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Abstract 

A great fraction of the world’s energy requirements are presently met through the unrestricted use of 

fossil-derived fuels. However, due to the anticipated demise of these energy sources and the 

environmental and socioeconomic concerns associated with their use, a recent paradigm shift is to 

displace conventional fuels with renewable energy sources. Although most resources in biofuels have 

been directed towards the implementation of bioethanol platforms, the advanced alcohol 1-propanol has 

recently received significant attention as a promising alternative biofuel. Compared to that of ethanol, 1-

propanol has an energy density that is more comparable to gasoline and is far less hygroscopic and 

volatile. Nevertheless, no microorganism has been identified as a natural 1-propanol producer. 

Accordingly, in this thesis, we manipulated a novel metabolic pathway for the synthesis of 1-propanol in 

the genetically tractable bacterium Escherichia coli. E. coli strains capable of producing 1-propanol were 

engineered by extending the dissimilation of the tricarboxylic acid intermediate succinate to the C3 

biogenic precursor propionyl-CoA. This was accomplished by activation of the dormant yet extant 

Sleeping beauty mutase operon genes (i.e. sbm-ygfD-ygfG). 

 In our initial studies, we developed propanogenic E. coli strains by episomally expressing 

selection of key genes, i.e. (1) three native genes in the sleeping beauty mutase (Sbm) operon (2) the 

genes encoding bifunctional aldehyde/alcohol dehydrogenases (ADHs) from various microbial sources, 

and (3) the sucCD gene encoding succinyl-CoA synthetase from E. coli. Using these triple-plasmid 

expression systems in E. coli, production titers up to 150 mg/L of 1-propanol were obtained in laboratory 

shake-flask growths under strict anaerobic conditions using glucose as the major carbon source.  

 Following the development of these plasmid-haboring propanogenic E. coli hosts, we 

systematically explored various biochemical, genetic and metabolic/physiological factors to potentially 

enhance 1-propanol production and productivity. It was found that 1-propanol production can be 

significantly improved in a bioreactor under anaerobic conditions by using glycerol as a carbon source 

using a single-plasmid system solely expressing the Sbm operon genes. This may in part be due to the 

high reductance degree of glycerol compared with the microbial cell biomass. Equally important, we also 

alleviated plasmid-induced metabolic burden by chromosomally activating the Sbm operon genes. This 

plasmid-free propanogenic strain allowed high-level coproduction of 1-propanol and ethanol (accounting 

for 85 % of dissimilated carbon) under anaerobic fed-batch cultivation using glycerol as the major carbon 

source. 
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 To expand the chemical diversity and utility of our plasmid-free propanogenic E. coli strains, we 

explored the possibility of producing other value-added chemicals of biotechnological relevance derived 

propionyl-CoA. We first examined the possibility of producing butanone, an important commodity 

ketone. To produce butanone, we developed a modular CoA-dependent chain elongation platform to fuse 

Sbm-derived propionyl-CoA and endogenous acetyl-CoA to form the C5 biogenic precursor 3-

ketovaleryl-CoA. Next, 3-ketovaleryl-CoA was channeled into the clostridial acetone-formation pathway 

for thioester hydrolysis and subsequent decarboxylation. In also manipulating initial glycerol 

dissimilation in the engineered ketogenic E. coli strains, we achieved co-production of 1.3 g/L butanone 

and 2.9 g/L acetone under semi-aerobic batch cultivation with glycerol as the major carbon source.  

 In our final study we investigated the feasibility of using our developed propanogenic strains for 

the production of the bio(co)polymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) using unrelated 

carbon sources glycerol or glucose. (i.e. without exogenous supplementation of propionate or valerate). 

P(3HB-co-3HV) producing propanogenic strains were developed by first fusing two acetyl-CoA moieties 

or acetyl-CoA and propionyl-CoA generate the C4 and C5 thioesters 3-hydoxybutyryl-CoA and 3-

ketovaleryl-CoA, respectively via a CoA-dependent chain elongation platform. Next, the resulting C4 and 

C5 thioesters intermediates were channeled into a polyhydroxyalkanoate biosynthetic pathway for 

subsequent thioester reduction and polymerization. In modulating various carbon sources, aeration 

regimes, and host-gene deletions, copolymers with 3HV fractions ranging from ~3 mol% to ~19 mol% 

were obtained. 

 Taken together, we have demonstrated that activating the Sbm operon not only transforms E. coli 

to be propanogenic, but also introduces an intracellular “flux competition” between the traditional C2-

fermentative pathway (i.e. acetate and ethanol) and the novel C3-fermentative pathway (i.e. propionate 

and 1-propanol). Harnessing this flux and employing various modular chain elongation and pathway 

enzymes can open the avenue for the controlled production of various odd-chain organic acids, medium 

chain ketones, bio(co)polymers and other oleochemicals. Accordingly, the developed propanogenic E. 

coli strains and associated genetic and metabolic tools reported here expands the classes of chemicals that 

can be produced microbially via propionyl-CoA. 

 

Keywords: Metabolic engineering, synthetic biology, Sleeping beauty mutase operon, value-added 

chemicals, biofuels, propionyl-CoA, 1-propanol, propionate, butanone, methyl ethyl ketone, poly(3-

hydroxybutyrate-co-3-hydroxyvalerate), bio(co)polymers, glycerol 
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Chapter 1 

Introduction 

Due to the prognosticated demise of fossil fuel reserves in the years to come and the increasing 

environmental concerns associated with petrochemical-based processes, there is an ever-growing need for 

the development of whole-cell biocatalysts for the production of platform chemicals and fuels (1, 2). In 

addition to alleviating global reliance on fossil fuels, whole-cell biocatalytic platforms offer several 

technological advantages, such as providing absolute enantio- and regio-control on the configuration of 

the target compound and the ability to catalyze reactions with multiple chemical steps under ambient 

conditions (3). However, the applicability of natural biological systems is often limited due to inefficient 

or incompetent metabolic pathways. Accordingly, a present focus in metabolic engineering and systems 

biology is to expand the metabolic repertoire of genetically tractable host platforms (1, 4, 5). To improve 

the catalytic capacity and efficacy of microbial systems, it is often necessary to rewire host metabolism to 

ensure adequate supply of endogenous precursors and intermediary metabolites of the target compound. 

To date, significant progress has been made through the development of novel genetic and metabolic 

engineering strategies for efficient conversion of carbonaceous feedstock into acetyl coenzyme A (acetyl-

CoA) (6, 7). Given that acetyl-CoA is ubiquitous as an acetyl transfer agent of the central metabolism in 

all living systems, it serves as a key intermediate for the production of numerous even-chain products. On 

the other hand, the endogenous production of propionyl-CoA, the three-carbon biogenic counterpart to 

acetyl-CoA, is uncommon and restricted to a limited number of phylogenetically diverse soil-dwelling 

microorganisms and commensals of the mammalian gut (8). In these organisms, propionyl-CoA is an 

intermediary molecule derived from a variety of pathways, such as thioesterification of propionate and 

dissimilation of odd-chain fatty acids or α-amino acids (e.g. L-threonine) (9). Accordingly, metabolic 

engineering approaches for implementation and overexpression of pathways for high-level propionyl-

CoA biosynthesis in model microorganisms are still in their infancy. However, it is well recognized that 

tapping and harnessing propionyl-CoA metabolism can greatly expand the capacity for microbial 

synthesis of a wide variety of odd-chain compounds. 

 The primary focus of this thesis is to investigate an alternative biological production pathway 

toward 1-propanol from propionyl-CoA in the genetic tractable microorganism Escherichia coli by 

manipulating the endogenous sleeping beauty mutase (Sbm) operon genes. While ethanol, one of the most 

common and successful biofuels today, possesses established economic niches within energy markets, 

significant attention is being directed towards the production of longer-chain alcohols, such as 1-butanol 
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and 1-propanol (10, 11). These longer-chain alcohols tend to have a higher energy content, lower 

hygroscopicity, and water solubility; and are compatible with existing transportation infrastructures and 

pipelines (12).  

 The Sbm operon is a four-gene cluster (sbm-ygfD-ygfG-ygfH) that encodes various enzymes 

involved in a cobalamin-dependent metabolic pathway for decarboxylation of succinate into propionate 

(13). The metabolic context of the Sleeping beauty pathway remains ambiguous, but is suspected to be 

involved in the assimilation of unusual carbon sources, such as succinate and propionate. Moreover, 

eponymous to its name, the operon genes are hardly expressed possibly due to an inactive or weak 

promoter-operator system (14, 15). Three of the encoded proteins from this operon are identified to be 

members of the crotonase superfamily, namely (1) sbm encoding a cobalamin-dependent methylmalonyl-

CoA mutase (or Sbm; Sleeping beauty mutase), which catalyzes the isomerization of succinyl-CoA to L-

methylmalonyl-CoA; (2) ygfG encoding a methylmalonyl-CoA decarboxylase (YgfG), which catalyzes 

the decarboxylation of methylmalonyl-CoA to propionyl-CoA; and (3) ygfH encoding a propionyl-

CoA:succinate transferase (YgfH) (16). The ygfD gene encodes a protein kinase (YgfD/ArgK) whose 

function remains unclear. Although the structure, function, and relationship of these enzymes have been 

characterized, hardly any work has been performed for their practical application. 

