleucine and (b) alternative route to butane from threonine. Enzymes: ilvE = leucine 2-oxoglutarate 
transaminase from E. coli; BCKDHAB = human branched-chain α-keto acid dehydrogenase complex; LeuA = 2-
isopropylmalate synthase from E. coli; LeuB = 2-isopropylmalate dehydrogenase from E. coli; LeuC/LeuD = isopropyl 
malate isomerase complex from E. coli; YciA = acyl-CoA thioester hydrolase from Haemophilus influenza; CAR = 
carboxylic acid reductase from Mycobacterium marinum; sfp = maturation factor phosphopantetheinyl transferase from 
Bacillus subtilis; CvFAP = fatty acid photodecarboxylase from Chlorella variabilis; ADO = aldehyde deformylating 
oxygenase from Clostridium beijerinckii; Ferr = ferredoxin from Synechocystis sp PCC6803; KdcA = branched-chain keto 
acid decarboxylase from Lactococcus lactis; and ilvA = threonine dehydratase from E. coli. AlDH enzymes: αKGSDH = α-
ketoglutaric semialdehyde dehydrogenase from Burkholderia ambifaria; PadA = phenylacetaldehyde dehydrogenase 17 
from E. coli; or Hpad = 3-hydroxypropionaldehyde dehydrogenase puuC from E. coli. 

The alternative CoA-dependent route from threonine to butane has an initial ilvE step 

substituted for threonine dehydratase (ilvA) from E. coli. This enzyme catalyses the two-step 

production of -ketobutyrate and ammonia from threonine. Two individual chain extension steps 

(2 x CH2) are subsequently performed on -ketobutyrate by the action of the E. coli leuABCD 

operon to generate 2-ketocaproate (-keto acid). Valeraldehyde is then formed by the action of 

BCKDHAB and YciA, or these enzymes can be replaced by a single aldehyde dehydrogenase step.  

The remaining step(s) are the same as those described for the CoA-dependent routes to form 

butane. Soluble expression of all the enzymes was seen, except for one of the four LeuABCD genes 

(Figure S14-Figure S15). Therefore, the threonine to butane pathway was not investigated further 

in this study. 
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Figure S14: SDS PAGE analysis of recombinant protein expression in E. coli. (a) LeuABCD cell extract. Lane 1 = protein 
ladder; lane 2 = LeuABCD extract. Expected protein masses are listed in Figure S15 legend. (b) Alcohol dehydrogenases 
αKGSDH (lanes 1-3), PadA (lanes 4-6) and Hpad (lanes 8-10). Protein ladder is shown in lane 7. P = cell pellet slurry; T= 
total lysate (soluble and insoluble) and S = soluble lysate. 

 

 

Figure S15: Western blot analysis of recombinant protein expression in E. coli. (a) Lanes: 2 = Hpad; 3 = ilvE; 4 = PadA; 6 
= LeuABCD control (no His6-tags); 7 = BCKDHAB; 8 = αKGSDH and 9 = ilvA. Protein ladders are located in lanes 1, 5 and 
10. Expected protein masses (kDa): Hpad = 56.5; ilvE = 35.2; PadA = 54.7; BCKDH B subunit = 45.6; αKGSDH = 53.9; ilvA 
= 57.0; LeuA = 57.3; LeuB; 39.5; LeuC = 39.5 and LeuD = 22.5. (b) BCKDHAB expressed in three different E. coli strains. 
Strains: lane 2-3 = BL21(DE3); 4 = NiCo21(DE3) and 5 = BL21(DE3) pLysS. The protein ladder is located in lane 1. 
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Figure S16: Effect of E. coli strain on hydrocarbon production using construct pPr*AFYSCIB. Cultures (10 mL) were grown 
in LB medium containing 30 µg/ml kanamycin for 4-6 h (OD600 nm ∼1) at 37 °C and 180 rpm. Triplicate aliquots (1 mL) 
each of 3 biological replicate cultures were sealed into glass vials (3 mL) and incubated at 30 °C for 16-18 h at 200 rpm, 
illuminated continuously with a blue LED (455 nm or 470 nm). Gaseous hydrocarbon levels were determined by manual 
headspace injection using an Agilent 490 Micro GC, containing an Al2O3/KCl column. The errors represent one standard 
deviation of the data. BL21(DE3) del = BL21(DE3)∆yqhD/∆yjgB double deletion strain. 
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Figure S17: Effect of amino acid concentration on hydrocarbon production in E. coli expressing construct pTrIHTrKFG462I. 
Cultures (20 mL) were grown in LB medium containing 30 µg/ml kanamycin for 4-6 h (OD600 nm  ∼0.6-0.8) at 37 °C and 
180 rpm. Recombinant protein expression was induced with IPTG (0.1 mM) followed by culture supplementation with 
amino acids (0-30 mg/mL) after 1 h at 30 °C. Triplicate aliquots (1 mL) each of 3 biological replicate cultures were sealed 
into glass vials (4 mL) and incubated at 30 °C for 16-18 h at 200 rpm, illuminated continuously with a blue LED (455 nm 
or 470 nm). Gaseous hydrocarbon levels were determined by manual headspace injection using an Agilent 490 Micro 
GC, containing an Al2O3/KCl column. The errors represent one standard deviation of the data. 

 

 

 



173 
 

 

Figure S18: Overview of the multi-gene construct chromosomal integration method for Halomonas. Created with 
BioRender.com (from Insightful Science). 
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Figure S19: Bio-alkane production by Halomonas TQ10 in high salt glycerol medium expressing plasmid-borne 
pHT7LIHKFG462I. Photobioreactor cultivation (400 mL) was performed with high salt glycerol medium pH 6.8 containing 
0.5 mL/L antifoam and 50 µg/mL spectinomycin. Cultivation was performed in batch mode, pre-equilibrated at 30 °C 
with 60% stirring output with an airflow rate of 1.21 L/min, and ambient room lighting until mid-log phase (4-5 hours). 
Protein expression was induced by 0.1 mM IPTG, and the culture was maintained for up to 48 h with blue light exposure 
(1656). Alkane gas production was monitored at 20 min intervals by automated headspace sampling using a Micro GC. 
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Figure S20: Bio-alkane production by Halomonas TQ10 in casamino acid supplemented high salt medium expressing 
plasmid-borne pHT7LIHKFG462I. Photobioreactor cultivation (400 mL) was performed with LB60Cas medium pH 6.8 
containing 0.5 mL/L antifoam and 50 µg/mL spectinomycin. Cultivation was performed in batch mode, pre-equilibrated 
at 30 °C with 60% stirring output with an airflow rate of 1.21 L/min, and ambient room lighting until mid-log phase (4-5 
hours). Protein expression was induced by 0.1 mM IPTG, and the culture was maintained for up to 48 h with blue light 
exposure (1656). Alkane gas production was monitored at 20 min intervals by automated headspace sampling using a 
Micro GC. 

 

 

 

 



176 
 

 

Figure S21: Bio-alkane production by Halomonas TQ10 in valine supplemented high salt medium expressing plasmid-
borne pHT7LIHKFG462I. Photobioreactor cultivation (400 mL) was performed with LB60Val medium pH 6.8 containing 0.5 
mL/L antifoam and 50 µg/mL spectinomycin. Cultivation was performed in batch mode, pre-equilibrated at 30 °C with 
60% stirring output with an airflow rate of 1.21 L/min, and ambient room lighting until mid-log phase (4-5 hours). Protein 
expression was induced by 0.1 mM IPTG, and the culture was maintained for up to 48 h with blue light exposure (1656). 
Alkane gas production was monitored at 20 min intervals by automated headspace sampling using a Micro GC. 
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Figure S22: Cumulative bio-alkane production by Halomonas TQ10 in high salt glycerol medium expressing plasmid-
borne pHT7LIHKFG462I. Photobioreactor cultivation (400 mL) was performed with high salt glycerol medium pH 6.8 
containing 0.5 mL/L antifoam and 50 µg/mL spectinomycin. Cultivation was performed in batch mode, pre-equilibrated 
at 30 °C with 60% stirring output with an airflow rate of 1.21 L/min, and ambient room lighting until mid-log phase (4-5 
hours). Protein expression was induced by 0.1 mM IPTG, and the culture was maintained for up to 48 h with blue light 
exposure (1656). Alkane gas production was monitored at 20 min intervals by automated headspace sampling using a 
Micro GC. 

 

 

Figure S23: Amino acid depletion during fermentation of Halomonas TQ10 expressing plasmid-borne pHT7LIHKFG462I in 
three media. Amino acid data is shown for a representative example of cultivation for around 48 h without feeding in 
(A) glycerol, (B) LB60Cas and (C) LB60Val medium. Methodology of the fermentation runs is described in the legends of 
Figures S7-S9, respectively. Amino acid concentration determination was performed by manual culture sampling, 
followed by filtration (0.2 µm) and HPLC analysis. Analysis was performed according to the method of Bartolomeo and 
Maisano (2006) [1]. 
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3.7.2. Supplementary Tables 

Table S27: Effect of E. coli strain on alkane production with pPr*AFYSCIB construct. 

  Hydrocarbon (µg/L) Gas Ratio (%) 

Propane iso-Butane n-Butane Propane iso-Butane n-Butane 

BL21(DE3) 4 ± 1 1 ± 0 1 ± 0 79 15 6 

NiCo2(DE3) 17 ± 3 6 ± 2 3 ± 0 71 20 9 

BL21(DE3)∆∆ 110 ± 7 27 ± 5 12 ± 2 77 15 8 

Cultures (10 mL) were grown in LB medium containing 30 µg/ml kanamycin for 4-6 h (OD600 nm ∼1) at 37 °C and 180 rpm. Triplicate 
aliquots (1 mL) each of 3 biological replicate cultures were sealed into glass vials (3 mL) and incubated at 30 °C for 16-18 h at 200 
rpm, illuminated continuously with a blue LED (455 nm or 470 nm). Gaseous hydrocarbon levels were determined by manual 
headspace injection using an Agilent 490 Micro GC, containing an Al2O3/KCl column. nd = none detected. BL21(DE3)∆∆ = BL21(DE3) 
∆yqhD/∆yjgB 

 

 

Table S28: Alkane production in E. coli expressing recombinant ADO- and CvFAP-dependent pathways from amino 

acids. 

 

Construct 

Hydrocarbon (mg/L) Gas Ratio (%) 

Propane iso-Butane n-Butane Propane iso-Butane n-Butane 

CoA-dependent route with ADOA134F  

pPr*AFYSCIB 0.017 ± 0.002 0.002 ± 0.001 nd 89 11 - 

pPr*AFYSCPrIB nd nd nd - - - 

pTrAFYSCIB 0.36 ± 0.01 0.017 ± 0.005 0.021 ± 0.006 90 4 5 

pTrAFYSCTrIB 0.010 ± 0.003 nd nd 100 - - 

pTrΔLAFYSCIB 0.956 ± 0.008 0.030 ± 0.001 0.012 ± 0.001 96 3 1 

CoA-dependent route with CvFAPG462V 

pTrFG462VYIB 0.98 ± 0.06 0.09 ± 0.02 0.04 ± 0.01 88 8 4 

pPrFG462VYIB nd nd nd - - - 

CoA-dependent route with ADOA134F and CvFAPG462V 

pTrAFYSCIB with 
pTrCvFAPG462V 

0.26 ± 0.04 0.030 ± 0.004 0.030 ± 0.001 81 9.5 9.5 

pPrAFYSCIB with 
pTrCvFAPG462V 

0.15 ± 0.02 0.03 ± 0.01 nd 83 17 - 

KdcA-dependent route with CvFAPG462V or CvFAPG462I 

pTrIαKTrKFG462V 4.24 ± 0.11 14.71 ± 0.41 2.18 ± 0.08 20 70 10 

pTrIPTrKFG462V 4.26 ± 0.25 13.77 ± 0.74 2.72 ± 0.13 21 66 13 

pTrIHTrKFG462V 5.07 ± 0.14 15.99 ± 0.64 3.20 ± 0.19 21 66 13 

pTrIαKTrKFG462I 5.55 ± 0.36 30.40 ± 2.10 5.63 ± 0.48 13 73 14 

pTrIPTrKFG462I 6.06 ± 0.54 28.77 ± 2.12 7.18 ± 0.42 14 68 17 

pTrIHTrKFG462I  7.77 ± 0.54 38.55 ± 2.54 9.58 ± 0.55 14 69 17 

Cultures (10 mL) were grown in LB medium containing the required antibiotics (Table S31) for 4-6 h (OD600 nm ∼1) at 37 °C and 180 
rpm. Protein induction (100 µM IPTG) was performed for trc-containing constructs, and triplicate aliquots (1 mL) each of 3 biological 
replicate cultures were sealed into glass vials (3 mL) and incubated at 30 °C for 16-18 h at 200 rpm, illuminated continuously with 
a blue LED (455 nm or 470 nm). Gaseous hydrocarbon levels were determined by manual headspace injection using an Agilent 490 
Micro GC, containing an Al2O3/KCl column. nd = none detected. 
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Table S29: Gaseous bio-alkane production in E. coli BL21(DE3)ΔΔ expressing constructs in two plasmid backbones 

and one or two promoters. 

 

Construct 

Hydrocarbon (mg/L) Gas Ratio (%) 

Propane iso-Butane n-Butane Propane iso-Butane n-Butane 

Plasmid backbone – pBbE1k  

pTrIHTrKFG462I  5.80 ± 0.11 

6.18 ± 0.38a 

32.15 ± 0.48 

12.31 ± 0.59a 

6.65 ± 0.02 

3.12 ± 0.14a 

13 

29a 

72 

57a 

15 

14a 

pTrIHKFG462I 5.49 ± 0.40 

5.22 ± 0.24a 

29.61 ± 2.17 

10.60 ± 0.44a 

6.19 ± 0.57 

2.63 ± 0.12a 

13 

28a 

72 

57a 

15 

14a 

pcΔLIHKFG462I 2.08 ± 0.03 11.10 ± 0.08 2.07 ± 0.01 14 73 14 

pcTrΔLIHKFG462I 2.02 ± 0.02 8.61 ± 0.18 1.65 ± 0.03 16 70 13 

Plasmid backbone – pBbE1a       

pTrIHTrKFG462IE1a 3.24 ± 0.24 16.89 ± 1.29 3.33 ± 0.24 14 72 14 

pTrIHKFG462IE1a 2.91 ± 0.14 16.16 ± 0.65 2.62 ± 0.09 13 75 12 

Cultures (10 mL) were grown in LB, or aphosphate buffered TB medium, containing 30 µg/mL kanamycin for 4-6 h (OD600 nm ∼1) at 
37 °C and 180 rpm. Protein induction (100 µM IPTG) was performed, and triplicate aliquots (1 mL) each of 3 biological replicate 
cultures were sealed into glass vials (3 mL) and incubated at 30 °C for 16-18 h at 200 rpm, illuminated continuously with a blue LED 
(455 nm or 470 nm). Gaseous hydrocarbon levels were determined by manual headspace injection using an Agilent 490 Micro GC, 
containing an Al2O3/KCl column. Constitutive promoters: cΔL = lacI promoter minus lacIq; cTrΔL = trc promoter minus lacIq.  
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Table S30: Gaseous bio-alkane production in E. coli expressing pTrIHTrKFG462I construct. 