 The second portion of this thesis investigates the applicability of the Sbm-activated propanogenic 

E. coli strains for the production of other commodity chemicals of biotechnological relevance. The 

production of these target metabolites is made possible via molecular fusion (i.e. a Claisen condensation) 

of native acetyl-CoA and heterologous propionyl-CoA using highly promiscuous thiolases to generate the 

C5 biogenic precursor 3-ketovaleryl-CoA. Intracellular presence of 3-ketovaleryl-CoA expands the 

chemical diversity of the propanogenic E. coli strains and opens several possible avenues for the 

production of other longer-chain molecules, such as butanone (a medium chain ketone) and 

polyhydroxyalkanoate-based biopolymers.  
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1.1 Research Objectives 

The chief objectives of this research can be described as follows: 

1) Develop expression vector systems in E. coli to facilitate the production of 1-propanol. 

2) Activation of the Sbm operon genes in the E. coli genome to generate plasmid-free propanogenic 

strains capable of high-level production of 1-propanol. 

3) Optimize culture performance and 1-propanol productivity whilst suppressing by-product 

formation by investigating the application of established E. coli genetic tools for targeted gene 

knockout and knockin. 

4) Establishing a CoA-dependent chain elongation platform in the propanogenic E. coli strains to 

enable in vivo biological synthesis of other higher-chain value-added chemicals.  

1.2 Thesis organization 

This thesis is comprised of six technical manuscripts corresponding to Chapters 2-6.  

 Chapter 2 provides a comprehensive literature review on current biomass transformation 

technologies and biofuel platforms, and an overview of the Sbm pathway and propionyl-CoA metabolism.  

 Following Chapter 2 – the thesis is presented in two parts. Part I details the use of engineered E. 

coli for the production of 1-propanol whereas Part II investigates the use of the engineered propanogenic 

E. coli strains for the production of other long-chain chemicals such as ketones and biological 

copolymers.  

 Chapter 3 encompasses the first step towards 1-propanol production in engineered E. coli. Here, 

a triple-plasmid expression system was used to express the Sbm operon genes and other essential genes 

for de novo synthesis of 1-propanol in E. coli. In addition to developing a host-vector system for 1-

propanol synthesis, other genetic factors critically affecting the levels of 1-propanol are discussed.  

 Chapter 4 discusses the various biochemical, genetic and metabolic factors that were 

systematically explored to enable high-level anaerobic production of 1-propanol. Most importantly, this 

chapter discusses the work involved in the development of a plasmid-free propanogenic strain by activing 

the Sbm operon on the E. coli genome using a modified λ-Red recombination system. Systematic 

improvements were also made to improve the culture performance of these propanogenic strains in a 

bioreactor by fine-tuning the culture parameters and tailoring the cultivation media. It was found that 
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glycerol, with a higher-degree of reductance compared to that of glucose, was a far superior carbon source 

for the production of 1-propanol under anaerobiosis. 

 Chapter 5 details the development of a modular CoA-dependent chain elongation platform to 

enable molecular fusion of acetyl-CoA and propionyl-CoA to generate the C5 biogenic precursor 3-

ketovaleryl-CoA in the engineered propanogenic E. coli strains. 3-Ketovaleryl-CoA was then channeled 

via the canonical clostridial acetone-formation pathway to enable production of butanone (also referred to 

as methyl ethyl ketone, or MEK). In this chapter, a comparative transcriptome analysis is also presented 

of propanogenic E. coli cultivated using glycerol and glucose. Using transcriptome analysis as a guide, 

several key genes in glycerol metabolism were targeted and knocked out to better link glycerol 

dissimilation and ketogenesis.  

 Chapter 6 investigates the applicability of the propanogenic E. coli strains and the CoA-

dependent chain elongation platform for the direct production of the bio(co)polymer poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) using an unrelated carbon source of glycerol and glucose. 

 Chapter 7 concludes this thesis by providing an overview of the biochemical, genetic, and 

metabolic work performed throughout the entirety of this work. Recommendations and future prospects 

are provided as a means of further developing whole-cell biocatalytic platforms based on propionyl-CoA 

metabolism for the production of other products of biotechnological relevance.  
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Chapter 2 

Literature Review 

2.1 Background 

Conventional fuels, primarily including coal, oil, and gas, are invaluable resources whose availability has 

been integral to the rapid technological progresses over the past few centuries. Currently, it is estimated 

that more than 85% of the world’s energy requirements are supplied based on the utilization of 

conventional fuels (17). In addition to supplying energy, they are also an important feedstock for the 

majority of commodity products produced today (e.g., plastics and fabrics) (18). However, conventional 

fuels are non-sustainable and currently having two major issues, i.e. (1) the prognosticated demise of 

natural reverses in the years to come, (2) the substantial environmental impacts associated with their use. 

In light of the uncertainties, the recent fluctuating prices, and the environmental disturbances associated 

with the use of conventional fuels, a recent paradigm shift is to displace conventional fuels with 

sustainable, renewable, and environmentally-friendly/clean energy sources, among which biomass-

derived energy appears to be the most attractive (18, 19). Interconversion of various biomass and energy 

forms in the carbon cycle is schematically illustrated in Figure 2.1. While biomass can be directly burned 

to obtain energy, it can also serve as a feedstock to be converted to various liquid or gas fuels for practical 

applications. Hence, a recent emerging strategy is to develop biorefinery and biotransformation 

technologies to covert renewable biomass feedstock into clean energy fuels and other commodities (20-

22). 
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Figure 2.1Model of carbon cycle illustrating how energy carriers are derived from biomass (on 

previous page) 

Biomass carbon is generated via photosynthesis upon fixing atmospheric CO2 with a simultaneous 

conversion of solar energy into chemical energy stored in biomass. Biomass carbon could be transformed 

into several energy carriers through either an environmentally amicable route (shown in green) or 

environmentally unfriendly route (shown in red). If biomass carbon, harvested crops, or wastes are 

converted into fuel, the process is renewable with no atmospheric CO2 build-up. Conversely, biomass 

decomposed over several epochs (geologic carbon) can also be partially recovered and utilized. However, 

the later process is lethargic, non-sustainable, and potentially deleterious to the natural environment. 

 

 Biomass feedstock are energy sources derived from plants, microbial cells, and the wastes and 

residues associated with their processing (e.g. agricultural residues, forestry and municipal wastes). They 

are generally formed through photosynthesis, whereby plants (and some microbial cells) garner 

atmospheric CO2 and sunlight to produce high energy carbonaceous compounds (i.e. biomass) and oxygen 

(19, 23). The dry biomass is a carbohydrate polymer containing carbon, hydrogen and oxygen in a ratio of 

approximately 1:1.4:0.6 (24). When the energy constrained within biomass is released, the carbon is 

oxidized to CO2, which can be recycled to produce new biomass. Theoretically, no additional greenhouse 

gas is produced since the emitted CO2 is part of the current carbon cycle. Therefore, if efficiently utilized, 

biomass is regarded as an alternative clean and renewable source for energy and other commodities due to 

its abundance (~100 and 50 billion tons of land and aquatic biomass, respectively, is produced on the 

Earth), high energy content, sustainability, biodegradability, and generation of recyclable exhaust gases. 

Moreover, the utilization of biomass-derived fuels will also greatly mitigate current energy security and 

trade balance issues, and foster socioeconomic developments for many rural communities in developing 

nations (see Table 2.1) (18, 19, 24). Nevertheless, given the recalcitrant nature of certain biomass 

feedstock and the current technological bottlenecks associated with various transformation processes, the 

economical feasibility of biomass-derived fuels are far too low to compete with the existing fossil fuel 

technologies. Therefore, recent advances in biotechnology and bioengineering are synergistically 

attempting to develop efficient biocatalysts (e.g. microbial fuel platforms) for the transformation of 

biomass into usable energy carriers.  
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Table 2.1: Potential benefits and technical limitations of biofuels 

Potential Benefits Technical Limitations 

Environmental gains 

 Reduced dependency on environmentally damaging fossil 

fuels and petroleum products  

 Lowered levels of greenhouse gas (GHG) emissions  

 Reduced smog and toxic chemical emissions  

 Use of waste materials reducing the need for landfill sites  

 

Economic benefits: 

 Relatively inexpensive resources  

 Locally distributed energy sources provide constancy and 

reliability  

 More widely distributed access to energy  

 Price stability  

 Generation of employment opportunities in rural 

communities  

 Biomass and bio-energy technology export opportunities  

 Use of underutilized biomass resources as a renewable and 

inexhaustible fuel source  

 

Environmental threats: 

 Use of protected land for biomass production  

 Depleting local water supplies  

 High demand for fertilizers, herbicides and 

pesticides leading to an increase in air and soil 

pollution  

 Possibility of global climate change with 

increased atmospheric CO2 production  

 Use of genetically engineered crops and 

microorganisms can possibly affect ecosystems  

 Reduced biodiversity due to soil pollution and/or 

industrial cultivation of favoured crop species  

 Increased particulate carbon emissions from 

wood burning  

 

Associated technologies: 

 Collection storage of feed stock  

 Pre-treatment of biomass  

 Enzyme production  

 Cost of technology manufacturing and 

maintenance  
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2.2 Biomass feedstock 

Currently, biomass-derived energy sources supply ~50 EJ (exajoules) of the world’s energy, which 

represents 10% of global annual primary energy consumption and ~75% of the energy derived from 

alternative renewable energy sources (25). Moreover, it is expected that biomass-derived energy may 

have to contribute ~1500 EJ by 2050. At this time, only 2% of the biomass-derived energy sources are 

utilized in the transportation sector whilst the rest is generally for household uses (26, 27). Transportation 

fuels derived from biomass (i.e. biofuels) can be produced using the feedstock of conventional 

agricultural crops (first-generation), lignocellulosic crops and unused agricultural wastes (second-

generation) or microscopic organisms (third-generation) (28). Feedstock are categorized on the basis of 

the type of raw materials and transformation processes, and their features are compared in Table 2.2 and 

Figure 2.2. 

2.2.1 First-generation feedstock 

First-generation feedstock are edible feedstock from the agricultural sector such as corn, wheat, 

sugarcane, and oilseeds. These basic feedstock are generally harvested with a high carbohydrate or oil 

content, and transformed into fuels such as biodiesel (bio-esters), alcohols, and biogas (mixture of CH4 

and CO2). The biofuels based on the first-generation feedstock are normally derived through conventional 

technologies (delineated further in section 3). Conventional crops are already available in high quantities 

as these crops are produced in a large scale for human consumption and animal feed. Currently, three 

most popular edible feedstock that are exploited for biofuel production are sugar canes (in Brazil for 

bioethanol), corn (in the United States for bioethanol) and lastly rapeseed (in various European nations for 

biodiesel). While the use of edible feedstock content may potentially enhance the conversion and yield of 

biofuels from biomass, it tends to impact food prices (29). 
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Figure 2.2: Summary of various major biomass feedstock, conversion processes, and final products associated with biorefinery 
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Table 2.2: Major characteristics of globally available biomass feedstock 

 

Feedstock Advantage 
Development of 

Associated Technology 
Limitation 

Share of Total Renewable Energy 

in the World (%) 

Share of Total 

Energy in the 

World (%) 

First-generation 

(e.g.: food 

crops) 

Excellent energy 

content 

Relatively mature (e.g.: 

Bioethanol refineries) 

 

Requires tropical 

arable land 

~9 ~1 

Second-

generation (e.g.: 

energy crops) 

Devoid of 

competition with 

food industries 

 

Relatively immature Laborious and 

costly treatment 

technologies  

~87 ~10 

Third-

generation (e.g.: 

microbial cells) 

Devoid of farming 

and land inputs  

 

Immature  Low yield of 

energy carriers 

~0 ~0 

Other (e.g.: 

municipal solid 

wastes) 

No cost associated 

with feedstock 

Mature (e.g.: Anaerobic 

digestion) 

Size of feedstock 

inconsistent 

~4 ~0.5 
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2.2.2 Starch crops 

Domesticated cereal grains and cultivated crops such as corn (maize), wheat, sorghum, cassava, and 

potatoes possess a high starch content and can be obtained in high yields if cultivated properly. Corn is 

the largest fuel crop for producing bioethanol and one of the most important agricultural crops globally 

principally because it utilizes a unique and highly efficient ‘C4’ photosynthesis system for carbon 

fixation. This photosynthesis system, in contrast to the conventional ‘C3’ one for most plants, yields a 

higher starch content (19, 28). The annual global production of corn grain is ~822 million MT (metric 

tons) annually with major producers being the United States, China, and some nations in southern Africa. 

Through genetic modifications, numerous desirable traits have been obtained to enhance of the crop 

production, such as resistance to various pathogens (e.g. Bacillus thuringiensis endotoxins) and stresses 

(e.g. drought and high salinity) (19, 28, 30). While wheat and rice are also important grains with a high 

starch content, their use to produce biofuels is uncommon as these crops are harvested primarily for 

human food consumption (28).  

 Two other important cultivated crops that may potentially be used for biofuel production are 

cassava and sorghum. Cassava is a perennial plant cultivated as an annual crop in the tropical and 

subtropical countries. The largest producers of cassava are currently various African and south Asian 

nations. It also possesses a high starch content, and is recognized as an alternative to corn and sugarcane 

for the production of bioethanol (28). Moreover, the cassava ethanol production schemes are compatible 

with current corn ethanol technologies and infrastructures. However, cassava cultivation is rather labor-

intensive and the ethanol yield obtained from cassava is substantially lower than those from sugarcane 

and corn (28). Sorghum is cultivated in temperate-to-hot and dry regions and is the one of the most 

widely grown cereal crop in the world. It contains ~30 species providing human food, animal feed and 

forage, and sugar. As a ‘C4 plant’, it also has a high grain, starch, and biomass content, and thus is now 

being developed as a potential bioenergy crop (31). Its conversion process for biofuel production depends 

on the type and part of sorghum to be used. Multiple systems are available for biofuel production using 

starch from grain sorghum, stalk sugar from sweet sorghum, and cellulose from the crop residue The 

properties of sorghum are also improved by conventional breeding and genetic approaches (31, 32). 

2.2.3 Sugar crops 

Sugarcane is a perennial grass commonly cultivated in the tropics and subtropics, with a annual 

worldwide production of ~1.74 billion MT. The largest producer of sugarcane is Brazil, followed by 

Australia, India, South Africa, and Thailand (19, 28). As a ‘C4 plant’ with a fast growth rate, fecundity, 
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and high sucrose content (~20%), it is the preeminent choice for biofuel production by supplying more 

than 40% of all fuel ethanol. With the advantages from its vast arable land, cheap feedstock price, and 

advanced agricultural technologies, Brazil has developed a green and sustainable sugarcane ethanol 

industry. Stem cutting has been the reproduction method for propagation with subsequent milling and 

biorefinery process to produce ethanol (19, 33). The byproduct and residue (bagasse and molasses) from 

sugarcane milling process are also useful for ethanol fermentation and power generation, making the net 

energy ratio of sugarcane ethanol relatively higher than corn ethanol. Other alternatives to sugarcanes are 

sugar beets and sweet sorghums. However these crops are generally not utilized for biofuel production 

owing to their low harvest yields and labor-intensive cultivation schemes (19, 33). 

2.2.4 Oilseed crops 

Oilseed crops such as rapeseed, soybean, sunflower, peanut, palm, coconut, safflower, linseed and hemp 

are valuable feedstock for the production of liquid biofuels (34). Aside from fuels, these oils may also be 

used for culinary purposes, as well as for deriving other commodities such as soaps, skin products, and 

perfumes. The unsaturated oils from these crops can be transformed by hydrogenation into fat with high 

melting points. More importantly, the vegetable oils yielded by these crops can be directly used in 

conventional or modified diesel engines, or can be refined via transesterification with a short-chain 

alcohol to produce alkyl (methyl, ethyl or propyl) esters, namely, biodiesels (35, 36). 

2.3 Second-generation feedstock 

Although the first-generation feedstock are attractive options for biofuel production in terms of their high 

sugar and starch composition, abundance in nature and combined ease of cultivation and processing, this 

production scheme is considered unsustainable. As the demand for renewable energy increases 

exponentially, the practicability of the production first-generation feedstock becomes tentative and limited 

since large arable croplands in tropical and temperate regions are required for their cultivation. Moreover, 

the direct competition of biofuels with human food and animal feed results in significant price increases 

of these crops. Second-generation feedstock are non-edible and comprise of raw materials derived from 

lingocellulosic biomass and crop waste residues from various agricultural and forestry processes (37, 38). 

These raw materials are far more ideal for fuel production since their utilization will not impact the food 

industry. Accordingly, second-generation feedstock can be cultivated in a large scale solely for the 

purpose of energy production. Cellulosic biomasses are also far more versatile than conventional energy 

crops and can be cultivated in a much wider range of soils and environments with comparable yields. 

Finally, if accrued crude agricultural and forestry residues are processed efficiently for biofuel 
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production, it will greatly reduce the current disposal problems associated with these materials. However, 

the conversion processes (i.e. thermo-chemical and biochemical conversions, see section 3) are far more 

complex and sophisticated because of the recalcitrant nature of cellulosic biomass, which is associated 

with the composition of tenaciously complex polysaccharides such as cellulose, hemicelluloses and 

lignins. Moreover, due to the present bottlenecks in the production scheme, second-generation feedstock 

are not cost-competitive with existing petroleum-derived fuels. In general, the second-generation 

feedstock can be categorized into two major groups, i.e. organic waste residues and dedicated energy 

crops (37, 39, 40). 

2.3.1 Organic waste residues 

Every year, approximately 40 dry tons per hectare of lignocellulosic residues are produced, most of which 

are underutilized. These lignocelluloses derived from an assortment of agricultural processes include corn 

cobs, corn stover, wheat straw, rice hulls, and cane bagasse. In many developing nations, these wastes are 

currently combusted for the generation of heat and electricity or for forage, or are ploughed back into 

croplands (28, 41). Considering their distributive variety, large quantity available, and high carbohydrate 

content, the energy potential of these residues is enormous. Nevertheless, it should be noted that the 

energy content of waste residues greatly varies from one crop to another. Among organic waste residues, 

woody wastes, i.e. the byproducts from logging operations, sawmill processes, pulp- and plywood 

factories, and the lumber industry, are also excellent feedstock for fuel production. Although biofuel 

production from woody biomass is still in its infancy, the importance of these feedstock has been 

perceived because of their high cellulose and low hemicelluloses composition (28, 41, 42). 