Supplemental 

Amino acid (mg/mL)1 

Hydrocarbon (mg/L) Gas Ratio (%) 

Propane iso-Butane n-Butane Propane iso-Butane n-Butane 

0 5.80 ± 0.11 32.15 ± 0.48 6.65 ± 0.02 13 72 15 

Leucine supplementation 

1 3.93 ± 0.08 47.86 ± 1.41 3.11 ± 0.10 7 87 6 

2 3.51 ± 0.05 69.27 ± 0.70 2.49 ± 0.06 5 92 3 

4 3.31 ± 0.11 88.13 ± 1.52 1.91 ± 0.04 4 94 2 

8 2.65 ± 0.12 99.79 ± 3.18 1.15 ± 0.04 3 96 1 

10 2.00 ± 0.33 77.85 ± 2.72 0.55 ± 0.03 2 97 1 

15 1.85 ± 0.07 91.79 ± 4.33 0.41 ± 0.02 2 98 <1 

20 1.93 ± 0.03 109.04 ± 3.89 0.34 ± 0.01 2 98 <1 

25 1.86 ± 0.08 103.97 ± 3.92 0.27 ± 0.01 2 98 <1 

30 1.86 ± 0.03 112.10 ± 0.59 0.32 ± 0.00 2 98 <1 

Isoleucine supplementation 

1 4.76 ± 0.06 21.22 ± 0.33 25.08 ± 0.28 9 42 49 

2 4.91 ± 0.14 18.75 ± 0.39 44.05 ± 1.09 7 28 65 

4 4.80 ± 0.12 15.63 ± 0.29 63.46 ± 0.99 6 18 76 

8 4.12 ± 0.22 11.32 ± 0.48 83.50 ± 3.57 4 12 84 

10 3.04 ± 0.05 8.32 ± 1.00 72.68 ± 1.47 4 10 86 

15 3.02 ± 0.11 6.79 ± 0.25 94.17 ± 4.46 3 7 90 

20 2.61 ± 0.15 5.59 ± 0.35 101.62 ± 8.42 2 5 93 

25 2.37 ± 0.07 4.64 ± 0.08 112.09 ± 1.92 2 4 94 

30 2.43 ± 0.05 3.56 ± 0.06 141.59 ± 2.98 2 2 96 

Cultures (10 mL) were grown in LB containing 30 µg/mL kanamycin for 4-6 h (OD600 nm ∼1) at 37 °C and 180 rpm. Protein induction 
(100 µM IPTG) was performed followed by amino acid addition (0-30 mg/mL) and triplicate aliquots (1 mL) each of 3 biological 
replicate cultures were sealed into glass vials (3 mL) and incubated at 30 °C for 16-18 h at 200 rpm, illuminated continuously with 
a blue LED (455 nm or 470 nm). Gaseous hydrocarbon levels were determined by manual headspace injection using an Agilent 490 
Micro GC, containing an Al2O3/KCl column. 1Data for valine supplementation was previously published [2], so has not been recorded 
in this Table. In the absence of amino acid supplementation, the approximate concentrations of valine, leucine and isoleucine in 
Luria broth are reported to be 7, 5.4 and 8.8 mM, respectively [3]. 
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Table S31: Gaseous bio-alkane production in Halomonas TQ10 containing either plasmid-borne or chromosomally 

integrated KdcA-dependent constructs. 

 

Construct 

Hydrocarbon (mg/L) Gas Ratio (%) 

Propane iso-Butane n-Butane Propane iso-Butane n-Butane 

Plasmid constructs       

pHT7LIHKFG462I
a 3.78 ± 0.26 

7.99 ± 1.07b 

9.32 ± 0.63 

0.65 ± 0.08b 

2.94 ± 0.22 

0.11 ± 0.01b 

24 

91  

58 

7 

18 

1 

pHcT7L∆LIHKFG462I 

 

0.86 ± 0.14 

2.32 ± 0.32b 

2.08 ± 0.39 

0.14 ± 0.00b 

0.56 ± 0.10 

0.01 ± 0.00b 

25 

94 

59 

6 

16 

0 

pHc∆LIHKFG462I 

 

1.81 ± 0.06 

3.95 ± 0.16b 

1.91 ± 0.10 

0.37 ± 0.03b 

0.73 ± 0.03 

0.02 ± 0.00b 

41 

91 

43 

9 

16 

0 

pHc69IHKFG462I
a 0.97 ± 0.01 1.18 ± 0.02 0.41 ± 0.01 38 46 16 

pHc59IHKFG462I 0.15 ± 0.00 0.35 ± 0.02 0.12 ± 0.00 24 57 19 

pHc102IHKFG462I 0.04 ± 0.00 0.04 ± 0.00 0.01 ± 0.00 45 44 11 

Chromosomal integrated constructs      

N3T7LIHKFG462I
a 

 

0.71 ± 0.04 

2.70 ± 0.10b 

1.39 ± 0.09 

0.29 ± 0.01b 

0.66 ± 0.05 

0.04 ± 0.00b 

26 

89 

50 

10 

24 

1 

N3cT7L∆LIHKFG462I 

 

0.25 ± 0.00 

1.72 ± 0.16b 

0.43 ± 0.00 

0.15 ± 0.02b 

0.20 ± 0.00 

0.02 ± 0.00b 

28 

91 

49 

8 

23 

1 

N3c∆LIHKFG462I 

 

0.68 ± 0.01 

1.84 ± 0.28b 

1.19 ± 0.01 

0.12 ± 0.05b 

0.58 ± 0.01 

0.02 ± 0.02b 

28 

93 

49 

8 

24 

1 

N3c69IHKFG462I
a 0.29 ± 0.01 0.47 ± 0.02 0.23 ± 0.01 29 47 24 

N15T7LIHKFG462I 0.17 ± 0.01 0.24 ± 0.03 0.14 ± 0.02 31 44 25 

N15cT7L∆LIHKFG462I 0.15 ± 0.00 0.19 ± 0.00 0.11 ± 0.00 27 35 20 

N15c∆LIHKFG462I 0.16 ± 0.00 0.25 ± 0.01 0.13 ± 0.00 30 45 23 

N15c69IHKFG462I 0.07 ± 0.00 0.10 ± 0.00 0.05 ± 0.00 13 17 9 

aData obtained from previously published studies [2]. bCultures contained supplemental valine (30 mg/mL). Cultures were grown 
in LB medium pH 9.0 with/without supplemental valine (30 mg/mL) containing 60 g/L NaCl and spectinomycin (50 µg/mL) for 5 h 
at 37 °C and 180 rpm. Recombinant protein expression was induced with IPTG (0.1 mM; OD600 nm ∼1.6), and triplicate aliquots (1 
mL) of cultures were sealed into 4 mL glass vials and incubated at 30 °C for 16-18 h at 200 rpm, illuminated with a blue LED panel. 
Headspace gas was analysed for hydrocarbon content using a Micro GC. Gaseous hydrocarbon levels were determined by manual 
headspace injection using an Agilent 490 Micro GC, containing an Al2O3/KCl column.  Constitutive promoters: cΔL = lacI promoter 
minus lacIq; cTrΔL = trc promoter minus lacIq.  
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Table S32: Inducible plasmids used in this study.  

Construct Promoter-Gene(s) Plasmid Antibiotic 

Expression in E. coli 

pADOA134F T7-ADOA134F pCDFDuet-1 [4] Spectinomycin 

pFerr T7-Ferr pRSF-Duet1 [4] Kanamycin 

pTPC7 T7-YciA-sfp-CAR pETDuetT-1 [4] Ampicillin 

pCvFAPG462V [5] T7-CvFAPG462V pETM11 Kanamycin 

pilvE T7-ilvE pET21b(+) Ampicillin 

pBCKDHAB T7-BCKDHAB pET21b(+) Ampicillin 

pαKGSDH T7-αKGSDH pETM11 Kanamycin 

pPadA T7-PadA pET21b(+) Ampicillin 

pHpad T7-Hpad pETM11 Kanamycin 

pKdcA kdcA pMA-Ta Ampicillin 

pilvA T7-ilvA pET21b(+) Ampicillin 

pLeuABCD T7-LeuABCD pET21b(+) Ampicillin 

pTetADOA134FFerr Tet-ADOA134F-Ferr pBbE2k Kanamycin 

pAFYSC T7-ADOA134F-Ferr-YciA-sfp-CAR pETDuetT-1 Ampicillin 

pTrAFYSCIB trc-ADOA134F-Ferr-YciA-sfp-CAR-ilvE-BCKDHAB pBbE1k Kanamycin 

pTrAFYSCTrIB trc-ADOA134F-Ferr-YciA-sfp-CAR-trc-ilvE-BCKDHAB pBbE1k Kanamycin 

pTrCvFAPG462V trc-CvFAPG462V pBbA1c Chloramphenicol 

pTrFG462VYIB trc-CvFAPG462V-YciA-ilvE-BCKDHAB pBbE1k Kanamycin 

pTrIαKTrKFG462V trc-ilvE-αKGSDH-trc-kdcA-CvFAPG462V pBbE1k Kanamycin 

pTrIPTrKFG462V trc-ilvE-PadA-trc-kdcA-CvFAPG462V pBbE1k Kanamycin 

pTrIHTrKFG462V trc-ilvE-Hpad-trc-kdcA-CvFAPG462V pBbE1k Kanamycin 

pTrIαKTrKFG462I  trc-ilvE-αKGSDH-trc-kdcA-CvFAPG462I  pBbE1k Kanamycin 

pTrIPTrKFG462I trc-ilvE-PadA-trc-kdcA-CvFAPG462I pBbE1k Kanamycin 

pTrIHTrKFG462I trc-ilvE-Hpad-trc-kdcA-CvFAPG462I  pBbE1k Kanamycin 

pTrIHKFG462I trc-ilvE-Hpad-kdcA-CvFAPG462I  pBbE1k Kanamycin 

pTrIHTrKFG462IE1a trc-ilvE-Hpad-trc-kdcA-CvFAPG462I  pBbE1a Kanamycin 

pTrIHKFG462IE1a trc-ilvE-Hpad-kdcA-CvFAPG462I  pBbE1a Kanamycin 

Expression in Halomonas 

pHT7LIHKFG462I Mmp1-ilvE-Hpad-kdcA-CvFAPG462I  pHal2 Spectinomycin 

pHT7L-RFP Mmp1-RFP pHal2 Spectinomycin 

pSH-N3b Contains homology arms for Node 3 pSEVA241 Chloramphenicol 

pSH-N15b Contains homology arms for Node 15 pSEVA241 Chloramphenicol 

pSBR1Ks-i-SceI pTrc-SceI pHal2 Spectinomycin 

aCloning vector from GeneArt. bBased on the CRISPR/Cas9 editing Halomonas genome donor DNA pSEVA241 plasmid of Quin, Q. et 
al [6], except the gRNA and antibiotic resistances were removed, and the insert contained the target DNA with a pKIKO-derived 
chloramphenicol resistance gene flanked by FRT sequences [7]. Promoters: T7 = T7lac IPTG-inducible promoter; trc = IPTG-inducible 
hybrid of the lac and trc promoters; proD and R0011 = constitutive promoters [8] and Tet = tetracycline inducible promoter [9]. 
pPr* = proD promoter with the residual LacIq removed. pΔL = pTr promoter minus trc and lacI. Promoters are shown in italics and 
amino acid changes are shown as a subscript. T7L = Halomonas-compatible T7-like IPTG-inducible MMP1 promoter [10]. The pBb 
series of vectors were obtained from Addgene [9]. Halomonas vector pHal2 is described in [2]. SceI – gene coding for endonuclease 
SceI. 
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Table S33: Constitutive plasmids used in this study. 
 

Construct Promoter-Gene(s) Plasmid Antibiotic 

Expression in E. coli 

pPrADOA134F proD-ADOA134F pBbEproDKa Kanamycin 

pYSCAP R0011-YciA-sfp-CAR-proD-ADOA134F-Ferr pG9c Ampicillin 

pPr*AFYSC proD*-ADOA134F-Ferr-YciA-sfp-CAR pBbEproDKa Kanamycin 

pPrAFYSC proD-ADOA134F-Ferr-YciA-sfp-CAR pBbEproDKa,b Kanamycin 

pPr*IB proD*-ilvE-BCKDHAB pBbEproDKa Kanamycin 

pPr*AFYSCIB proD*-ADOA134F-Ferr-YciA-sfp-CAR-ilvE-BCKDHAB pBbEproDKa Kanamycin 

pPrAFYSCPr proD-ADOA134F-Ferr-YciA-sfp-CAR-proD pBbEproDKa,b Kanamycin 

pPr*AFYSCPrIB proD*-ADOA134F-Ferr-YciA-sfp-CAR-proD-ilvE-BCKDHAB pBbEproDKa Kanamycin 

pcTrΔLAFYSCIB trc(ΔLacI)-ADOA134F-Ferr-YciA-sfp-CAR-ilvE-BCKDHAB pBbE1k [9] Kanamycin 

pPrFG462VYIB proD-CvFAPG462V-YciA-ilvE-BCKDHAB pBbEproDKa Kanamycin 

pcΔLIHTrKFG462I trc(ΔtrcΔLacI)-ilvE-Hpad-trc-kdcA-CvFAPG462I  pBbE1k [9] Kanamycin 

pcTrΔLIHKFG462I trc(ΔLacI)-ilvE-Hpad-kdcA-CvFAPG462I  pBbE1k [9] Kanamycin 

pcΔLIHKFG462I trc(ΔtrcΔLacI)-ilvE-Hpad-kdcA-CvFAPG462I  pBbE1k [9] Kanamycin 

pcTrΔLIHKFG462I trc(ΔLacI)-ilvE-Hpad-kdcA-CvFAPG462I  pBbE1k [9] Kanamycin 

Expression in Halomonas 

pHcT7LΔLIHKFG462I T7LΔL-ilvE-Hpad-kdcA-CvFAPG462I  pHal2 Spectinomycin 

pHcΔLIHKFG462I trc(ΔtrcΔLacI)-ilvE-Hpad-kdcA-CvFAPG462I  pHal2 Spectinomycin 

pHc102IHKFG462I Porin102-ilvE-Hpad-kdcA-CvFAPG462I  pHal2 Spectinomycin 

pHc69IHKFG462I Porin69-ilvE-Hpad-kdcA-CvFAPG462I  pHal2 Spectinomycin 

pHc59IHKFG462I Porin59-ilvE-Hpad-kdcA-CvFAPG462I  pHal2 Spectinomycin 

pHc102-RFP Porin102-RFP pHal2 Spectinomycin 

pHc69-RFP Porin69-RFP pHal2 Spectinomycin 

pHc59-RFP Porin59-RFP pHal2 Spectinomycin 

aModified pBbE7k vector, where the T7 promoter was substituted for the constitutive promoter proD, and bfurther modified to 
remove residual LacIq. Promoters: proD and R0011 = constitutive promoters [8]; pPr* = proD promoter with the residual LacIq 
removed. pΔL = pTr promoter minus trc and lacI. Promoters are shown in italics and amino acid changes are shown as a subscript. 
T7L = Halomonas-compatible T7-like IPTG-inducible promoter [10].  Halomonas vector pHal2 is described in [2]. 
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Table S34: Halomonas chromosomally-integrated constructs used in this study.  

Construct Promoter-Gene(s) Node (loci) Antibiotic 

N3T7LIHKFG462I Mmp1-ilvE-Hpad-kdcA-CvFAPG462I 3 Chloramphenicol 

N15T7LIHKFG462I Mmp1-ilvE-Hpad-kdcA-CvFAPG462I 15 Chloramphenicol 

N3cT7LΔLIHKFG462I Mmp1ΔL-ilvE-Hpad-kdcA-CvFAPG462I 3 Chloramphenicol 

N15cT7LΔLIHKFG462I Mmp1ΔL-ilvE-Hpad-kdcA-CvFAPG462I 15 Chloramphenicol 

N3cΔLIHKFG462I ΔL-ilvE-Hpad-kdcA-CvFAPG462I 3 Chloramphenicol 

N15cΔLIHKFG462I ΔL-ilvE-Hpad-kdcA-CvFAPG462I 15 Chloramphenicol 

N3c69IHKFG462I pPorin69-ilvE-Hpad-kdcA-CvFAPG462I 3 Chloramphenicol 

N15c69IHKFG462I pPorin69-ilvE-Hpad-kdcA-CvFAPG462I 15 Chloramphenicol 

Promoters: T7L = Halomonas-compatible T7-like IPTG-inducible promoter [10]; ΔL = lacIq eliminated from the MmP1 promoter. 

Promoters are shown in italics and amino acid changes are shown as a subscript.  

 

 

Table S35: Oligonucleotide sequences for the assembly of ADO-containing CoA-dependent DNA constructs. 

Stage Oligonucleotide sequence 5’ to 3’ Template DNA 

Construction of the constitutive promoter pPrADOA134F by In-Fusion cloning 

Vector opening TCCGAGTAAGGATCTCCAGGC 

ATTTCGCGGGATCGAGATCG 

pBbE7k-RFP 

proD-ADO PCR TCGATCCCGCGAAATGAATTCCACAGCTAACACCACGTCGTCCCT 

AGATCCTTACTCGGATCCTTAGCTGACTAAGGCTGCTGCCGC 

pYSCAP 

Assembly of pTetADOA134FFerr by In-Fusion cloning 

Vector opening GGATCCAAACTCGAGTAAGG 

CTTCTTAAAAGATCTTTTGAATTC 

pBbE2k-RFP 

ADO PCR AGATCTTTTAAGAAGCCTGTAGAAATAATTTTGTTTAACTTTAATAAGG 

ATTTAGCTGTCCTCCTTAAGAAACCAGGGCCGCTGC 

pADOA134F 

Ferr PCR GGAGGACAGCTAAATGGCATCCTATACCGTTAAATTGATCACC 

CTCGAGTTTGGATCCTTAGTAGAGGTCTTCTTCTTTGTGGGTTTC 

pFerr 

Assembly of pAFYSC by In-Fusion cloning 

Vector opening AGGAGGAAACATATGTCTGCTAACTTTACTGATAAAAACG 

GGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGG 

pTPC7 

ADO-Ferr PCR AGAAGGAGATATACCATGGGCAGCAGCC 

CATATGTTTCCTCCTTTAGTAGAGGTCTTCTTCTTTGTGGGTTTC 

pTetADOA134FFerr 

Assembly of pPr*AFYSC by In-Fusion cloning 

Vector opening TAAGGATCCGAGTAAGGATCTCCAGGCATC 

AAAGTTAAACAAAATTATTTGTAGAGGGAAACCGTTGTCG 

pPrADOA134F 

AFYSC PCR ATTTTGTTTAACTTTTTTGTTTAACTTTAAGAAGGAGATATACCATG 

TTACTCGGATCCTTACAGCAGGCCCAGCAGG 

pAFYSC 

Elimination of LacIq to generate pPrAFYSC by In-Fusion cloning 

Vector opening GCAATTCCGACGTCCCGGGATCTCGACGCTCTCCCT 

GGACGTCGGAATTGCCAGCTGG 

pPrAFYSC 

Assembly of pPr*IB by In-Fusion cloning 
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ilvE PCR ATTTTGTTTAACTTTTAAGAAGGAGATATACATATGACCACCAAAAAAG 

CCTGAATTCGGATCCTCAGTGGTGGTGGTGGTGGTGC 

pilvE 

BCKDHAB PCR GGATCCGAATTCAGGAGGTAAAAAAATGAGCAGCCTGGATGATAAACCGC 

GATCCTTACTCGGATTCAGTGGTGGTGGTGGTGGTGCT 

pBCKDHAB 

OEP  ATTTTGTTTAACTTTTAAGAAGGAGATATACATATGACCACCAAAAAAG 

GATCCTTACTCGGATTCAGTGGTGGTGGTGGTGGTGCT 

pBCKDHAB  & 
pilvE  

Vector opening ATCCGAGTAAGGATCTCCAGGCATC 

AAGTCATAGCATTTACAGCAGGCCCAGCAGGCG 

pPrAFYSC 

Assembly of pPr*AFYSCIB by In-Fusion cloning 

Vector opening ATCCGAGTAAGGATCTCCAGGCATC  

AAGTCATAGCATTTACAGCAGGCCCAGCAGGCG 

pPrΔLAFYSC 

 Insert IB PCR TAAATGCTATGACTTATTTTGTTTAACTTTTAAGAAGGAGATAT  

AGATCCTTACTCGGATTCAGTGG 

pPrIB 

Addition of a second proD promoter to generate pPrAFYSCPr 

Vector opening ATCCGAGTAAGGATCTCCAGGCATC 

AAGTCATAGCATTTACAGCAGGCCCAGCAGGCG 

pPrΔLAFYSC 

Promoter PCR TAAATGCTATGACTTCACAGCTAACACCACGTCGTCCCT 

GATCCTTACTCGGATAAAGTTAAACAAAATTATTTGTAGAGGGAAACCGT

TG 

pPrAFYSC 

Assembly of pPr*AFYSCPrIB by In-Fusion cloning 

Insert IB PCR  CATATGACCACCAAAAAAGCC  

AAGTCATAGCATTTACAGCAGGCCCAGCAGGCG 

pPrAFYSCIB 

Vector opening TAAATGCTATGACTTCACAGCTAACACCACGTCGTC 

TTTGGTGGTCATATGTATATCTCCTTCTTAAAAGTTAAACAAAATTATTT

GTAGAGG 

pPrΔLAFYSC 

Assembly of pTrAFYSCIB by In-Fusion cloning 

AFYSCIB PCR GTGAGCGGATAACAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGG 

GTTTTATTTGATGCCTGGAGATCCTTACTCG 

pPrAFYSCIB 

Vector opening  GGCATCAAATAAAACGAAAGGCTCAGTCG 

TTGTTATCCGCTCACAATTCCACACATTATACG 

pBbE1k-RFP 

Modification to produce pTrAFYSCTrIB 

Trc insertion  TGTGTGGAATTGTGAGCGGATAACAATTTGTTTAACTTTTAAGAAGGAGA

TATACATATGACCACC 

CTCACAATTCCACACATTATACGAGCCGGATGATTAATTGTCAAATAAGT

CATAGCATTTACAGCAGGCC 

pTrAFYSCIB 

Modification to produce pcTrΔLAFYSCIB 

Removal of 
pLacIq 

TTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCATCA 

TCTCCTTCTTAAAGTTAAACAAAAATTCACCACCCTGAATTGACTCTCTT

CCGGG 

pTrAFYSCIB 

OEP = overlap extension PCR. 
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Table S36: Oligonucleotide sequences for the assembly of CvFAP-containing CoA-dependent DNA constructs in E. 

coli. 

Stage Oligonucleotide sequence 5’ to 3’ Template DNA 

Assembly of pTrFG462VYIB by In-Fusion cloning 

Vector opening  ATGCTATGACTTATTTTGTTTAACTTTTAAGAAGGAGATATACA  

GGTATATCTCCTTCTTAAAGTTAAACAAAATTGTTATCCG 

pTrAFYSCIB 

CvFAP PCR ATGGCCAGCGCAGTTGA 

ATATGTTTCCTCCTTTATGCTGCAACGGTTGCCG 

pCvFAPG462V 

YciA PCR 

 

CCGTTGCAGCATAAAGGAGGAAACATATGTCTGCTAACTTTACTGATAAAA

ACGGTCGTCA 

TTATAAGGGCTGTTCACTAATCAAGGCTAAGG 

pProAFYSCIB 

OEP AGAAGGAGATATACCATGGCCAGCGCAGTTGA 

AATAAGTCATAGCATTTATAAGGGCTGTTCACTAATCAAGGCT 

CvFAP & YciA 

Assembly of pPrFG462VYIB by In-Fusion cloning 

Vector opening  ATGCTATGACTTATTTTGTTTAACTTTTAAGAAGGAGATATACA 

GGTATATCTCCTTCTTAAAGTTAAACAAAAAAGTTAAACAAAATTATTTG 

pPrAFYSCIB 

 CvFAP PCR ATGGCCAGCGCAGTTGA 

ATATGTTTCCTCCTTTATGCTGCAACGGTTGCCG 

pCvFAPG462V 

YciA PCR 

 

CCGTTGCAGCATAAAGGAGGAAACATATGTCTGCTAACTTTACTGATAAAA

ACGGTCGTCA 

TTATAAGGGCTGTTCACTAATCAAGGCTAAGG 

pProAFYSCIB 

OEP AGAAGGAGATATACCATGGCCAGCGCAGTTGA 

AATAAGTCATAGCATTTATAAGGGCTGTTCACTAATCAAGGCT 

CvFAP & YciA 

Assembly of pTrCvFAPG462V by In-Fusion cloning 

Vector opening  GGATCCAAACTCGAGTAAGGATCTCC 

ATGTATATCTCCTTCTTAAAAGATCTTTTGAATTCTGAAATTGT 

pBbA1c-RFP 

CvFAP PCR GAAGGAGATATACATTTATGCTGCAACGGTTGCCG  

CTCGAGTTTGGATCCATGGCCAGCGCAG 

pCvFAPG462V  

OEP = overlap extension PCR. 
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Table S37: Oligonucleotide sequences for the assembly of KdcA-dependent DNA constructs in E. coli. 

 