2.3.2 Dedicated energy crops 

With the substantially increasing demand for producing biofuels from the lignocellulosic feedstock in 

recent years, it becomes important to identify and cultivate crops exclusively for generating energy. 

Desired merits of energy crops include: fast growth rate, fecundity, high tolerance to various 

environmental stresses, high energy content, and relative ease of cultivation in comparison to grain crops. 

To date, the following energy crops are of great interest: perennial grasses (such as switch grass and 

Miscanthus) and woody energy crops (such as polars, willows, and eucalyptus) (19, 33). Compared to 

conventional grain crops, these ‘short-rotation’ and fast-growing crops are excellent feedstock largely due 

to their superior growth on cold, wet or temperate soils with high annual biomass yield and their ability to 

be co-produced with grain crops in the same soil, a cultivation strategy known as ”double-cropping” (19, 

33).  
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2.4 Third-generation feedstock 

While a wide collection of fermentative and photosynthetic bacteria and algae are currently being 

explored as biocatalysts, they are also recognized as excellent feedstock, so-called “third-generation 

feedstock”, primarily due to their high oil/lipid, carbohydrate, or protein contents. In comparison to the 

first- and second- generation feedstock, microbial cells can be obtained in high yields via bioreactors with 

no requirement of arable crop lands and other farming inputs (i.e. fertilizers, water, and pesticides) (38, 

43). The impetus for exploring microalgae as an alternative energy source stems from its highly efficient 

photosynthetic systems for carbon fixation and carbohydrate production, and high lipid content (20-40% 

dry weight). Algal strains are capable of accruing oils through three types of production schemes, i.e. 

phototrophic (via photosynthesis), heterotrophic (via dissimilation of carbonaceous substrates such as 

glucose), or mixtropic (a mixture of phototrophic and heterotrophic). While the current algal-based oil 

production platform is technologically immature, a few genetically modified algal strains can produce oil 

with an extremely high yield (up to 75% dry weight). It is estimated that microalgae may produce ~10-

300 times more oil (used for biodiesel production) than conventional and dedicated energy crops in near 

future (38).  

2.5 Biomass conversion routes for the production of clean energy carriers  

2.5.1 Biorefineries 

Akin to petroleum-based refineries, bio-based refineries are facilities that integrate conversion processes 

based on the use of biomass feedstock to produce transportation fuels, direct power, high-value 

chemicals, and other useful commodities with minimal wastes and emissions. It is expected that in the 

future the product palette of a biorefinery will be significantly broadened. Three major types of 

conversion are often included in a typical biorefinery process, i.e. (1) thermo-chemical and mechanical 

conversions, (2) biochemical and biological conversions, and (3) physicochemical conversions. All these 

conversion routes are aiming to concomitantly deoxygenize and depolymerize the biomass feedstock to 

release monomeric sugar for subsequent conversions (29). Many of these conversion routes demand 

extensive pretreatment or upgrading of the feedstock (e.g. heat generated via combustion) due to the 

complex and recalcitrant nature of biomass, particularly lignocelluloses. Biorefineries are categorized into 

three groups, i.e. phase I, II, and III. Phase I biorefineries are of limited value as they utilize a single 

feedstock for the production of a single product. Phase II biorefineries also handle a single feedstock, but 

transform it through several conversion processes to produce multiple products. Phase III biorefineries are 

the most advanced ones aiming at employing numerous conversion processes to produce multiple 
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products with the use of a selection of feedstock (e.g. whole-crop biorefineries). Nevertheless, current 

biorefinery operations are not cost-competitive with traditional petroleum-based refineries since the costs 

of biomass feedstock and their transportation and processing are extremely high in comparison to crude 

oil. Strenuous research and development in biorefinery is also needed to improve the performance of 

transformation processes (21). 

2.5.2 Thermo-chemical conversion routes 

Thermo-chemical conversion involves treating the biomass with high temperatures in either an oxygenic 

or anoxygenic condition to promote structural degradation. There are four main thermo-chemical routes 

for the production of fuels, i.e. direct combustion, gasification, pyrolysis, and liquefaction; each differing 

in the temperature, heating rate, and oxygen level present during the treatment.  

2.5.2.1 Direct combustion 

The burning of biomass in an oxygen-rich environment has been one of the traditional methods for the 

generation of heat (and/or electricity) from biomass with the aid of a steam cycle (e.g. combustion boilers, 

steam turbines, power plants). Through combustion, the chemical energy from the biomass feedstock, 

such as fuelwood, agricultural (bagasse) and wood residues from the pulp and paper industry, and 

municipal solid wastes, can be harnessed. These feedstock are cheap, exist in large quantities, and 

generally contain a low water content for combustion (44, 45). Presently, different combustion systems, 

such as grate boilers and underfeed strokers, are available for the production of heat for large-scale 

industrial use (100-3000 MW) or for district heating (<100 MW). In regions that may demand both heat 

and electricity, cogeneration systems are also available through the use of steam turbines. With the advent 

of more advanced technologies such as fluidized bed combustion systems, the efficacy for power 

generation can be greatly enhanced with reduced emissions and increased tolerance to different types of 

biomass (42, 45). Although these advanced combustion systems may offer power outputs comparable to 

traditional carbonaceous fuels, the technology is currently not economically feasible due to the costs 

involved in the distribution networks and processing of high-moisture-content biomass. Moreover, direct 

combustion systems may not be a clean technology per se, as toxic emissions are potentially released 

from certain contaminated wastes (e.g. municipal solid wastes). Accordingly, future research and 

development should be geared towards improving energy outputs, broadening the range of usable 

feedstock, and reducing the release of harmful pollutants.  
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2.5.2.2 Gasification 

Gasification is a thermo-chemical process where biomass is converted into a combustible gaseous mixture 

(e.g. syngas) under partial oxidation at high temperatures (800-900 °C) with gasification media such as 

air, oxygen or steam (45). The process is optimized to increase combustible gaseous components of CO, 

H2, CH4, and other gaseous hydrocarbons while minimizing char and tar formation (46). Four types of 

gasifiers are currently available for commercial use, i.e. fixed bed (counter-current and co-current), 

fluidized bed, and entrained flow. The performance of gasification processes is affected by different 

operation conditions, such as biomass flow rate, biomass properties, gasifying agent flow rate, and 

gasification temperature profile (47, 48). The generated gas mixtures are intermediate energy carriers that 

are either combusted for heat and power generation or processed further to synthesize transportation fuels 

(49). The conversion of syngas to liquefied fuels is referred as Fisher-Tropsch Synthesis (FTS) and dates 

back to the 1920s when coal syngas was used to produce hydrocarbons (e.g. gasoline and diesel). Syngas 

can be also used as a feedstock for the production of high-value chemicals (e.g. olefins and 

formaldehyde). Products derived via FTS vary greatly, depending on the catalyst types and process 

conditions (46, 50). One obstacle that limits large-scale application of gasification conversion 

technologies is the formation of tars and other undesired byproducts, thus gas cleaning is important to 

prevent catalyst poisoning before fuel synthesis (51).  

2.5.2.3 Pyrolysis 

Pyrolysis is a thermal process for biomass decomposition in the absence of oxygen with temperatures 

ranging from 350 °C to more than 800 °C (52). Temperature and residence time are key factors to control 

the composition of pyrolysis products. Three types of pyrolysis are applied, i.e. slow pyrolysis, fast 

pyrolysis, and flash pyrolysis (53), depending on the operation parameters such as heating rate, 

temperature, particle size, and residence time. Slow pyrolysis (also referred as conventional pyrolysis) of 

wood has been used to produce wood charcoal, whereas fast and flash pyrolysis are employed to produce 

bio-oils with various reactor schemes (53, 54). The major composition of bio-oils produced via pyrolysis 

are organic acids, esters, alcohols, ketones, phenols, aldehydes, alkenes, furfurals, sugars and some 

inorganic species (54). They are easier to transport and store than solid biomass and can also be converted 

into valuable chemicals, fuels, and distillates used in engines and turbines for power generation. However, 

there are numerous technical bottlenecks associated with the utilization of bio-oils as transportation fuels 

because of their crude and inconsistent nature, thermal instability, and corrosive properties. As a result, 

several strenuous upgrading steps are required to ensure the applicability of these bio-oils as 
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transportation fuels. Hydrodeoxygenation, catalytic cracking, emulsification, steam reforming, and 

chemical extraction are relevant techniques developed to improve the bio-oil quality (55).  

2.5.2.4 Liquefaction 

Liquefaction is a conversion process under a liquid phase with a low temperature (250-350 °C) and a high 

pressure (10-20 MPa), whereby biomass is catalytically broken down into fragments of light molecules in 

the presence of hydrogen. These unstable and active light fragments are subsequently re-polymerized into 

heavier oily compounds with appropriate molecular weights (56, 57). The process and products are 

analogous to pyrolysis except the use of lower temperatures and higher pressures. To prevent undesired 

side reactions and heavy solid char formation during re-polymerization, hydrogen and organic solvents 

are added into the reaction system (57, 58). Catalysts (e.g., alkaline hydroxides and carbonates) are 

crucial to lower the solid residue and improve the yield of bio-oils (58). To date, technological advances 

in liquefaction are still in its infancy and its economic feasibility is uncertain due to the high cost 

associated with the complex reactor and feeding system (59, 60).  

2.5.3 Biochemical conversion routes 

Biochemical conversions include a variety of chemical reactions catalytically mediated inside 

microorganisms as whole-cell biocatalysts and/or enzymes to convert fermentable feedstock substrates 

(e.g., monosugars) into fuels or other high-value commodities (39). They are one of the few conversion 

technologies that enable energy production in an environmentally friendly manner. While biochemical 

conversions are generally slow (taking days to weeks or even months) in comparison to the rapid themo-

chemical reactions (taking minutes to hours), these reactions produce less byproducts and pollutants. 

Thermo-chemical reactions, on the other hand, lack specificity and generally yield multiple and complex 

products. If implemented for large-scale biofuel production, biochemical conversions are considered more 

sustainable than thermo-chemical conversions, as these processes can be operated at a lower temperature 

with the use of a broader range of biomass feedstock. Feedstock for thermo-chemical processes often 

contain a low moisture content, whereas biological-derived processes can utilize both dry feedstock as 

well as those with a high moisture content such as herbaceous sugar and starch plants or livestock 

manures (29, 39). The two main biochemical processes for harnessing chemical energy from biomass are 

anaerobic digestion and microbial/enzymatic processes.  



 

18 

2.5.3.1 Anaerobic digestion 

Anaerobic digestion (AD) is a biological process in which various bacterial species mediate in the 

decomposition of organic matters under anoxic conditions. The product from this process is biogas, which 

is a gas mixture containing mainly methane (60-70%) and carbon dioxide (20-40%). This process also 

occurs in many natural anoxic environments, such as watercourses, soils, animal intestines, and landfills. 

Currently, biogas is naturally produced in landfills and contributes greatly to accruing greenhouse gases 

in the troposphere. Such an environmental issue can be greatly ameliorated if naturally emitted biogas 

from anoxic reservoirs is efficiently harvested and processed. The crude biogas from AD can be burned 

for heat generation, and it is an invaluable and inexpensive energy source particularly in developing 

nations (61, 62). In addition to heat generation, purified methane can also be directly used in gas turbines 

for electricity generation or for use as a transportation fuel, similar to natural gas. In addition, AD 

produces a solid and liquid residue known as digestate, which can be used for soil conditioning and 

fertilizing (63). 

A wide range of biodegradable waste materials can be applied to the versatile AD process (64, 

65), such as agricultural waste, industrial waste, animal manure, sewage sludge, leftover food, municipal 

solid waste, pulp and paper residues, even microalgae waste after oil extraction (66)However, wood 

residues are less favorable in this process due to the difficulty in lignin degradation. Many of these 

feedstock are processed in anaerobic containers known as digesters, where feedstock and water are mixed. 

Digesters can range from 1 m
3 

for domestic units to as large as 2000 m
3
 for large-scale industrial 

installations (42, 62). Many considerations are crucial for optimization of AD (67), including reactor 

design, pretreatment, mixing, temperature, pH, buffering capacity, fatty acid concentrations, number of 

stages, monitoring and control systems. AD is a well-established technology widespread in numerous 

countries, such as China which is the largest biogas producer and user in the world (68, 69). While in 

Europe and North America, AD is less common, certain countries like Germany and the UK hold several 

thousand operation units (70). Ultimately, the sustainability and reliability of AD will greatly depend on 

the transportation costs of feedstock, the energy production efficiency, and the accessibility of biomass 

feedstock.  

2.5.3.2 Microbial/enzymatic processes 

2.5.3.2.1 Pretreatment 
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Feedstock costs often represent the largest portion (~40-70%) of the selling prices of biofuels. Although 

lignocellulosic feedstock are cheap and abundant, these recalcitrant feedstock contain complex chains of 

polysaccharides and other carbonaceous polymers that must be depolymerized prior to enzymatic 

hydrolysis. Depolymerization of lignocellulosic materials can be carried out physically (e.g., steam 

treatment), chemically (e.g., hydrolysis by acid or alkali), enzymatically or via a combination of these 

methods (71). Enzymes employed for the degradation of lignocelluloses include cellulase, hemicellulase, 

accessory enzymes (debranching enzymes), and lignin modifying enzymes. After the hemicellulose and 

lignin barriers to cellulose microfibrils are mitigated by physical and chemical pretreatments, crystalline 

cellulose is exposed for hydrolysis by cellulase enzymes, which generally include three classes of endo-

cellulase, exo-cellulase, and cellobiase (72). The cellulases derived from cellulose-utilizing 

microorganisms are divided into two major categories: individual non-complex cellulases produced by 

aerobic bacteria and fungi and complex cellulase (or cellulosome) secreted by anaerobic bacteria and 

fungi (73). The efficiency of cellulose hydrolysis relies largely on the synergistic coordination of these 

enzyme activities to produce soluble sugar substrates.  

2.5.3.2.2 Enzymatic hydrolysis 

The production of cellulases is rather costly and thus has been identified as a potential bottleneck limiting 

the commercialization of lignocellulose biorefineries. Most commercially available cellulases are 

produced by Trichoderma or Aspergillus species. Being widely regarded as a model strain and industrial 

source of cellulases and hemicellulases (74, 75), Trichoderma has a high protein secretion ability and its 

genome has been sequenced recently (76). To enhance industrial biodegradation of cellulosic raw 

materials, recent research initiatives in cellulase-engineering have focused on improving specificity, 

catalytic activities, temperature and pH stability, and environmental tolerance. Rational design and 

directed evolution are two genetic strategies widely applied to improve cellulase activity (77). Since the 

information of the protein structure and catalytic mechanisms of cellulases remains limited, random 

mutagenesis followed by elaborate screening has been commonly employed to identify novel 

lignocellulose-degrading enzymes (78, 79). Recombinant cellulosomes, in which various complexes of 

heterologous cellulases are artificially assembled as scaffolding constructs, may also prove to be a 

breakthrough for cellulosic conversion (80). Advances arising from these genetic and protein engineering 

approaches have led to a great improvement in the enzymatic hydrolysis of lignocelluloses, reflected by a 

significant reduction in the cellulase cost associated with lignocellulosic ethanol production from more 
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than $5 to approximately $0.2 per gallon ethanol with more cost-effective expectation of less than $0.1 

per gallon ethanol (81). 

2.5.3.2.3 Microbial fermentation  

Monosugars derived from the hydrolysis of lignocellulosic materials or agricultural crops can be 

converted to various biofuels or high-value commodities via different fermentative and/or synthetic 

pathways using microbial cell factories. The first-generation feedstock are still the major feedstock source 

because of numerous unresolved technical issues associated with the utilization of lignocellulosic biomass 

(38). As a result, no industrial-scale microbial fermentation plant currently exists for the production of 

lignocellulosic biofuels. On the other hand, sugarcane- and corn starch-based bioethanol production plants 

were widely implemented in the United States and Brazil during the stagflation of the 1970s (71). Other 

clean biofuels produced based on microbial fermentation include methane, butanol, and hydrogen. These 

biofuels and the microorganisms associated with their production are detailed in Section 4.  

 Enzymatic hydrolysis and microbial fermentation are carried out either sequentially, i.e. separate 

hydrolysis and fermentation (SHF) process, or in parallel as a single-stage operation, i.e. simultaneous 

saccharification and fermentation (SSF) process. While the enzymes and microorganisms can function at 

their own optimal conditions in SHF processes, the operation is laborious and enzymatic hydrolysis may 

be incomplete due to the inhibition from the end products. As a result, the strategy of combining the two 

stages via SSF is adopted to reduce process complexity and overall cost and to increase process yield 

(82). Recently, a novel strategy has been proposed by combining cellulosic enzyme production and SSF, 

leading to a so-called consolidated bioprocessing (CBP) technology for simultaneous cellulase 

production, cellulose breakdown, and fermentation in a single bioreactor (83).  

2.6 Clean energy carriers derived from acetyl-CoA 

As mentioned in Chapter 1, given that acetyl-CoA is ubiquitous as a biogenic precursor of central 

metabolism in all living systems, it serves as a key intermediate of most biologically-derived energy 

carriers (see Figure 2.3). Accordingly, in this subsection, an overview is first presented of energy carriers 

derived from acetyl-CoA (e.g. ethanol and 1-butanol). Biohydrogen (derived from pyruvate) production 

strategies are also briefly highlighted. Next, an overview is presented of propionyl-CoA metabolism and 

biocatalytic platforms which utilize the propionyl-CoA nexus.  
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Figure 2.3 The acetyl-CoA metabolic nexus (on previous page).  