Stage Oligonucleotide sequence 5’ to 3’ Template DNA 

Assembly of pTrIaKTrKFG462V by In-Fusion cloning 

Vector opening TTCTTTATCCTCCTTCTTAAAAGATCTTTTGAATTCTGAAATTGTTATCCG

CTC 

GGATCCAAACTCGAGTAAGGATCTCC 

pBbE1k-RFP 

CvFAP PCR CAGAACAAATAAAGGAGGATAAAGAAATGGCCAGCGCAGTTGAAG 

CCTTACTCGAGTTTGGATCCTTATGCTGCAACGGTTGCCGG 

pCvFAPG462V 

ilvE PCR TTAAGAAGGAGGATAAAGAAATGACCACCAAAAAAGCCGATTACATTTGG 

TTCTTTATCCTCCTTCACTCGAGCTGATTAACCTGATCCAG 

pilvE 

αKGSDH PCR CAGCTCGAGTGAAGGAGGATAAAGAAATGGCCAATGTGACCTATACCG 

GACACCATCGAATGGTGCAAAACCTTTCGCGG 

pαKGSDH 

pTrc PCR CCACGGTATACATTTCTTTATCCTCCTTCTTAAAAGATCTTTTGAATTCTG

AAATTGTTATCCGC 

CATTATACGAGCCGGATGATTAATTGTCAATTAAACGGCCATAACGGTAAC

GCTTTTGG 

pBbE1k-RFP 

KdcA PCR ATCTTTTAAGAAGGAGGATAAAGAAATGTATACCGTGGGTGATTATCTGC 

GGCCATTTCTTTATCCTCCTTTATTTGTTCTGTTCCGCAAACAGTTTGC 

pKdcA 

OEP GACACCATCGAATGGTGCAAAACCTTTCGCGG 

GGCCATTTCTTTATCCTCCTTTATTTGTTCTGTTCCGCAAACAGTTTGC 

pTrc & KdcA 

Assembly of pTrIPTrKFG462V by In-Fusion cloning 

Vector opening TTCTTTATCCTCCTTCTTAAAAGATCTTTTGAATTCTGAAATTGTTATCCG

CTC 

GGATCCAAACTCGAGTAAGGATCTCC 

pBbE1k-RFP 

CvFAP PCR CAGAACAAATAAAGGAGGATAAAGAAATGGCCAGCGCAGTTGAAG 

CCTTACTCGAGTTTGGATCCTTATGCTGCAACGGTTGCCGG 

pCvFAPG462V 

ilvE PCR TTAAGAAGGAGGATAAAGAAATGACCACCAAAAAAGCCGATTACATTTGG 

TTCTTTATCCTCCTTCACTCGAGCTGATTAACCTGATCCAG 

pilvE 

PadA PCR CAGCTCGAGTGAAGGAGGATAAAGAAATGACCGAACCGCATGTTGCAGT 

CATTATACGAGCCGGATGATTAATTGTCAATCACTCGAGATAACGAACACA

AACGCTTTTGG 

pPadA 

pTrc PCR CCACGGTATACATTTCTTTATCCTCCTTCTTAAAAGATCTTTTGAATTCTG

AAATTGTTATCCGC 

CATTATACGAGCCGGATGATTAATTGTCAATTAAACGGCCATAACGGTAAC

GCTTTTGG 

pBbE1k-RFP 

KdcA PCR ATCTTTTAAGAAGGAGGATAAAGAAATGTATACCGTGGGTGATTATCTGC 

GGCCATTTCTTTATCCTCCTTTATTTGTTCTGTTCCGCAAACAGTTTGC 

pKdcA 

OEP GACACCATCGAATGGTGCAAAACCTTTCGCGG 

GGCCATTTCTTTATCCTCCTTTATTTGTTCTGTTCCGCAAACAGTTTGC 

pTrc & KdcA 

Assembly of pTrIHTrKFG462V by In-Fusion cloning 

Vector opening TTCTTTATCCTCCTTCTTAAAAGATCTTTTGAATTCTGAAATTGTTATCCG

CTC 

GGATCCAAACTCGAGTAAGGATCTCC 

pBbE1k-RFP 

CvFAP PCR CAGAACAAATAAAGGAGGATAAAGAAATGGCCAGCGCAGTTGAAG 

CCTTACTCGAGTTTGGATCCTTATGCTGCAACGGTTGCCGG 

pCvFAPG462V 

ilvE PCR TTAAGAAGGAGGATAAAGAAATGACCACCAAAAAAGCCGATTACATTTGG 

TTCTTTATCCTCCTTCACTCGAGCTGATTAACCTGATCCAG 

pilvE 
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HpadPCR CAGCTCGAGTGAAGGAGGATAAAGAAATGGACTTTCATCATCTGGCCTATT

GG 

CATTATACGAGCCGGATGATTAATTGTCAATCATGCTTCCAGGCTAATCCA

AATGGTTTTCAG 

pHpad 

pTrc PCR CCACGGTATACATTTCTTTATCCTCCTTCTTAAAAGATCTTTTGAATTCTG

AAATTGTTATCCGC 

CATTATACGAGCCGGATGATTAATTGTCAATTAAACGGCCATAACGGTAAC

GCTTTTGG 

pBbE1k-RFP 

KdcA PCR ATCTTTTAAGAAGGAGGATAAAGAAATGTATACCGTGGGTGATTATCTGC 

GGCCATTTCTTTATCCTCCTTTATTTGTTCTGTTCCGCAAACAGTTTGC 

pKdcA 

OEP GACACCATCGAATGGTGCAAAACCTTTCGCGG 

GGCCATTTCTTTATCCTCCTTTATTTGTTCTGTTCCGCAAACAGTTTGC 

pTrc & KdcA 

Mutagenesis to generate pTrIaKTrKFG462I 

V462I PCR GATCCGGATATTGTTAGCACCTATG 

CAGTGCCATACCAGGAACAAAAC 

pTrIaKTrKFG462V 

Mutagenesis to generate pTrIPTrKFG462I 

V462I PCR GATCCGGATATTGTTAGCACCTATG 

CAGTGCCATACCAGGAACAAAAC 

pTrIPTrKFG462V 

Mutagenesis to generate pTrIHTrKFG462I 

V462I PCR GATCCGGATATTGTTAGCACCTATG 

CAGTGCCATACCAGGAACAAAAC 

pTrIHTrKFG462V 

Assembly of pTrIHKFG462I by self-In-Fusion cloning 

Vector opening TGAAGGAGGATAAAGAAATGTATACCGTGGGTGATTATCTGCTGG 

TTCTTTATCCTCCTTCATCATGCTTCCAGGCTAATCCAAATGGTTTTCAG 

pTrIHTrKFG462I 

Assembly of pTrIHTrKFG462IE1a by In-Fusion cloning 

Vector opening TTCTTTATCCTCCTTCTTAAAAGATCTTTTGAATTCTGAAATTGTTATCCG

CTC 

GGATCCAAACTCGAGTAAGGATCTCC 

pBbE1a-RFP 

Construct PCR TTAAGAAGGAGGATAAAGAAATGACCACCAAAAAAGCCGATTACATTTGG 

CCTTACTCGAGTTTGGATCCTTATGCTGCAACGGTTGCCGG 

pTrIHTrKFG462I 

Assembly of pTrIHKFG462IE1a by In-Fusion cloning 

Vector opening TTCTTTATCCTCCTTCTTAAAAGATCTTTTGAATTCTGAAATTGTTATCCG

CTC 

GGATCCAAACTCGAGTAAGGATCTCC 

pBbE1a-RFP 

Construct PCR TTAAGAAGGAGGATAAAGAAATGACCACCAAAAAAGCCGATTACATTTGG 

CCTTACTCGAGTTTGGATCCTTATGCTGCAACGGTTGCCGG 

pTrIHKFG462I 

Assembly of pcLIHKFG462I by self-In-Fusion cloning 

Vector opening TTTCAGAATTCAAAAGATCTTTTAAGAAGGAGGATAAAGAAATGACCAC 

GATCTTTTGAATTCTGAAAATTCACCACCCTGAATTGACTCTCTTCCG 

pTrIHKFG462I 

Assembly of pcTrLIHKFG462I by self-In-Fusion cloning 

Vector opening TCCGGCTCGTATAATGTTTCAGAATTCAAAAGATCTTTTAAGAAGGAGG 

ATTATACGAGCCGGATGATTAATTGTCAAGACGTCGGAATTGCCAGCTG 

pTrIHKFG462I 

OEP = overlap extension PCR. Self In-Fusion cloning = PCR opening and elimination of target DNA, followed by re-circularisation of 
the plasmid by In-Fusion cloning in the absence of an insert. 
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Table S38: Oligonucleotide sequences for the assembly of KdcA-dependent DNA constructs in Halomonas. 

Stage Oligonucleotide sequence 5’ to 3’ Template DNA 

Assembly of pHT7L-RFP by In-Fusion cloning 

Vector opening CTCGAGTCTGGTAAAGAAACCGCTGC 

GGTATATCTCCTTCTTAAAGTTAAACAAACTAGTATTTCTC 

pHal2CvFAPG462V [2] 

RFP PCR AGAAGGAGATATACCATGGCGAGTAGCGAAGACGTTATC 

TTTACCAGACTCGAGTTAAGCACCGGTGGAGTGACGAC 

pBbE1c-RFP 

Assembly of pHT7LIHKFG462I by In-Fusion cloning 

Vector opening GGTATATCTCCTTCTTAAAGTTAAACAAACTAGTATTTCTCCTC 

CGGCAACCGTTGCAGCATAATTAACCTAGGCTGCTGCCACC 

pHT7L-RFP 

Construct PCR AGAAGGAGATATACCATGACCACCAAAAAAGCCGATTACATTTGGTTTA 

TTATGCTGCAACGGTTGCCG 

pTrIHKFG462I 

Assembly of pHcT7LΔLIHKFG462I by self In-Fusion cloning 

Vector opening CCCTATAATGCCACAAATATAATTAACTCATGGGCAGG 

TGTGGCATTATAGGGAGCTGTCACCGGATGTGCTTTCCG 

pHT7LIHKFG462I 

Assembly of pHcΔLIHKFG462I by In-Fusion cloning 

Vector opening CAGCTCGAGTGAAGGAGGATAAAGAAATGGACTTTCATCATCTGGCCTA

TTGG 

CCTTGCCTAGGCGGCCTCCTGTG 

pHT7LIHKFG462I 

Construct PCR GCCGCCTAGGCAAGGGACACCATCGAATGGTGCAAAACCTTTCGCGG 

TTCTTTATCCTCCTTCACTCGAGCTGATTAACCTGATCCAG 

pcΔLIHKFG462I  

Assembly of pHc102IHKFG462I by In-Fusion cloning 

Vector opening TCGGCTTTTTTGGTGGTCATCTAGTATTTCTCCTCTTTCTCTAGTAAAG 

CGGCAACCGTTGCAGCATAATTAACCTAGGCTGCTGCCACC 

pHc102-RFPa 

Construct PCR ATGACCACCAAAAAAGCCGATTACATTTG 

TTATGCTGCAACGGTTGCCG 

pTrIHKFG462I  

c102 promoter TTGCGTCCTGATCGTAGTGCGTATAGAGTTTGAGACTTTACTAGAGAAA

GAGGAGAAATACTAG 
 

Assembly of pHc69IHKFG462I by In-Fusion cloning 

Vector opening TCGGCTTTTTTGGTGGTCATCTAGTATTTCTCCTCTTTCTCTAGTAAAG 

CGGCAACCGTTGCAGCATAATTAACCTAGGCTGCTGCCACC 

pHc69-RFPa 

Construct PCR ATGACCACCAAAAAAGCCGATTACATTTG 

TTATGCTGCAACGGTTGCCG 

pTrIHKFG462I  

c69 promoter TTGCGTGCTCATTGGCCAATGTATAGAGTTTGAGACTTTACTAGAGAAA

GAGGAGAAATACTAG 
 

Assembly of pHc59IHKFG462I by In-Fusion cloning 

Vector opening TCGGCTTTTTTGGTGGTCATCTAGTATTTCTCCTCTTTCTCTAGTAAAG 

CGGCAACCGTTGCAGCATAATTAACCTAGGCTGCTGCCACC 

pHc59-RFPa 

Construct PCR ATGACCACCAAAAAAGCCGATTACATTTG 

TTATGCTGCAACGGTTGCCG 

pTrIHKFG462I  

c59 promoter TTGCGTTGGCCACTGAGCAGTATAGAGTTTGAGACTTTACTAGAGAAAG

AGGAGAAATACTAG 
 

apHal2-RFP plasmid [2] modified by the swapping of the T7-like promoter for a modified pPorin promoter. Underlined: -35 and -10 
boxes; bold: variable region; italics: Shine Dalgarno and spacer sequence. Self In-Fusion cloning = PCR opening and elimination of 
target DNA, followed by re-circularisation of the plasmid by In-Fusion cloning in the absence of an insert. 
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Table S39: Oligonucleotide sequences for the chromosomal integration of the KdcA-dependent DNA constructs 

into Halomonas. 

Stage Oligonucleotide sequence 5’ to 3’ Template DNA 

Assembly of N3T7LIHKFG462I by In-Fusion cloning 

Vector opening GGTATATCTCCTTCTTAAAGTTAAACAAACTAGTATTTCTCCTC 

CGGCAACCGTTGCAGCATAATTAACCTAGGCTGCTGCCACC 

pSH-N3 

Construct PCR AGAAGGAGATATACCATGACCACCAAAAAAGCCGATTACATTTGGTTTA 

TTATGCTGCAACGGTTGCCG 

pTrIHKFG462I 

Assembly of N3cT7LΔLIHKFG462I by self In-Fusion cloning 

Vector opening CCCTATAATGCCACAAATATAATTAACTCATGGGCAGG 

TGTGGCATTATAGGGAGCTGTCACCGGATGTGCTTTCCG 

N3T7LIHKFG462I 

Assembly of N3cΔLIHKFG462I by In-Fusion cloning 

Vector opening CAGCTCGAGTGAAGGAGGATAAAGAAATGGACTTTCATCATCTGGCCTATT

GG 

CCTTGCCTAGGCGGCCTCCTGTG 

N3T7LIHKFG462I 

Construct PCR GCCGCCTAGGCAAGGGACACCATCGAATGGTGCAAAACCTTTCGCGG 

TTCTTTATCCTCCTTCACTCGAGCTGATTAACCTGATCCAG 

pcΔLIHKFG462I 

Assembly of N3c69IHKFG462I by In-Fusion cloning 

Vector opening CGGCAACCGTTGCAGCATAATTAACCTAGGCTGCTGCCACC 

GGCATCAAATAAAACGAAAGGCTCAGTCG 

pSH-N3 

Construct PCR GTTTTATTTGATGCCTTTAATTAAAGCGGATAACAATTTCACAC 

TTATGCTGCAACGGTTGCCG 

pHc69IHKFG462I  

Assembly of N15T7LIHKFG462I by In-Fusion cloning 

Vector opening GGTATATCTCCTTCTTAAAGTTAAACAAACTAGTATTTCTCCTC 

CGGCAACCGTTGCAGCATAATTAACCTAGGCTGCTGCCACC 

pSH-N15 

Construct PCR AGAAGGAGATATACCATGACCACCAAAAAAGCCGATTACATTTGGTTTA 

TTATGCTGCAACGGTTGCCG 

pTrIHKFG462I 

Assembly of N15cT7LΔLIHKFG462I by self In-Fusion cloning 

Vector opening CCCTATAATGCCACAAATATAATTAACTCATGGGCAGG 

TGTGGCATTATAGGGAGCTGTCACCGGATGTGCTTTCCG 

N15T7LIHKFG462I 

Assembly of N15cΔLIHKFG462I by In-Fusion cloning 

Vector opening CAGCTCGAGTGAAGGAGGATAAAGAAATGGACTTTCATCATCTGGCCTATT

GG 

CCTTGCCTAGGCGGCCTCCTGTG 

N15T7LIHKFG462I 

Construct PCR GCCGCCTAGGCAAGGGACACCATCGAATGGTGCAAAACCTTTCGCGG 

TTCTTTATCCTCCTTCACTCGAGCTGATTAACCTGATCCAG 

pcΔLIHKFG462I  

Assembly of N15c59IHKFG462I by In-Fusion cloning 

Vector opening CGGCAACCGTTGCAGCATAATTAACCTAGGCTGCTGCCACC 

GGCATCAAATAAAACGAAAGGCTCAGTCG 

pSH-N15 

Construct PCR GTTTTATTTGATGCCTTTAATTAAAGCGGATAACAATTTCACAC 

TTATGCTGCAACGGTTGCCG 

pHc59IHKFG462I 

Self In-Fusion cloning = PCR opening and elimination of target DNA, followed by re-circularisation of the plasmid by In-Fusion cloning 
in the absence of an insert. 

 

 



191 
 

3.7.3. Supplementary Information References 

1. Bartolomeo MP, Maisano F: Validation of a reversed-phase HPLC method for quantitative 
amino acid analysis. J Biomol Tech 2006, 17(2):131-137. 

2. Amer M, Wojcik EZ, Sun C, Hoeven R, Hughes JMX, Faulkner M, Yunus IS, Tait S, Johannissen 
LO, Hardman SJO et al: Low carbon strategies for sustainable bio-alkane gas production 
and renewable energy. Energy Environ Sci 2020, 13(6):1818-1831. 

3. Sezonov G, Joseleau-Petit D, D'Ari R: Escherichia coli physiology in Luria-Bertani broth. J 
Bacteriol 2007, 189(23):8746-8749. 

4. Menon N, Pasztor A, Menon BR, Kallio P, Fisher K, Akhtar MK, Leys D, Jones PR, Scrutton NS: 
A microbial platform for renewable propane synthesis based on a fermentative butanol 
pathway. Biotechnol Biofuels 2015, 8:61. 

5. Hoeven R, Hughes JMX, Amer M, Wojcik EZ, Tait S, Faulkner M, Yunus IS, Hardman SJO, 
Johannissen LO, Chen G-Q et al: Distributed biomanufacturing of liquefied petroleum gas. 
bioRxiv 2019:640474. 

6. Qin Q, Ling C, Zhao Y, Yang T, Yin J, Guo Y, Chen GQ: CRISPR/Cas9 editing genome of 
extremophile Halomonas spp. Metab Eng 2018, 47:219-229. 

7. Sabri S, Steen JA, Bongers M, Nielsen LK, Vickers CE: Knock-in/Knock-out (KIKO) vectors for 
rapid integration of large DNA sequences, including whole metabolic pathways, onto the 
Escherichia coli chromosome at well-characterised loci. Microb Cell Fact 2013, 12(1):60. 

8. Davis JH, Rubin AJ, Sauer RT: Design, construction and characterization of a set of insulated 
bacterial promoters. Nucleic Acids Res 2011, 39(3):1131-1141. 

9. Lee TS, Krupa RA, Zhang F, Hajimorad M, Holtz WJ, Prasad N, Lee SK, Keasling JD: BglBrick 
vectors and datasheets: a synthetic biology platform for gene expression. J Biol Eng 2011, 
5:12. 

10. Zhao H, Zhang HM, Chen X, Li T, Wu Q, Ouyang Q, Chen GQ: Novel T7-like expression 
systems used for Halomonas. Metab Eng 2017, 39:128-140. 

 



192 
 

4. Potential Sustainable Feedstock from Industrial Water Streams Towards 

Renewable Gaseous Bioalkane Generation 

(Prepared for publication following submission of this thesis) 

Authors: Mohamed Amer, Michael H. Smith, Helen S. Toogood, and Nigel S. Scrutton 

Contributions: MA designed and performed the experimental work, analysed the results, 
interpreted the data and produced the initial draft of the manuscript with input and guidance 
from HST and NSS. 

4.1. Abstract 

The unpreceded demand for sustainable, renewable and low carbon footprint energy 

sources, has created a need to find scalable biomass to biofuels strategies. Commercial organic 

waste could offer an ideal and cost-effective feedstock for the production of fuels, such as bio-

LPG. Abundant energy dense organic waste streams include salt whey, brewery spent yeast and 

volatile fatty acid- (VFA) rich anaerobic digestion effluent. A waste to bio-LPG synthetic biology 

strategy was designed to utilise the robust industrial microorganism Halomonas strain TQ10. 

Dairy and brewery wastes are a supply of amino acid, vitamin and carbon sources. These 

amino acids can be used as feed stock for generating bio-LPG in a photobiocatalytic process that 

require a pathway of enzymes to convert valine, leucine and isoleucine to propane, isobutane and 

butane, respectively. The conversion process is characterized by a minimal pre-processing and is 

carried out under non-sterile conditions in a fermentative photobioreactor (PBR). Propane was 

the major alkane gas generated with both waste feedstocks using Halomonas. Relative 

proportions of propane, butane and isobutane were dependent on the amino acid composition of 

the individual waste feedstocks. A simpler strategy of direct VFA precursor addition was 

performed to assess the tolerance of Halomonas to organic acids, and assess bio-LPG titres 

compared to the amino acid to alkane gas route. 

This study demonstrates the potential of utilizing VFAs or amino acid rich waste streams as 

sustainable feedstocks for the generation of bio-LPG. Given further optimisation of the process, it 

may be possible to turn the challenge of waste stream management into an opportunity towards 

clean energy in both advanced and developing countries. 
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4.2. Introduction 

Industrial effluents are attractive renewable source for sustainable production of many 

chemicals, including biofuels [1-5]. Among these wastes; milk whey wastewater (MW) [6], 

brewery wastewater (BW) [7], and food waste (FW) biomass are considered a well-identified, 

cheap and abundant carbon sources [6, 8]. Using these wastes efficiently will offer an opportunity 

to lessen their negative impact on the environment and offer commercial benefits by converting 

them to commercial compounds, e.g. gaseous bioalkanes [9, 10].  

Industrial and agricultural wastes and by-products are discarded in huge amount every day 

causing an increasing global concern due to their impact on health and environmental degradation 

[11-13]. The essential several downstream pre-treatment processing for the growing amounts of 

waste streams has a significant cost and, in most cases, requires freshwater resources which 

sometime limits the treatment process. The most common fate of these waste streams is either 

incineration [14], disposal into the sewage system [15], landfill [16] or discarded into the sea [17]. 

These waste management practices can cause disruptions to the local ecosystem and can lead to 

a release of methane into the atmosphere [18]. Methane is a powerful greenhouse gas which is 

traditionally generated by anaerobic digestion (AD) of municipal, commercial and industrial 

wastes or energy crops [19]. Methane is a 20-30 times more potent greenhouse gas than carbon 

dioxide [20]. However, with unpreceded demand for non-fossil fuel alternatives, particularly the 

renewable biofuels [21], it is a dual benefit to use these waste streams to create sustainable 

biomass-biofuels conversion cycles with minimal downstream processing and reduced use of fresh 

water. 

Recently, the advent of synthetic biology techniques enables more in-depth optimisation of 

in vivo biocatalytic efficiencies and improves bioengineering of microbial cell factories. Moreover, 

applying enzyme evolution and redesign strategies to increase reaction rates, stability and 

expression within a chosen chassis have paved the way for utilizing a broad range of waste 

feedstocks for production of biofuels [9, 10]. The techno-economic challenges of developing 

scaled bioprocesses is typically production cost reduction. Cost reducing strategies include using 

cheap and abundant biomaterials as feedstock where waste streams are the natural choice, 

implementing non-sterile fermentation, valorisation of side-streams to produce additional 

valuable chemicals, optimisation of cell productivity and process scale-up [9]. The adoption of 

synthetic biology for exploiting waste can offer environmentally friendly and cost-effective 

solutions with minimal pre-treatment processing to generate energy through using waste streams 
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catalysed by robust microbial cell factories. These engineered cell factories can produce biofuels 

under nonsterile conditions and without exhausting fresh water resources [9].  

Despite current successes in utilising biomass waste for production of biofuels [5, 7, 9, 10, 

14-17, 22], it is still essential to continuously develop robust and cost-effective pre-treatment 

processes, as it is one of the determinant factors for the overall expenditure reduction for biofuels 

production, for the already well-established industries such as food and beverage manufacturing. 

The huge amount of food waste generated annually from household and processing industry is 64 

million tons from the EU alone [23]. Municipal solid waste is conventionally either incinerated or 

dumped into an open area [24] causing environmental and health issues. The milk and brewery 

processing industries are one of the world’s staple industries which discharge a huge amount of 

highly polluting effluents. Around 50% of the world’s whey production, such as acid or salt whey, 

is untreated prior to disposal which conventionally ends up into water streams. [25-27]. The dairy 

industry is one of the most polluting of industries, It generates about 0.2–10 litres of effluent per 

litre of processed milk with an average generation of about 2.5 litres of wastewater per litre of 

processed milk [28]. In 2018, the global beer production amounted to about 194 billion litres [29], 

where 3–10 L of BW effluent is generated for the production of 1 L of beer [30-32]. Both milk whey 

and brewery wastewater are considered the largest industrial wastewater sources [8, 33]. Since, 

the treatment of these industrial streams has not been sufficiently addressed, they bear an 

environmental and economic burden.  

Food waste, salted milk whey from cheese manufacture and brewery waste yeast are rich in 

amino acids [7, 34, 35] hence, these waste streams have a potential use as a good carbon source 

for synthesising of bio-LPG from amino acids gas by fermentation using engineered pathways with 

terminal ADO and CvFAP biocatalysts [9, 10]. Also, food waste has a great potential as a VFA 

fermentation substrate due to its high VFA yield (i.e. up to 0.43 gVFA/g substrate) [22, 36]. 

Typically, these wastes can be used to make VFAs by anaerobic digestion (AD) (see Anaerobic 

digestion (AD) in 2.7.3 Supplementary Notes) providing the supplied microorganism communities 

are modified to include Clostridia to produce VFAs [37]). VFAs produced from AD is primarily a 

mixture of acetate, propionic, butyric, caproic and valeric acids, while the exact composition is 

subject to the type of the organic matter, the fermentation conditions and the microbial cultures 

used [38]. The generated VFAs, particularly butyric, isobutyric, valeric, isovaleric and 2-

methylbutyric, are consequently converted into bio-LPG blend of propane, butane and isobutane 

through a single photocatalytic step catalysed by CvFAP [9, 10]. 
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Here we discuss an extension to a previously described synthetic biology-based strategy 

towards the exploiting of industrial waste streams [9, 10]. In particular, milk whey and brewery 

waste water streams can be utilised as amino acid sources in small-scale fermentations of 

Halomonas for bio-LPG production. In addition, we investigate a shortened route where wastes 

are first valorised to be converted into VFAs for direct photocatalytic production of gases in E. coli. 

The introduction of a newly discovered environmental Halomonas strain will be assessed for its 

potential for bio-LPG production from amino acids. 

4.3. Materials and Methods  

4.3.1. Materials, services and equipment 

All chemicals, solvents and reagents were purchased from commercial suppliers, and were of 

analytical grade or better. The gas calibration standard was a custom blend of 1% each of propane, 

butane and isobutane in nitrogen (Thames Restek, Saunderton, UK). Media components were 

obtained from Formedium (Norfolk, UK). The custom-built LED blue light array had area of 396 

cm2 of relatively consistent light intensity and a fixed average culture-to-LED distance of 8 cm. The 

photobioreactor was a thermostatic flat panel FMT 150 (500 mL; Photon Systems Instruments, 

Czech Republic) with integral culture monitoring (OD 680/720 nm), pH and feeding control and an 

LED blue light panel (465 nm; maximum PPFD = 1648 µE photons). Alkane gas production was 

monitored using an Agilent 490 Micro GC, containing an Al2O3/KCl column and a thermal 

conductivity detector (TCD). HPLC analysis was performed using an Agilent 1260 Infinity HPLC with 

a 1260 ALS autosampler, TCC SL column heater, a 1260 refractive index detector (RID) with an 

Agilent Hi-Plex H column (300 x 7.7 mm; 5 mM H2SO4). 

4.3.2. Strains and genetic constructs 

The E. coli strains used for propagating all plasmids were Stellar™ (Clontech) or NEB5α (New 

England Biolabs). The E. coli strain used for alkane production was a modified version of BL21(DE3) 

where the two chromosomal aldehyde reductase genes yqhD and yjgB were deleted 

(BL21(DE3)∆∆) [39] as described previously [40]. The modification of Halomonas strain TQ10-

MmP1 and pSEVA plasmids have been described previously [40]. CvFAPG462I was generated by site-

directed mutagenesis of the wild-type using the QuickChange whole plasmid synthesis protocol 

[40]. Constructs were transformed into E. coli strain NEB5α (New England Biolabs) for plasmid 

recircularization and production, and E. coli strains BL21(DE3)∆∆ [39] for gas production. 
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4.3.3. Multi-enzyme construct in Halomonas 

The multi-gene construct for alkane gas production (pTrc-ilvE-Hpad-KcdA-CvFAPG462I or 

pHT7LIHKFG462I) under control of the IPTG-inducible MmP1 T7-like promoter [9, 10] was assembled 

in the Halomonas-compatible plasmid pHal2 as previously described [9]. Each construct was 

propagated in the E. coli conjugative donor strain S17-1 [41]. Plasmid transformation into 

Halomonas was performed by conjugation according to the method described previously [9]. 

Plasmid content of each trans-conjugant was confirmed by DNA isolation, restriction mapping and 

sequencing. 

4.3.4. Alternative industrial chassis (Halomonas I5) 

Halomonas strain I5 is an environmental isolate kindly provided by Dr Paul Kelly (University 

of Manchester). This isolate was transformed with IPTG-inducible (pHT7LIHKFG462I) and 

constitutive (pHΔLIHKFG462I) plasmids harbouring the multi-gene amino acids to alkane construct. 

Plasmids conjugation into Halomonas strain I5 was performed as previously described [9]. Gas 

production levels studies were carried out with YTN6 medium (5 g/L yeast extract; 10 g/L tryptone, 

60 g/L NaCl, pH 9) containing spectinomycin (50 µg/mL). Growth was monitored in MSM6 medium 

(1 g/L KNO3, 1 g/L K2HPO4, 3 mM NH4Cl, 50 mM Na2S2O3 and 35 g/L NaCl 60 g/L). MSM6 is a 

minimum salt medium (MSM) as previously described by Mishra (2017) [42] with NaCl 

modification from 35 g/L to 60 g/L. In vivo gases hydrocarbon gas production was performed by 

the following protocol: Cultures of Halomonas I5 containing pHT7LIHKFG462I or constitutive 

pHΔLIHKFG462I (10 mL) in LB60 medium containing spectinomycin (30 µg/mL; pHal2) were 

incubated for 4-6 h (OD600 nm ∼1) at 37 °C and 180 rpm, followed by induction at OD600 nm of 0.6-

0.8 with IPTG (100 µM), where required. Triplicate aliquots (1-5 mL) each of 3 biological replicate 

cultures were sealed into 4ml vials and incubated at 30 °C for 16-18 h at 200 rpm, illuminated 

continuously with an LED blue light panel (1600 μE). For alkane gas production studies, the 

headspace gas was analysed for propane, butane and isobutane content using a Micro GC. Data is 

expressed as mg hydrocarbon production per litre of fermenting culture. 