General pathways for the production of several advanced liquid and gaseous biofuels from acetyl-CoA, 

adapted from (84, 85). (1) 2-ketoacid metabolic pathway for the production of various fuel alcohols 

(highlighted in red); (2) methanogenesis for the production of methane (highlighted in grey) from acetyl-

CoA ; (3) clostridial pathway for the production of ethanol, and several fuel alcohols (highlighted in 

orange) from acetyl-CoA; (4) fatty acid pathway for the biosynthesis of FAEEs, fatty alcohols, and long 

chain alkanes and alkenes (highlighted in green); (5) hydrogen evolution (highlighted in black) from 

formate, an aspect of microbial dark fermentation; (6) isoprenoid (highlighted in purple) biosynthesis 

pathway. Abbreviations: ACP, acyl carrier protein; CoA, Coenzyme A; CoM, Coenzyme M; DMAPP, 

dimethylallyl pyrophosphate; FAEEs, fatty acids ethyl esters; IPP, isopentenyl pyrophosphate 

 

2.6.1 Bioethanol 

A major impetus for ethanol production through fermentation was initiated largely in response to the oil 

embargo of 1970’s. Currently, two major fermentation platforms for ethanol production exist, i.e. the 

corn-ethanol program in the United States and the sugarcane-ethanol program in Brazil, with annual 

production of ~13 and ~7 billion gallons, respectively. Attractiveness of bioethanol as a transportation 

fuel stems from its high production efficiency, high octane rating (108), and GHG benefits. However, 

ethanol possesses several applicative limitations, i.e. the relatively low energy density and vapor pressure, 

the corrosive nature as a result of its hygroscopicity, and the incompatibility with existing fuel 

transportation infrastructures. Hence, bioethanol is not targeted as a key competitor to petroleum-derived 

fuels per se, but rather as a gasoline extender and an octane enhancer (19, 39).  

 Common feedstock harnessed for ethanol production comprise of the first-generation feedstock 

derived from sugar and starch crops and the second-generation lignocellulosic feedstock. While it is 

advantageous to convert lignocelluloses to ethanol, this production scheme is presently unrealistic 

because of the limited substrate spectrum for most microbial species and the recalcitrant nature of 

lignocellulosic materials. The genetically tractable baker’s yeast, Saccharomyces cerevisiae, has become 

the preeminent choice to convert sugars derived from biomass for the production of ethanol based on its 

robust growth, high ethanol yield, and ethanol tolerance. Like most microbial species, wild-type S. 

cerevisiae is only capable of fermenting mono- and disaccharides of hexose sugars, such as glucose, 

sucrose, maltose, and fructose via glycolysis (Figure 2.4), but does not possess enzymes for hydrolyzing 

cellulose/hemicellulose or for fermentation of pentose sugars present in hemicellulose (i.e. xylose and 

arabinose) (86). Consequently, the first-generation feedstock are presently used for industrial production 

of bioethanol (71) with three primary operating stages: (1) mono- and disaccharides are released through 

either chemical or enzymatic hydrolysis, (2) ethanol fermentation using microbial cell factories such as S. 
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cerevisiae and other yeast, fungi or bacteria, (3) distillation for ethanol separation and concentration (71, 

86).  

 The ethanologenic bacterium Zymomonas mobilis is another attractive cell factory for industrial 

production of ethanol. While Z. mobilis also lacks the ability to ferment pentose sugars, it has several 

appealing properties, including the ability to anaerobically metabolize glucose via the Entner-Duodoroff 

(ED) pathway (Figure 2.4), as opposed to glycolysis, and high tolerance to ethanol (~120 g/L). As a 

result, the bacterium produces ethanol with minimal byproduct formation, leading to ~5-10% higher 

ethanol yield in comparison to the traditional yeast-based microbial platform. Because the ED pathway 

has a lower ATP yield than glycolysis, Z. mobilis constitutively maintains a high glucose flux and 

produces less biomass than yeasts (86).  

Enteric bacteria (e.g. Escherichia coli) and certain types of yeast (e.g. Pachysolen tannophilus 

and Pichia stipites) are potentially capable of metabolizing pentose sugars. However, pentose-fermenting 

yeasts are not suitable for large-scale bioethanol production due to the organisms’ low ethanol yield, 

heightened sensitivity to ethanol (~ 40g/L), inability to ferment xylose in acidic environments, and strict 

requirement for microaerophilic conditions (86, 87). Enteric bacteria and yeasts possess different 

metabolic pathways for xylose dissimilation. In bacteria, xylose is first converted into xyulose by xylose 

isomerase (XI). In xylose-utilizing fungi and yeasts, xylose is converted to xyulose through a two-step 

conversion by xylose reductase (XR) and xyitol dehydrogenase (XDH). In both cases, xylulose is 

phosphorylated and dissimilated via the pentose phosphate pathway (PPP) (Figure 2.4) (71, 86-88). 

 Over the past two decades, metabolic engineering and genetic engineering strategies have played 

a pivotal role in broadening the substrate range of S. cerevisiae, Z. mobilis, and E. coli for more effective 

dissimilation of the pentose sugars and ethanol production (Table 2.3). Popular strategies that have been 

explored include: heterologously grafting the xylose catabolic pathway from P. stipitis into S. cerevisiae, 

incorporation of various pentose dissimilation genes from E. coli into Z. mobilis, and enhancing the 

ethanol competence of E. coli via knocking out various diverting pathways (e.g. lactate and formate 

formation pathways) and displacing the native fermentation pathway with the homoethanol pathway of Z. 

mobilis (40, 71, 86, 87). Other microbial candidates that may prove to be efficient ethanol producers in 

the future include genetically modified Klebsiella oxytoca strains and various Clostridium species (e.g. C. 

thermocellum and C. thermosaccharolyticum) that possess the ability to metabolize treated or even 

untreated lignocellulosic substrates (40, 71). 
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Figure 2.4 Major metabolic pathways for ethanol production from hexose and pentose sugars 

(A) pentose phosphate pathway (PPP) with the inclusion of the xylose and arabinose dissimilation pathways, (B) glycolysis; and (C) Entner-

Doudoroff (ED) pathway (87). Abbreviations: sedo-7-P, sedoheptulose-7-P; glyercal-3-P, glyceraldehyde-3-P; TKL, transketolase; TAL, 

transaldolase; XI, xylose 
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Table 2.3: Major metabolic engineering approaches to enhance the production of bioethanol 

Cell factory Carbon source Genetic approach 
Maximum ethanol titer 

(g l
-1

) 
References 

S. cerevisiae NRRL Y-

50463 

Glucose (50 g l
-1

) and xylose (50 

g L
-1

)  

Overexpression of key genes responsible for 

xylose utilization from P. stipitis 

 

~38 Ma et al., 2012 

(89) 

S. cerevisiae MT8-1XS Glucose (50 g l
-1

) and xylose (50 

g l
-1

)  

Overexpression of key genes responsible for 

xylose uptake and utilization from P. stipitis 

 

~40 Katahira et al., 2008 (90) 

Z. mobilis CP4 Glucose (25 g l
-1

) and xylose (25g 

l
-1

)  

Overexpression of two genes responsible for 

xylose catabolism from E. coli 

 

~24 Zhang et al., 1995 

(91) 

Z. mobilis A3 Glucose (25 g l
-1

) and xylose (25g 

l
-1

)  

Overexpression of four E. coli xylose 

metabolic genes; strain further enhanced for 

xylose utilization via adaptive evolution  

 

~50 Agrawal et al., 2011 

(92) 

E. coli KO11 Xylose (10 g l
-1

) Replacement of the native fermentation 

pathway with a homo-ethanol pathway from 

Z. mobilis 

 

~45 Tao et al., 2001 

(93) 

K. oxytoca M5A1 Glucose (20 g l
-1

) or xylose (20 g 

l
-1

)  

Replacement of the native fermentation 

pathway with a homo-ethanol pathway from 

Z. mobilis 

 

~46 Ohta et al., 1991 

(94) 

K. oxytoca P2 Microcrystalline cellulose (100 g 

l
-1

)  

Chromosomally integrated genes 

responsible for homo-ethanol production 

from Z. mobilis 

~36 Golias et al., 2002 

(95) 
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For more sustainable production of bioethanol in the future, it is imperative to displace the first-

generation feedstock with lignocellosic biomass or other cheap non-food materials. Major operating 

stages for lignocellulosic ethanol production are similar to those for starch- or sugarcane-based ethanol 

production except lignocellulosic feedstock require tedious pretreatment prior to chemical/enzymatic 

hydrolysis. Barriers limiting industrial-scale production of lignocellulosic ethanol include the technical 

difficulties associated with the pretreating and hydrolytic steps as well as the ineptness of most microbial 

species for the assimilation of the pentose sugars. The pretreatment issues can be addressed by optimizing 

the operating conditions for effective breakdown of the lignocelluloses structure whilst minimizing the 

release of byproduct inhibitors. Also, the catalytic efficiency of cellulolytic and saccharolytic enzymes 

should be enhanced with the enzyme production cost being minimized.  

2.6.2 Biodiesels 

Biodiesels have properties closer to gasoline and petrodiesel so that they can be blended at high levels up 

to 30% (v/v) or even completely displace petrodiesels in certain vehicles. Currently, biodiesel-powered 

flexible-fuel vehicles are widely available in many countries (96). Similar to bioethanol, the production 

cost of biodiesel varies significantly, depending on the feedstock source and the scale of the plant. 