4.3.5. Hydrocarbon production in E. coli 

The CvFAP_pETM11 [9, 10] construct under control of the IPTG-inducible T7 promoter was 

transformed into E. coli. In vivo gaseous hydrocarbon production through CvFAPG462I in E. coli was 

performed by the following protocol: Cultures (20-100 mL) in LB medium containing kanamycin 

(30 µg/mL; pETM11) were incubated for 4-6 h (OD600 nm ∼1) at 37 °C and 180 rpm. Recombinant 

protein expression was induced by IPTG (100 µM) followed by supplementation with one of 
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isobutyrate, isovalerate, valerate or 2-methylbutyrate (each buffered at pH 6.8). The VFAs 

concentrations used were (1, 5, 10, 30, 50, 80, 100, 150 and 200 mM; pH 6.8). Triplicate aliquots 

(1-5 mL) each of 3 biological replicate cultures were sealed into 4 mL vials and incubated at 30 °C 

for 16-18 h at 200 rpm, illuminated continuously with an LED blue light panel (1600 μE).  For alkane 

gas production studies, the headspace gas was analysed for propane, butane and isobutane 

content using a Micro GC. Data is expressed as mg hydrocarbon production per litre of fermenting 

culture. 

4.3.6. Photobioreactor cultivation of Halomonas TQ10 

General photobioreactor (PBR) cultivation (400 mL) was performed in batch mode using 

crude milk whey or crude brewery waste (North of England suppliers) supplementation in the 

production medium. Both media were subjected to few physical pre-treatment steps to get rid of 

large suspended particles; where MW was vacuum filtered using cotton wool while BW crude 

media was centrifuged (for 5 min at 4000 rpm, 4 °C). The presence of ethanol (5.35 ± 0.01 %; Table 

S40) was inhibitory to Halomonas growth, therefore the optimum growth was determined (Figure 

S25). Consequently, BW was diluted by nonsterile synthetic seawater water (100 g Instant Ocean 

Sea Salt per 1 L distilled water) prior to using for gas production. The percentages of BW filtrate 

prepared were 5, 10, 15, 20, 35, 50, 70 and 100. Both MW and BW filtered media were 

supplemented by NaCl (60 or 100 g/L NaCl into the MW and BW media, respectively) followed by 

adjusting pH to 6.8 with NaOH/HCl. Each medium was pre-equilibrated at 30 °C with 60-100% 

stirring output followed by the addition of 50 μg/mL spectinomycin and 0.5 mL/L antifoam. An 

overnight starter culture (10 mL) of Halomonas TQ10-MmP1 containing pHT7LIHKFG462I plasmid 

[9, 10], was added, and the culture was maintained at 30 °C with an airflow rate of 1.21 L/min, 

automated pH maintenance, culture optical density monitoring and ambient room lighting until 

mid-log phase (4-5 hours). Protein induction was carried out by IPTG addition (100 µM) with 

continual blue light exposure (1656 μE) for ∼48 h. Gas production was monitored at 20 min 

intervals by automated headspace sampling using a Micro GC, while aqueous culture metabolites 

were quantified by HPLC. 

4.3.7. Analytical techniques 

Alkane gas concentrations were determined by manual headspace injection or automated 

(fermentation off gas monitoring) using an Agilent 490 Micro GC. Aqueous culture ethanol and 

metabolites (VFAs and glycerol) were analysed by HPLC using an Agilent 1260 Infinity HPLC. The 

running conditions for both the Micro GC and HPLC were the same as described previously [9]. 

For amino acid quantitation, analysis was performed according to the method of Bartolomeo and 



198 
 

Maisano (2006) [43]. Each analyte concentration was calculated by comparing the peak areas to 

a standard curve generated under the same running conditions. Error bars indicate one standard 

deviation of the data obtained for the replicates (biological and/or technical triplicates). 

4.4. Results and discussion 

4.4.1. Fermentation of industrial waste for bio-alkane production in Halomonas 

We performed laboratory scale cultivations of Halomonas expressing a plasmid-borne 

inducible construct (IHKFG462I) designed to convert the amino acids valine, isoleucine and leucine 

into propane, butane and isobutane, respectively [9, 10]. Halomonas was cultured on the amino 

acid-rich waste streams salted milk whey or brewery wastewater as the main carbon source. 

Fermentations were performed in a photobioreactor for 48 h, with integral blue light exposure for 

terminal pathway enzyme CvFAPG462I photoactivation.   

Surprisingly, no Halomonas growth was detected in media containing brewery waste (Figure 

S25). HPLC analysis of the culture medium showed there was a significant ethanol content 

between 5.35±0.01 % (Table S40), which is likely inhibiting the growth of Halomonas. Distillation 

to remove the ethanol content from brewery waste prior to medium supplementation is not cost 

effective at concentrations below 9% [44], and would add significant financial costs to the process. 

As an alternative, the brewery waste was serially diluted, and the optimal concentration 

supporting Halomonas growth was determined to be a 10-fold reduction in supplementation 

(Figure S25). In the case of milk whey supplementation, no ethanol was present so no waste 

stream dilution was necessary, and serial dilutions resulted in decreased alkane gas production 

(Table S41). 

Halomonas cultivation in both media led to growth plateauing at an OD680nm of around 1.2 

after 24 h (Figure 28a-b). The initial OD600 nm of MW medium was around 1.1 (Figure 28a) due to 

the opacity of the medium even after cotton wool filtration. Maximal gas production occurred 11-

12 hours after induction, where major alkane gas produced in both media was propane, with 

cumulative production levels of ∼14.74 mg/g cells and ∼28.25 mg/g cells for MW (∼0.51% amino 

acid blend) and BW (∼0.67% amino acid blend) media, respectively (over one day) (Figure 28c-d). 

These results are comparable with studies where Halomonas was cultivated in waste glycerol 

medium (∼0.25% amino acid blend) propane yields (17 mg propane/g cells) [10], which is 1.2-fold 

and 0.6-time of the MW and BW media yields, respectively. A steady decline in propane 

production in both media after the early peak rate was observed (Figure 28a - b), similar to 

previous studies [9, 10].  
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Figure 28: Bio-alkane production by Halomonas TD01 expressing IHKFG462I in plasmid construct. Rate of alkane 
production by the plasmid borne inducible construct pHT7LIHKFG462I [9, 10] in industrial wastewater (A) MW or (B) 
diluted BW. Cumulative alkane production by the plasmid borne inducible construct pHT7LIHKFG462I [9, 10] in industrial 
wastewater (C) MW or (D) BW. Photobioreactor cultivation (400 mL) was performed with MW or BW medium pH 6.8 
containing 0.5 mL/L antifoam and selection antibiotic (50 µg/mL spectinomycin). The culture was agitated at 30 °C with 
constant aeration (1.21 L/min), and ambient room lighting until mid-log phase (4-5 hours). Protein expression was 
induced by 0.1 mM IPTG, where required, and the culture was maintained for 24 h with blue light exposure (1656 µE). 
Alkane gas production was monitored by automated headspace sampling using a Micro GC. 

 Interestingly, the titres of butane and isobutane were essentially undetectable using off-gas 

fermenter monitoring with diluted BW medium (Figure 28b and d). In contrast, titres from MW 

showed cumulative butane and isobutane production at around 20% the level of propane (Figure 

28c). To investigate this, we performed HPLC analysis of the culture medium, and found valine 

was the most dominant amino acid in both media, compared to levels of leucine and isoleucine 

(Figure S27). This could explain the higher propane titres generated from Halomonas growth in 

MW medium, but not the relative absence of butane and isobutane seen with BW medium. The 

concentration of butyric, valeric and isovaleric acids in the culture medium was found to be < 1 

mM, suggesting gaseous alkane production was arising mostly from the amino acids content, 

rather than from direct decarboxylation of VFAs by CvFAPG462I. 

In both media, there was a gradual increase in propane production until around 12 h, 

followed by a slow decline to minimal titres by ∼24 h (Figure S27). This is thought to be attributed 

to plasmid instability and/or loss, or possibly the CvFAP photoinactivation [9, 45]. An additional 
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inhibitory factor could be the increase in cell turbidity/opaqueness due to cell density. The 

production decline could be attributed to plasmid instability and/or loss [46] or possibly CvFAP 

inactivation. However, the plasmid lose can be overcome with genomic incorporation of the 

production construct, with the disadvantage of lower titres initially [9, 10]. In addition, the 

continuous exposure of Halomonas (or microorganisms in general) to blue light may impact on 

cell viability, compromising further replenishment of the CvFAP catalyst in vivo. In spite of this, we 

have shown that waste feedstocks and seawater are capable of supporting bio-alkane gas 

production. Therefore, we suggest that MW and diluted BW could potentially be used as a 

feedstock for amino acid to gas pathway [9, 10] given further strain and media optimisation.  

The addition of wastewater streams to classical Halomonas media caused it to become 

opaque. This is likely a disadvantage to the overall process, as it reduces blue light penetration to 

the culture. However, alkane gas titres from cultures in both media showed no significant 

differences whether the media had been pre-filtered to reduce opaqueness or not. In addition, 

salt whey contains variable salt concentrations from 1 to 3% [6, 8, 47, 48], so additional salt needs 

to be titrated in to achieve the optimal salinity for Halomonas. In spite of these considerations, 

the addition of these wastewater streams supported both the growth and alkane gas production 

by Halomonas, under conditions unlikely to support the propagation of potentially contaminating 

microorganisms naturally present in the waste streams. 

4.4.2. Gas production from industrial-derived VFAs in E. coli 

Food waste (FW) is one of the most abundant waste streams. Around one third of all food 

produced for human consumption is wasted globally [49]. Pre-processing food waste to generate 

free amino acids is a potential route for use in bio-alkane gas production. Proteinaceous food 

waste is also a good amino acid supply source. However, a secondary approach could by utilising 

food waste, in particular nonproteinaceous or poor-amino acid food waste, through anaerobic 

digestors to produce VFAs [36, 50]. These short chain acids could be utilised by Halomonas to 

generate alkane gases, by the expression of CvFAPG462I. This was investigated previously by 

incorporating reagent grade VFAs into Halomonas cultures [9]. Alkane gas blend titres were 

tuneable, by customising the ratio of the individual supplied VFAs. Interestingly, anaerobic 

digestion results in the generation of methane and hydrogen, which are considered an added 

income generator to this pre-treatment process. However, the different feedstocks influence the 

chemical performances and relative microbial abundance and dynamics in both VFA and biogas 

processes [36, 51]. Therefore, changes to normal microbial consortia are needed to make the 

required VFAs; the hydrolytic and acidogenic bacteria which are responsible for formation of VFAs 
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blends in two sequential steps (i.e. hydrolysis and acidogenesis steps, respectively) during 

methanogenesis have to be enriched. In the meanwhile, both syntrophic acetogenic bacteria and 

methanogenic archaea which are responsible for consumption of VFAs through acetogenesis and 

methanogenesis steps during methane fermentation have to be selectively eliminated from the 

anaerobic digester. Generally, VFAs can be promoted during AD either by addition of 

methanogenic inhibitors as observed in lab scale studies [52, 53], or changing the operation 

conditions such as the substrate type, organic loading rate, temperature, adjusting pH to below 

6.0 or above 8.0 or shortening the AD time [22, 38, 54]. 

We determined the relationship between alkane gas production and initial VFA loading (up 

to 200 mM) to determine the optimal VFA loading in E. coli (Figure 29 and Figure S26). This is 

important as VFAs are waste products of microorganisms, so these wastes are growth inhibitory 

[51, 55, 56]. In this case, E. coli contained a plasmid-borne construct expressing only CvFAPG462I, 

rather than the whole amino acid to alkane production pathway. Each VFA was tested individually, 

rather than utilising a blend of VFAs. 

 

Figure 29: Effect of VFA concentration on alkane gas production. (A) Bioalkane gas production vs VFA concentration in 
E. coli BL21(DE3) expressing CvFAPG462I. Propane is produced from butyrate [9] and isobutyrate. Isobutane is produced 
from isovalerate. Butane is produced from valerate and 2-methylbutyrate (2MB). (B) VFAs consumption for bioalkane 
production vs initial VFA loading. Cultures of E. coli BL21(DE3) containing pETM11-CvFAPG462I were cultivated in LB broth 
with buffered VFA (pH 6.8) and kanamycin (50 mg/mL), and grown for 6 h at 37 °C at 180 rpm. CvFAPG462I expression 
was induced with IPTG (0.1 mM) followed by individual VFA addition. Triplicate aliquots (1 mL each; technical replicates) 
were sealed in 5 mL glass vials and incubated at 30 °C for 16-18 h at 200 rpm, illuminated continuously under a blue LED 
panel. Headspace gas was analysed for gas content using a Micro GC (100 ms injection) with an Al2O3/KCl column. Error 
bars represent one standard deviation of the data (n = 3). 

Interestingly, the peak VFA loading varied according to the VFA type (Figure 29a), with 

maximum gas titres obtained at VFAs concentrations between 50-80 mM. Moreover, the same 

concentration of VFA did not yield the same concentration of gas between cultures containing 

different VFAs. These findings suggest different levels of cytotoxicity to E. coli BL21(DE3) 
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expressing CvFAPG462I and/or specificity of CvFAP for different substrates (no kinetic data 

supplied).  

Furthermore, the consumption rates of VFA (Figure 23b) varied, with the maximum 

consumption being observed with the butane precursors isovaleric and 2-methylbutyric acids. The 

minimum consumption was for the propane precursor butyric acid. Butane production from 

valeric and 2-methyl butyric acids varied considerably from 37 to 199 mg/L at their respective 

peak concentrations (Figure 29a). These possibly suggest the variation of importing and/or 

metabolic profile of E. coli BL21(DE3) against each VFA, as well as variations in the relative 

concentrations of active CvFAP within the cell. 

Surprisingly, cultures containing 50 mM VFAs showed higher alkane gas titres with longer 

branched chain (C5) VFA over the unbranched shorter chain ones (C4) (Figure 29a). This suggests 

CvFAPG462I variant potentially has a product preference of isobutane>butane>propane, however, 

this preference is not confirmed as studies with purified enzymes have not been performed and 

this data is not normalised by the CvFAP and other recombinant enzymes concentrations. Also, at 

higher concentrations (100 – 200 mM) these rules could slightly change due to cytotoxicity of the 

acids, as shown by the change in the final optical density of each culture (Figure S26).  

Further investigation on these VFA interactions on both cellular and subcellular levels is 

required to upregulate the yield of specific VFA. Recently, significant increases in VFA titres were 

obtained by anaerobic digestion (50 g/L butyrate) from fed-batch fermentation of brown algae 

[57] fed on 36 g/L of kitchen waste [50]. Therefore, it is possible that a route from food waste to 

bio-alkane gases could be devised [9, 10]. 

4.4.3. Alternative industrial chassis (Halomonas I5) 

Halomonas has been hailed as a next generation robust industrial chassis due to its ability to 

grow under non-sterile conditions in continuous cultures for extended times on simple carbon 

sources without microbial contamination [9]. It has been shown to generate a variety of useful 

compounds, from polymers to biofuels with a substantial reduction in traditional fermentation 

costs [9, 10, 42, 58-69]. To further increase the prospects for commercialisation of Halomonas-

dependent alkane gas production, we investigated a locally isolated strain (Halomonas I5) as an 

alternative chassis to Halomonas TQ10, which could also have the ability to fix CO2.  

Both strains were cultivated in high salt medium, expressing plasmid-borne IPTG-inducible 

(pHT7L) or constitutive (pHΔL) constructs for alkane production from amino acid [9, 10]. Both 
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Halomonas strains TQ10 and I5 showed remarkedly similar relative proportions of propane, 

butane and isobutane production (Figure 30a). This is in spite of Halomonas TQ10 being 

genetically manipulated to add the MmP1 T7-like expression system [59, 70], while Halomonas I5 

was not modified. This makes WT Halomonas I5 strain a viable alternative strain that can be used 

for biofuel production. 

Under MSM6 medium conditions, comparative growth curves were obtained over four 

successive days (Figure 30b) of WT Halomonas I5 cells. Cultures harbouring IPTG-inducible (pHT7L) 

and constitutive (pHΔL) constructs were relatively different as culture OD600 nm after ∼4 days was 

∼3.9-fold for pHT7L and 7.6-fold for pHΔL compared to the OD600 nm of empty Halomonas i5 cells 

(Figure 30b). As expected, growth of the I5 strain declined when expressing plasmid-borne 

constructs. Growth was detected on MSM6 minimal medium lacking a carbon source, suggesting 

the ability of Halomonas I5 to fix CO2 [9, 10]. However future investigation and production trials 

should confirm whether it can actually perform chemoautotrophic carbon fixation, or their growth 

was due to the carry over of a carbon source from the inoculum medium to the new cultures. 

 

 

Figure 30: Bio-alkane batch culture production using Halomonas I5 as an alternative industrial chassis. Batch culture 
production with IPTG-inducible (pHT7L = pHT7LIHKFG462I [10]) and constitutive (pHΔL = pHΔLIHKFG462I [10]) constructs 
harboured in Halomonas TQ10 and Halomonas I5. Cultures (20 mL) were grown in LB60 medium containing 30 µg/ml 
spectinomycin for 4-6 h (OD600 nm ∼0.6-0.8) at 37 °C and 180 rpm. Recombinant protein expression was induced with 
IPTG (0.1 mM) after 1 h at 30 °C. Triplicate aliquots (1 mL) each of 3 biological replicate cultures were sealed into glass 
vials (4 mL) and incubated at 30 °C for 16-18 h at 200 rpm, illuminated continuously with a blue LED (455 nm or 470 
nm). Gaseous hydrocarbon levels were determined by manual headspace injection using an Agilent 490 Micro GC, 
containing an Al2O3/KCl column. The errors represent one standard deviation of the data. (B) Growth rates on MSM6 
medium of non-recombinant Halomonas I5 cells (control), Halomonas I5 harbouring IPTG-inducible (pHT7L) and 
constitutive (pHΔL) constructs over four incubation days interval. Halomonas TQ10 data were obtained from previously 
published studies [9, 10]. 
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4.5. Conclusions 

In the last few decades, synthetic biology approaches have contributed to the evolution of 

green and cost-effective solutions to generate energy based on the use of biomass with low costs 

of processing. The recent improvements in synthetic biology tools and components have 

facilitated the production biofuels from a broad range industrial waste streams, also these 

improvements could pave the way to a sustainable and commercially viable bio-alkanes [9]. The 

utilisation of MW and BW wastewaters as potential feedstocks for propane production is a 

possibility, as they do not require expensive pre-treatment processing. VFAs derived from food 

wastes could also potentially be used at high concentrations as precursors for propane, butane 

and isobutane, but this requires anaerobic digestion pre-treatment. 

This lab-scale fermentation approach strengthens the idea of exploiting industrial waste for 

the generation of biofuels that can directly go into the global fuel market. Using FW as feedstock 

on an industrial scale provides two options, either using an indirect route with VFA production 

through an anaerobic digestion method followed by alkane synthesis in Halomonas containing a 

single recombinant biocatalyst. Alternatively, the amino acid pathway [9, 10] can be used for 

production of alkanes from amino acid rich waste streams. The high proteinaceous FW can serve 

as a feedstock for biomass generation as well as bio-alkane gas production. 

Halomonas holds the potential to be one of the next generation robust industrial chasses. 

Two different strains have been shown to produce similar gas titres, including an environmental 

isolate that has not undergone genomic manipulations. The potential for autotrophic Halomonas 

species to capture and utilise CO2 as the sole carbon source would open up a new sustainable and 

renewable route for carbon-negative strategies for the production of alkane gases. Improvements 

in biofuel yields and productivity may in the future enable these processes to compete with the 

conventional biofuels production routes and/or fossil fuel sources. 
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4.7. Supplementary Information 

4.7.1. Supplementary Figures 

 

 

Figure S24: BW drop viewed under Light Microscope oil immersion showing the presence of yeast. 

 

 

Figure S25: Effect of BW filtrate concentration on Halomonas TQ10 growth. Crude BW was centrifuged (for 5 min at 
4000rpm, 4 °C) to remove solid matter and 100 g/L NaCl was added to the filtrate. Dilution was carried out with 
nonsterile synthetic seawater (100 g Instant Ocean Sea Salt per 1 L distilled water). The percentages of BW filtrate 
prepared were 5, 10, 15, 20, 35, 50, 70 and 100. pH was adjusted to 6.8 with NaOH/HCl. The selection antibiotic (50 
μg/mL spectinomycin) was added to the samples. Media were inoculated with Halomonas TQ10-MmP1 containing 
pHT7LIHKFG462I plasmid [1, 2]. Cultures were grown overnight (16-18 hrs) at 37 °C then the final OD600 nm was taken. 
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Figure S26: Effect of VFA concentration on alkane gas production in E. coli. Propane production from (A) butyrate [1] or 
(B) isobutyrate. Isobutane from C) isovalerate. Butane from (D) valerate or (E) 2-methylbutyrate. Cultures of E. coli 
BL21(DE3) containing pETM11-CvFAPG462I were cultivated in LB broth with buffered VFA and kanamycin (50 mg/mL), 
and grown for 6 h at 37 °C at 180 rpm. CvFAPG462I expression was induced with IPTG (0.1 mM) followed by individual 
VFA addition. Triplicate aliquots (1 mL each; technical replicates) were sealed in 5 mL glass vials and incubated at 30 °C 
for 16-18 h at 200 rpm, illuminated continuously under a blue LED panel. Headspace gas was analysed for gas content 
using a Micro GC. Error bars represent one standard deviation of the data (n = 3). Data points: red line = VFA 
consumption; green line = gas production; blue line = culture OD600 nm. 
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Figure S27: Amino acid depletion during fermentation of Halomonas TQ10 expressing plasmid-borne pHT7LIHKFG462I in 
two media. Amino acid data is shown for a representative example of cultivation for around 48 h without feeding in (A) 
MW and (B) BW medium. Photobioreactor cultivation (400 mL) was performed with MW or BW pH 6.8 containing 0.5 
mL/L antifoam and 50 µg/mL spectinomycin. Cultivation was performed in batch mode, pre-equilibrated at 30 °C with 
60% stirring output with an airflow rate of 1.21 L/min, and ambient room lighting until mid-log phase (4-5 hours). Protein 
expression was induced by 0.1 mM IPTG, and the culture was maintained for up to 48 h with blue light exposure (1656 
µE). Amino acid concentration determination was performed by manual culture sampling, followed by filtration (0.2 
µm) and HPLC analysis according to the method of Bartolomeo and Maisano (2006) [3]. 
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4.7.2. Supplementary Tables 

 

Table S40: Initial compositional analysis of crude salted milk whey (MW) and brewery wastewater (BW). 

MW 

Colour Yellowish white 

Consistency Thin suspension 

Opacity 100% 

pH 5.72 

BW 

Refractometer reading (filtrate) 7% 

pH (crude) 5.97 

OD600 (filtrate) 0.12 

Solid (%) 33.53 

Filtrate (%) 66.39 

EtOH (%) 5.35 ± 0.01 

Individual VFAs (mM)a <1 
aVFAs = either butyrate, isobutyrate, valerate, isovalerate or 2-methylbutyrate. 

 

 

Table S41: Alkane gas production by Halomonas TQ10 containing plasmid-borne pHT7LIHKFG462I under different 

growth media conditions. 

Media 

Propane 

(mg/L) 

Isobutane 

(mg/L) 

Butane 

(mg/L) 

YTN6 broth media (Control)a 2.54 ± 0.13 7.42 ± 0.37 2.41 ± 0.09 

MW Filtrate (Undiluted) 3.12 ± 0.09 0.61 ± 0.01 0.53 ± 0.01 

Crude MW (Undiluted)a 3.23 ± 0.11 0.57 ± 0.00 0.49 ± 0.01 

Crude MW (20% dilution) 0.67 ± 0.09 0.08 ± 0.01 0.08 ± 0.01 

BW Filtrate (10% dilution) 0.54 ± 0.04 0.04 ± 0.01 0.07 ± 0.01 

Crude unfiltered BW (10% dilution) 0.44 ± 0.03 0.07 ± 0.00 0.09 ± 0.01 

Crude BW (15% dilution) 0.21 ± 0.15 0.07 ± 0.00 0.08 ± 0.00 
a Data obtained from previously published study [1], where cultures were grown in YTN6 broth (5 g/L yeast extract; 10 g/L tryptone, 
60 g/L NaCl, pH 9) as a control medium. Both MW and BW media were used in either a filtered or non-filtered form. MW was 
filtered with cotton wool, while BW was filtered by centrifugation (5 min at 13,000 x g, 4 °C). Dilution of MW and BW was carried 
out with 60 g/L and 100 g/L nonsterile synthetic seawater water, respectively. Both media were adjusted to pH 6.8. followed by 
supplementation with spectinomycin (50 µg/mL). Each medium was inoculated with an overnight starter culture of Halomonas 
TQ10 containing plasmid-borne pHT7LIHKFG462I and left to grow for 5 h at 37 °C and 180 rpm. Recombinant protein expression was 
induced with IPTG (0.1 mM), and triplicate aliquots (1 mL) of cultures were sealed into 4 mL glass vials and incubated at 30 °C for 
16-18 h at 200 rpm, illuminated with a blue LED panel. Headspace gas was analysed for hydrocarbon content using a Micro GC. 
Gaseous hydrocarbon levels were determined by manual headspace injection using an Agilent 490 Micro GC. No alkane gas was 
detected from cultures in BW crude medium. 
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5. Thesis Discussion 

This project aimed to exploit the use of synthetic biology tools for developing novel and 

robust microbial platforms for next-generation gaseous biofuels. This aligns with the global 

challenge of providing more sustainable, renewable, eco-friendly and economically feasible 

energy sources. The target gaseous biofuel was the bio-alkanes propane and/or (iso)butane, also 

known as ‘bio-LPG’. The advantage of bio-LPG over the other biogases and liquid biofuels has been 

extensively reviewed (Chapter  1). Here, we exploited synthetic biology tools to develop de novo 

routes to alkane gases, and host engineering/selection to improve titres and cost-effectiveness. 

The outcomes of this project (Chapters 2, 3 and 4) support the expanding market of renewable 

energy, and could contribute towards reducing global dependence on rapidly diminishing fossil 

fuel supplies. The latter impacts on climate change and has led to concerns over energy security 

[1]. Moreover, this project complies with the new policies which restrict greenhouse gas 

emissions, increase the recycling of waste biomaterials and enhance the switch to less polluting 

renewable alternatives [2]. 

The first stage aimed to develop alternative routes to bio-alkane gases via non-canonical routes 

of amino acid catabolism using the established terminal ADO/ferredoxin and CvFAP steps. This 

involved the design of de novo pathways, and their implementation within both E. coli (proof of 

principle) and Halomonas (industrial) chassis. This was supported by complementary research of 

CvFAP-dependent routes to bio-alkane gas production from supplemental VFAs by Halomonas 

and other chassis’. After the establishment of successful pathways from amino acids, the second 

stage involved generating stable integrated strains of Halomonas to generate more industrially 

useful hosts. Laboratory scaled fermentations confirmed the applicability of this methodology, 

and its potential for scaled bio-production of alkane gases. The third stage involved improving the 

commercial potential of the process further by investigating multiple waste feedstocks as cost-

effective routes to amino acid (and carbon source) supplies. 

The routes to bio-LPG synthesis had been described in the literature (Chapter 1). Typically, a 

terminal ADO-dependant deformylation of aldehydes and recently CvFAP has been involved in the 

synthesis through the photodecarboxylation of fatty acids. Multiple ADO- and CvFAP-dependent 

routes have been described that encompass a single step process [3, 4], fatty acid biosynthesis 

[5], clostridial butanol pathway / reverse  β-oxidation [6, 7] or valine biosynthesis [8] (Figure 7; 

Figure 13). Interestingly, except for single step biocatalytic strategies, in vivo bio-alkane pathways 

design is based on the upregulation or introduction of non-native routes to fatty aldehyde or acid 

precursors, all of which have been reviewed in Chapter 1 (Figure 7). However, our approach was 
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to use nontoxic precursors such as amino acids rather than the cytotoxic VFAs. Therefore, we 

developed de novo bioalkane gases production pathways that doesn’t require high concentrations 

of cytotoxic VFA addition and utilises an abundant waste feedstock. This leads into the design of 

pathways from amino acids to gases by exploiting the single step fatty acid to alkane conversion 

process which is catalysed by CvFAP (Figure 7) or through amino acid catabolism [9, 10] (Figure 7). 