Biodiesel production from the first-generation feedstock (i.e., oilseeds which are abundant) is technically 

mature and commercially viable. The conversion is conducted through two main routes, i.e., 

transesterification, which is a simple catalytic process with oils and short-chain alcohols as reactants and 

hydrogenation, which is a process resembling oil refining. While hydrogenation produces renewable 

diesels of superior quality and free of particulates and byproducts (such as glycerol, which is a byproduct 

associated with the transesterification process), this process is technically limited by the degradation of 

hydrogenation catalysts (97). In addition to oils, fatty acids can serve as a potential reactant for biodiesel 

production. Since fatty acid biosynthesis is a natural pathway for energy storage in microorganisms, fatty 

acyl coenzyme A or fatty acyl carrier protein can be used as a starting molecule for the intracellular 

accumulation of fatty acids, which can be further esterified in vivo to form fatty acid ethyl esters (FAEEs; 

Figure 2.3) known as microdiesels with similar properties to biodiesels (98). Such a production pathway 

has been demonstratively implemented in E. coli for novel biodiesel production in a pilot scale (99, 100). 

In addition to the land oil crops, algae represent a nascent platform to be actively exploited for 

biodiesel production as their harvested oils can be extracted for conversion into biodiesels. This 

production scheme is particularly attractive on the basis of the microorganisms’ rapid growth rate, high 

photosynthetic efficiency, and high biomass production. The use of algal oils as a feedstock appears to be 

more effective in biodiesel production than land oil crops (38). The cultivation of algae can be conducted 
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in either open (e.g. ponds) or closed systems (e.g. bioreactors). Open systems are advantageous in that 

they are economical to operate and are scalable for mass cultivation. However, the risk of contamination 

allows the growth of only a few hardy algal strains with a low lipid content. In addition, the open process 

can suffer from evaporative losses, low photosynthetic efficiencies, and inadequate mixing, leading to low 

biomass yields. Closed systems, on the other hand, are expensive to establish and operate though they 

offer far superior biomass productivities. The three main types of closed systems are flat plate bioreactors, 

vertical bioreactors and tubular bioreactors (101, 102). A technical limitation for algal cultivation is that 

the high cell density often compromises the growth rate due to reduced illumination. To extract oil, algae 

cells are first harvested and disrupted through various mechanical and chemical treatments, which 

represent a major portion of the production costs. There are still many technical challenges to be 

overcome for the large-scale production of algal biofuels. In particular, genetic tools may lead to the 

construction of strains with desired characteristics, such as high oil contents. Nevertheless, the economic 

feasibility of algal biofuels might be achieved progressively by combining the fuel production with high-

value byproducts for food and feed ingredients to hopefully meet the growing energy demand in the 

future (103, 104). 

2.6.3 Biomethane 

Biogas, with methane as the major component, is produced via anaerobic digestion based on the use of a 

wide range of feedstock, including agricultural wastes, municipal wastes, food wastes, and industrial and 

municipal waste waters. The conversion of methane from organic waste residues is carried out by a mixed 

community of microbes capable of catabolizing complex biopolymers and polysaccharides to form 

acetate, hydrogen, and formate via acetogenesis. Acetate is further converted to methane by methanogenic 

archaea, such as Methanosarcina spp. and Methanosaeta spp. (Figure 2.3) (71, 105). Apart from being a 

combusting source for heat and electricity generation, biogas can also be upgraded to refined biomethane, 

which can be injected into the natural gas networks for various alternative uses (106). While economical 

production of biogas is often limited by inconsistent quantity and quality of the feedstock, this conversion 

route has been experiencing significant development and deployment, particularly in light of more 

common use of biogas as a vehicle fuel in many countries like Sweden, Germany, India, China, USA 

(107). Nevertheless, the incentives for biogas as a vehicle fuel can be strengthened by reducing the 

production cost, improving the pertinent technology, and building the industry and commercial standards. 
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2.6.4 Biobutanol / 1-butanol 

While bioethanol appears to be the most popular and successful biofuel in the market, it has numerous 

unfavorable attributes such as low energy content, incompatibility with the existing storage and 

distribution infrastructures, and hygroscopicity. Hence, various liquid biofuels, in particular C3-C8 fuels, 

are recently under exploration and 1-butanol seems to be an attractive alternative among them. 1-Butanol 

is a linear C4 alcohol potentially superior to ethanol as a transportation fuel due to its immiscible 

property, higher energy content, lower volatility, low hygroscopicity, and low corrodibility (108). While 

1-butanol is primarily produced through chemical processes in commercial scales, biological routes based 

on microbial fermentation have been actively investigated over the past few decades. Microbial 

anaerobes, such as Clostridium acetobutylicum and other solventogenic Clostridia, are native 1-butanol 

producers owing to the microorganisms’ unique pathway for ABE (acetone-butanol-ethanol) fermentation 

(Figure 2.3). ABE fermentation by C. acetobutylicum was previously explored as a potential production 

platform in the early 20
th
 century, but was determined to be economically unfavorable as compared to 

chemical processes. In light of recent biotechnological advances and growing attention on biofuels, the 

applicative potential of this biological route is being revaluated with the following major disadvantages to 

be overcome. First, similar to bioethanol production, the ABE fermentation platform suffers from the high 

cost of biomass feedstock. Second, conducting anaerobic cultivation is tedious, inconvenient, and 

expensive, particularly for large-scale production, and the associated 1-butanol recovery (e.g. distillation) 

is energy-intensive and costly. Third, Clostridium species often have a complex physiology that is not 

well understood and genetic tools and strategies for improving the productivity of these species are still 

under development (108-110). 

Technological advances in genetic engineering and metabolic engineering have offered a promise 

to genetically tailor Clostridium species to overcome the aforementioned limitations. Among various 

solventogenic Clostridia, C. acetobutylicum and C. beijerinckii strains have served as model 

microorganisms for metabolic engineering because of the establishment of key genetic tools, such as 

transformation techniques, integrative and shuttle vectors, and targeted gene disruption methods (108). 

Rational metabolic engineering approaches (Table 2.4) include the disruption of pathways diverting the 

1-butanol flux (e.g. butyrate, acetone, lactate, and acetate formation pathways), overexpression of genes 

encoding key enzymes to enhance 1-butanol yield, genetic manipulation to improve 1-butanol tolerance, 

and lastly the introduction of exogenous genes to broaden substrate specificity (108, 109). 
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Table 2.4: Major metabolic engineering approaches to enhance the production of 1-butanol 

Cell factory Genetic approach 

Maximum 1-butanol 

titer 

( g l
-1

) 

References 

C. acetobutylicum EA 

2018 

Disruption of the acetone pathway via 

Targetron gene knockdown system 

 

~14 Jiang et al., 2009 

(111) 

C. acetobutylicum M5 Overexpression of several key genes 

responsible for butanol production in a 

solvent-negative strain 

 

~11 Lee et al., 2009 

(112) 

C. acetobutylicum 

ATCC 824 

Thiolase/alcohol dehydrogenase 

overexpression and down-regulation of key 

gene involved in acetone-formation pathway  

 

~13 Sillers et al., 2008 

(113) 

C. beijerinckii NCIMB 

8052 

Overexpression of two exogenous glycoside 

hydrolases to broaden substrate specificity 

 

~5 López-Contreras et 

al., 2001 

(114) 

C. acetobutylicum 

ATCC 824 

Overexpression of several heat-shock proteins 

to improve butanol tolerance 

~17 Tomas et al., 2003 

(115) 

 

To circumvent the innate limitations of Clostridium species, numerous synthetic biology 

strategies based on heterologously grafting the 1-butanol production pathway into the genetically 

amenable host of E. coli, which is a non-native 1-butanol producer. These approaches appear to be 

powerful enough, particularly in tandem with metabolic engineering strategies, to develop novel 

production strains with 1-butanol titers up to 30g/L (12, 116, 117). On the other hand, reconstructing the 

clostridial 1-butanol pathway in other non-native host producers, such as Pseudomonas putida (118), 

Bacillus subtilis (118), Lactobacillus brevis (119), and S. cerevisiae (120), often leads to low titers. 

2.6.5 Other energy carriers  

2.6.5.1 Biohydrogen 

In addition to being an important material in the chemical industries, hydrogen is also an excellent and 

clean energy carrier with a high heating content (i.e., 141.8 kJ/g, which is almost 3 times that of gasoline) 

and with no CO2 emission upon burning. Currently, more than 95% of the hydrogen is derived from fossil 

fuels and electrolysis. The use of abundant biomass feedstock, including dedicated energy crops and 

organic wastes, for hydrogen production has arnered tremendous interests (121, 122). Transformation for 

biohydrogen production is often carried out via biophotolysis (in green algae and cyanobacteria), photo-
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fermentation (in purple non-sulfur bacteria), and dark fermentation (in anaerobic bacteria, Figure 2.3) 

(123, 124). Though the biological platforms are considered more environmentally friendly and less 

energy intensive for hydrogen production, they are not technically mature and economically feasible to 

compete with traditional chemical or electrochemical processes (125). So far, gasification and 

fermentation of waste biomass are two practical systems for biohydrogen production and further 

development is needed to overcome the efficiency and economic challenges, particularly in the aspect of 

identifying cheaper feedstock (121). 