Furthermore, we investigated in vivo single step photodecarboxylation of some volatile fatty 

acids (VFAs) (butyric, isobutyric, valeric, 2-methylbutyric and isovaleric acid) with four CvFAP 

variants (G462V/A/I/F) in addition to the wild-type in E. coli. Since, native CvFAP is specific for long 

chain fatty acids, so it needed to be mutated to become more specific for VFAs. These variants 

were developed and investigated by the current project collaborators; Ms Emilia Wojcik, Dr Robin 

Hoeven and Dr John Hughes. The results revealed that the type and titre of gas produced were 

dependent on which VFA was supplied and correlated to the VFA concentration, where the major 

gas produced from butyric or isobutyric photodecarboxylation was propane, butane was the 

major from valeric or 2-methylbutyric, while isobutane was the major gas from isovaleric (Figure 

17a). Also, the yield of each gas varied among the utilised VFAs. Ultimately, variants G462I and 

G462V showed higher production efficiency and less variation in hydrocarbon titres (Figure 17a; 

Table S9). Part of the optimisation of CvFAP-dependent routes involved determining the optimal 

VFA loading in the medium and consumption rates of each VFA in E. coli (Figure 29 and Figure 

S26). These findings could be useful to determine the levels of VFA consumed and gas titres 

produced, if VFAs rich wastes are either utilised for bioalkane gases production (Chapters 4) or 

produced as intermediate product of amino acids to gaseous alkane pathways (Chapters 2 and 3). 

Consequently, we aimed to demonstrate proof of principle of alkane gas production in E. coli 

through multiple de novo pathways based on catabolic routes of the selected amino acid (Figure 

7). These pathways were able to utilise the amino acids valine, leucine and isoleucine for the 

production of propane, isobutane and butane, respectively (Figure 23). We designed and explored 

the production of gaseous bioalkanes from three alternative routes (Figure 23); two of which are 

CoA-dependent versions; ADO-dependent pathway and VFA-producing pathway, where these 

two pathways have a terminating step catalysed by ADOA134F and CvFAPG462, respectively. The third 

pathway was the KdcA-dependent pathway, with its terminal reaction catalysed by CvFAPG462I 

variant. 

Generally, the amino acids to gaseous bioalkane pathways are initiated by an amino acid 

deamination step catalysed by leucine 2-oxoglutarate transaminase (ilvE) from E. coli [11] to form 

the respective α-keto fatty acid (Figure 7). These pathways then diverge, and one route utilises 
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the human branched-chain α-keto acid dehydrogenase complex (BCKDHAB) to catalyse a CoA-

dependent decarboxylation of α-keto fatty acids to form the corresponding acyl-CoA (CoA-

dependent pathways) (Figure 23). The acyl-CoA precursors then undergo YciA/CvFAPG462I (CoA-

dependent VFA-producing pathway) or YciA/CAR/sfp/ADOA134F/Ferr (ADO-dependent pathway) 

alternative routes to generate alkanes, as described for the β-oxidation pathway [9] (Figure 23). 

The second route utilises a branched-chain keto acid decarboxylase (KdcA), which catalyses a non 

CoA-dependent decarboxylation of α-keto fatty acids in single irreversible step to form the 

corresponding aldehyde (KdCA-dependent pathway). The aldehydes react with one of the three 

aldehyde dehydrogenase homologous (αKGSDH, PadA or Hpad) to produce the respective fatty 

acid, which is subsequently decarboxylated by CvFAPG462I to form the corresponding alkane (Figure 

23). 

Subsequent to the assembly in E. coli, further optimisation of the routes was required. In vivo 

alkane production by five ADO-dependent constructs (Chapter 3) showed the best performing 

construct contained a TrcΔlac constitutive promoter (Figure 24a; Table S28). Replacing the 

catalytically slow ADO enzyme [3] for CvFAPG462V yielded similar titres as the TrcΔlac ADO-

dependent route, but propane titres were at least 10-fold higher than butane or isobutane [10]. 

For the KdcA-dependent route, the highest performer contained Hpad and CvFAPG462I. The 

dominant gas produced was isobutane, which is comparable to E. coli expressing CvFAPG462I alone 

supplemented with isovaleric acid [10]. Overall, we have demonstrated the possibility of 

generating of multiple gaseous alkanes in E. coli under standard E. coli cultivation conditions with 

or without additional amino acid supplementation. Consequently, we implemented further 

optimisation studies on the more promising KdcA-dependent pathway (i.e. IHKFG462I) (Chapters 2 

and 3). 

The generation of tuneable bio-LPG mixtures (Chapter 3) was performed by feeding 

butyric:valeric acid blends to E. coli expressing CvFAP variants (Figure 17b). Similarly, we showed 

tuneable gas blends could be generated from mixtures of amino acids in the culture medium of E. 

coli expressing the KdcA-dependent pathway (Figure 25b; Figure S17 and Table S30). This could 

represent an alternative route to bio-LPG that would avoid any cytotoxicity effects of direct 

supplementation of VFAs to the culture. 

To go beyond proof of principle demonstration requires the transitioning into an industrial 

chassis; namely Halomonas. This organism can be cultivated under non-sterile conditions in 

industrial-scale vessels with no decline in growth potential (for instance three continues years; 

[12]) at high salinity (e.g. 20% w/v NaCl) and at pH values as high as 12 without the need for costly 
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sterilisation and aseptic conditions [13]. We conjugated Halomonas with the highest performing 

KdcA-dependent construct (i.e. IHKFG462I). In the absence of amino acid supplementation, gas 

ratios were dependent on promoter used in the construct, with relative proportion of propane 

increased relative to isobutane in the majority of cases (Table S31). Interestingly, constructs 

controlled by variant Halomonas-specific pPorin-like constitutive promoters fared worse than 

artificial pTrc-like constitutive variants and the IPTG-inducible MmP1 T7-like promoter (Table S31). 

Supplementation of the culture with additional valine showed an increase in propane titres of 

around 2-3 fold only (Figure 26b; Table S31) compared to the 17-fold increase with constructs in 

E. coli (Figure 25b; [10]). This suggests a limiting factor in this process may be the rate of 

Halomonas endogenous amino acid metabolism and/or uptake compared to E. coli. Alternatively, 

the unstable or poor expression of one or more of the pathway enzymes, which initially codon 

optimised for E. coli not Halomonas, affected the overall productivity. Therefore, the prototype 

production pathway has been successfully demonstrated in Halomonas. 

Constitutive and inducible versions of the KdcA-dependant pathways (Chapters 2 and 3) were 

integrated into the Halomonas genome at two loci, using  a novel suicide vector protocol (Figure 

S18), which was based on previously published methods [10, 14, 15] (Chapter 3). The genome 

integration site had a substantial impact on the overall gas titres, with one site showing ca. 2.5-

fold increase over the second site (Table S31). This suggests there is scope to significantly improve 

bio-gas titres by screening a variety of integration sites and/or multi-copy insertion of the 

construct into the Halomonas chromosome [16]. 

Lab-scale fermentation trials of Halomonas expressing the highest performing constitutive and 

inducible constructs were performed in a photobioreactor. Gaseous alkane production was 

compared in the presence or absence of supplemental valine (Figure 26; Table S31). Overall, valine 

supplementation yielded significantly higher yields of bio-propane over cultures in standard 

Halomonas medium. In addition, there was a noticeable drop in titres when switching from 

plasmid-borne (multi-copy) to genome integrated (single-site) strains expressing the same 

pathway. Continuous monitoring of the fermentation headspace showed that the time (and titres) 

of peak propane production depended on the type of promoter used, and the localisation of the 

construct. Propane production longevity increased with the use of constitutive promoters and 

chromosome localisation. This is due to an elimination of the need for chemical inducers and the 

absence of the need for antibiotic addition to maintain propane production. Even with the highest 

and longest lasting strain (constitutive promoter + genomic localisation), propane production 

eventually declined after ~ 140 h (Figure 27c), which was related to the decline in Halomonas 
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viability. This is likely due to a combination of CvFAP photoinactivation [17] and / or loss of cell 

viability associated with prolonged exposure to blue light. Overall, continuous fermentation of 

Halomonas expressing the constitutive system generated around 8-fold less that the inducible 

system. However, the cumulative gas produced from the extended time of fermentation by the 

stable constitutive strain could be overall higher than the inducible system. 

The next challenge is to improve the commerciality of the process by switching from laboratory 

grade culture medium to the utilisation of waste amino acid supplies. Waste biomass would offer 

a low cost and readily available industrial feedstock for scaled-up production of gaseous 

bioalkanes. Recycling of these waste would positively contribute to the economy, health and 

environment. Fermentation of Halomonas harbouring IPTG inducible plasmid system of KdcA 

pathway was performed in medium containing biodiesel waste (contains glycerine as a carbon 

source; Chapters 2 and 3), milk whey (proteinaceous waste; Chapters 2 and 4), brewery waste 

(rich in yeast-derived amino acids; Chapters 2 and 4), and casamino acids medium (as a 

representative for food wastes; Chapter 3). In each case, the predominance of each individual 

gaseous bioalkane was consistent with the abundance of corresponding amino acid in each 

medium. Glycerol medium generated mainly propane over 48 hours (Figure S22), while casamino 

acids addition led to the production of equal titres of propane and butane, with a nearly three-

fold increase of isobutane production (Figure 27a). For milk whey waste and brewery waste, 

propane was dominant in both media (Figure 28a; Figure 28b), Therefore, protein-rich waste 

sources, and biodiesel waste as a carbon source, could support the growth and bio-alkane gas 

production in Halomonas. 

Finally, to investigate the potential of cost-effective and scalable CO2 to propane routes, a local 

isolate of a potentially autotrophic strain of Halomonas was investigated (Halomonas I5; Chapter 

4). The new strain was transformed with plasmid-borne inducible and constitutive versions of the 

KdcA-dependent pathway. The resultant bio-alkane gas titres from Halomonas I5 were remarkedly 

similar to those of the engineered strain of Halomonas TQ10. Preliminary studies suggested 

Halomonas I5 strain could grow on a minimal medium which lacks carbon source (MSM6; Chapter 

4), although this has yet to be confirmed. Therefore, this new strain of Halomonas I5 may become 

the ultimate in microbial chassis, allowing growth on CO2 under non-sterile conditions. This may 

prove to be a cost-effective and higher performing alternative chassis to the photosynthetic 

cyanobacterium Synechocystis PCC 6803 (Chapter 2).  
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5.1. Future Perspectives 

The global challenges of realising renewable energy supplies along with reducing the carbon 

footprint requires a transition of bio-generating processes from ‘proof-of-principle’ to successful 

commercial contributions to a nation’s fuel market. Therefore, the integrated biorefinery 

strategies (Chapter 2) suggest the possibility of supplying local energy (bio-LPG) and generating 

income while recycling waste biomass and industrial CO2. These strategies are also potentially 

applicable to the use of the amino acids to bioalkane gas pathways described in this thesis. Future 

developments depend on enhancements in gaseous bioalkane productivity, such as increasing the 

titres and/or chassis modification. These enhancements could include adopting a minimal 

genomics approach to mitigate the cellular burden of expressing extra genes. Alternatively, 

metabolic engineering of auxiliary supply routes could be employed to upregulate endogenous 

VFA/amino acid biosynthesis with the down-regulation or elimination of competing side-

reactions. Enzyme evolution or redesign approaches for ADO and CvFAP could increase the rate 

of the final decarbonylation/decarboxylation step, as this is thought to be the rate limiting step of 

the bioprocess. Additional screening of novel constitutive promoters and investigating more 

genomic integration sites with multiple insertions may increase the overall titres.  

Furthermore, future aspects of the project could be integrated through obtaining the desired 

propane:butane:isobutane ratios which can be readily achieved through enriching the culture 

medium with tuneable blends of VFAs and/or amino acids. VFAs can be readily sourced from 

fermentation of biomass waste [18-20] or digested sludge from a local wastewater treatment 

process [21]. Amino acids could be sourced from proteinaceous food waste [22], milk whey from 

cheese manufacture [23] and brewery waste yeast [24]. With further developments, Halomonas 

could become be the ‘oilfields of the future’, where a broad spectrum of tuneable short to very 

long hydrocarbons blends could be generated. Given further research progress, this approach is 

expected to replace the current dependence on petroleum-based fuels. 

Implementation of an industrial CO2 emissions management approach for converting CO2 to 

gaseous bioalkane would be a future gate to a new era of next generation biofuels (Table S11). 

Propane could be harvested using gas-scrubbing methodologies [25] and used to feed adjacent 

heavy industry, or be transported using local distribution infrastructures. Clean energy technology 

e.g. solar, wind or tidal could be used to illuminate the blue LED for cost reduction. Overall, scaled 

bio-LPG production will require further technology development and optimisation. Given that, it 

may be possible to turn the challenge of next generation biofuels into an opportunity towards 

sustainable and renewable clean energy in both advanced and developing countries. 
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5.2. Concluding Remarks 

To conclude, the work described in this thesis aimed to exploit synthetic biology applications 

for developing novel and robust platforms for next-generation gaseous biofuels, with a particular 

focus on the production of propane, butane and isobutane as clean-burning bio-LPG fuels. To this 

end, ADO- and CvFAP- dependent multiple pathways with a terminal deformylation and 

decarboxylation step, respectively, from the amino acids valine, leucine and isoleucine were 

designed, assembled and subsequently constructed in E. coli, resulting in the production of 

propane, isobutane and butane, respectively with the ability to allow precise tuneable control of 

the relative ratios of the three gases to suit customer requirements. Following the selection of the 

most effective route in E. coli for generating higher alkane gas titres over alternative routes, which 

is the KdcA-dependent pathway utilising CvFAP, pathway transitioning into Halomonas strain 

TQ10 enabled fermentative production of mixed alkane gases under non-sterile conditions on 

simple carbon sources. Chromosomal integration of inducible and constitutive pathways into 

Halomonas eliminated the need to high cost selection agents and the generated production 

strains shown to be stable for up to 7 days under non-sterile conditions. As such, the stable 

Halomonas production strains developed in this project demonstrate the potential of producing 

next-generation bio-LPG fuels on large scale from VFA/amino acid rich industrial waste streams as 

sustainable feedstocks for the generation of bio-LPG. 
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