2.6.5.2 Butanol isomers and other advanced fuels 

Other synthetic biology strategies based on biocatalytic rearrangement of 2-keto acid intermediates from 

the amino acid biosynthetic pathways (Figure 2.3) via decarboxylase and dehydrogenase have been 

applied to engineer E. coli strains for the production of non-native short-chain alcohols, including 1-

butanol, isobutanol, 3-methyl-1-butanol, and 2-methyl-1-butanol (10). Similar strategies have also been 

implemented in other microbial cell factories, such as Corynebacterium glutamicum, Clostridium 

cellulolyticum, and Synechococcus elongatus, for the production of longer chain alcohols (10, 11, 126). 

Isoprenoid compounds are generally synthesized from isoprenyl pyrophosphate and dimethylallyl 

pyrophosphate (Figure 2.3) (127) and isoprenoid-derived fuels or precursors, such as branched-chain and 

cyclic alkanes, alkenes and alcohols, could be produced in E. coli through isoprenoid biosynthesis 

pathways (11, 127). Several clostridial species are also natural producers of isopropanol (e.g. C. 

isopropylicum) (Figure 2.3), but these microorganisms are not suitable for large-scale production due to 

the low isopropanol yield. Akin to the above synthetic biology strategies, recent efforts have concentrated 

on heterologously transplanting the clostridial isopropanol pathway into E. coli to enhance the production 

of isopropanol with reported titers as high as 140 g/L (11, 128-130).  

2.6.5.3 Biomethanol and its derivatives 

Due to its abundance over other conventional biofuels such as bioethanol and 1-butanol, biologically-

derived methanol has also garnered tremendous interest from researchers. Although traditionally 

biomethanol is produced via a non-sustainable and cost-intensive chemical process involving catalytic 

steam reforming of natural gas, it is also possible to produce this fuel in an environmentally benign 

manner using biomass resources. Biologically, methanol can be produced through either the distillation of 

woody material via pyrolysis, gaseous products (i.e. biohydrogen and CO) from bio-oil, or syn-gas from 

cheap waste biomass and woody material. Nonetheless, given that the yield obtained from these resources 

is quite low (particularly biohydrogen), biomethanol production processes are not economically viable at 
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an industrial-scale as of yet. If these production processes for biomethanol production can be improved in 

the foreseeable future, it can be a valuable fuel with multiple applications. First and foremost, it can be 

used as a motor fuel in conventional engines in its pure form or as a blend with gasoline with an excellent 

emission profile. It is also possible to directly covert methanol to gasoline as well. Second, it can be 

converted to MTBE (methyl tert-butyl ether), an additive to gasoline. While MTBE is a formidable fuel 

additive and enhancer, its production process involves using isobutylene, a product derived from fossil 

fuels. Third, it can be dehydrated to produce DME (dimethyl ether), a suitable replacement for natural 

gas. Lastly, owing to its reactivity, it can be used as a raw material in the production of biodiesel (as 

FAME, fatty acid methyl esters). 

2.7 Harnessing propionyl-CoA metabolism for the production of biological fuels 

2.7.1 Overview of propionyl-CoA metabolism 

In prokaryotes, two canonical routes toward propionyl-CoA formation exist. In the first one, i.e. the 

acrylate pathway (Figure 2.5A), lactoyl-CoA (activated from lactate) is dehydrated by lactyl-CoA 

dehydratase to acryloyl-CoA, and subsequently reduced by the acryloyl-CoA reductase complex to 

propionyl-CoA. This pathway is endogenous to selected amino-acid utilizing clostridia, such as 

Clostridium propionicum. The second route involves the methylmalonyl-CoA pathway (Figure 2.5B) 

(131). This cyclic pathway is generally confined to Gram-positive propionic acid bacteria (of the genus 

Propionibacterium) and relies on the synthesis of oxaloacetate by one of two enzymes, i.e. pyruvate 

carboxylase and methylmalonyl-CoA carboxytransferase, which catalyze the transfer of the carboxyl 

moiety from (S)-methylmalonyl-CoA to pyruvate, concomitantly generating oxaloacetate and propionyl-

CoA (132). It is still unclear as to why these pathways for propionyl-CoA synthesis are not conserved 

among microbial communities. As propionyl-CoA is toxic at high concentrations, most organisms have 

evolved to prevent intracellular accumulation of propionyl-CoA (8, 133). Furthermore, one of the key 

enzymes for the conversion of succinyl-CoA to propionyl-CoA is methylmalonyl-CoA mutase (Figure 

2.5B), whose activity requires a vitamin B12-derived prosthetic group, adenosylcobalamin, to function. 

Given that most microbial systems do not possess the ability for de novo synthesis of cobalamin, 

exogenous provision of it as the vitamin precursor is required to utilize this pathway (16). 



 

32 

 
 

Figure 2.5: Natural pathways associated with propionyl-CoA metabolism found in microorganisms 

(A) The acrylate pathway of Clostridium propionicum. (B) The methylmanoyl-CoA pathway of propionic 

bacteria. Key enzymes in the pathways are: Ldh, lactate dehydrogenase; Pct, propionyl-CoA transferase; 

Lcd, lactyl-CoA dehydratase; Acr, acrylyl-CoA reductase; PC, pyruvate carboxylase; Mdh, malate 

dehydrogenase; FH, fumarate hydratase; Sdh, succinate dehydrogenase; MCM, methylmalonyl-CoA 

mutase; MCE, methylmalonyl-CoA epimerase/isomerase; MCT, methylmalonyl-CoA carboxytransferase. 
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 Various strategies have been developed to increase the intracellular level of propionyl-CoA as a 

precursor for biosynthesis of not only 1-propanol but a range of other value-added products (e.g. 

propionate, polyketides, and biological co-polymers) (Figure 2.6), particularly in genetically tractable 

hosts with propionyl-CoA as a non-native metabolite such as E. coli. As a biochemical approach, 

propionate or odd-chain fatty-acid-rich feedstocks have been exogenously supplemented in the culture 

medium for their direct conversion to propionyl-CoA (84). However, the high costs associated with these 

feedstocks potentially limit practical application of this approach. Alternatively, a popular approaches 

based on extended dissimilation of 2-ketobutyrate (i.e. the L-threonine biosynthetic pathway (134)) have 

been explored to enable biosynthesis of propionyl-CoA from unrelated carbon sources in E. coli. Such 

explorations have opened an avenue for novel biosynthesis. In the next section, these metabolic 

engineering pathways used for the production of 1-propanol are reviewed.  
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Figure 2.6: Propionyl-CoA acting as a precursor (on previous page) 

Propionyl-CoA can act as a key biogenic precursor for the production of several value-added chemicals 

and biofuels of industrial importance. 

 

2.7.2 1-Propanol as a prospective biofuel  

2.7.2.1 Overview of 1-propanol and current strategies toward its production 

As mentioned previously, compared to the most popular biofuel ethanol, 1-propanol and other higher-

chain alcohols are considered to be better energy carriers because of their potentially favorable 

physicochemical properties, including higher energy density, octane number, and lower hygroscopicity 

(see Table 2.5 for a comparative overview of 1-propanol and other fuels). Additionally, 1-propanol has 

found its use as a multi-purpose solvent for a multitude of industrial applications, including paints, 

cleaning products, and cosmetics (135, 136). However, due to insignificant titers achieved so far, large-

scale microbial production of 1-propanol has been economically unfeasible. Because no native microbial 

1-propanol producer has been identified so far, rational synthetic biology and metabolic engineering 

strategies to enhance 1-propanol production in microbial hosts, particularly genetically tractable E. coli, 

have been developed. To this end, recent studies aimed at modulating the intracellular pool of propionyl-

CoA and/or other key intermediates through introduction of heterologous synthetic pathways as well as 

engineering endogenous metabolic pathways (Figure 2.7 and Table 2.6), with promising 1-propanol 

titers beyond the g/L threshold.  

 In addition to propionyl-CoA, 2-ketobutyrate can be another key precursor to 1-propanol 

production. In many microorganisms, including E. coli, 2-ketobutyrate is an endogenous product 

associated with L-threonine degradation and a reductive pathway (such as alcohol production) can be 

unusually used to dispose of electrons generated during amino acid metabolism (137). Nonetheless, 

production of 1-propanol from L-threonine has been previously detected in Clostridium sp. strain 17cr1, 

demonstrating the synthesis of higher-chain alcohols via non-fermentative pathways (137). Alternative to 

L-threonine degradation, 2-ketobutyrate can be synthesized via citramalate biosynthesis in select 

microorganisms, including Methanococcus jannaschii (138). These observations formed the basis for the 

production of higher-chain alcohols in E. coli via non-fermentative pathways (10, 136, 139). Specifically, 

production of 1-propanol was achieved through promoting 2-ketobutyrate synthesis via the L-threonine 

pathway (136) (Figure 2.7A) and citramalate pathway (139) (Figure 2.7B). In these studies, the 

concerted feedback inhibition exerted by L-threonine biosynthesis was overcome through directed 

mutagenesis of thrA, which encodes the bifunctional aspartokinase/homoserine dehydrogenase and is the 

target for allosteric feedback inhibition by L-threonine. In addition, by overexpression of the genes 
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involved in 2-ketobutyrate synthesis as well as elimination of other biosynthetic competing pathways, 

production titers of up to ~2 g/L 1-propanol was achieved in the engineered strains (136, 140).  

 Alternatively, 2-ketobutyrate can be derived through the condensation of acetyl-CoA and 

pyruvate via the citramalate pathway (Figure 2.7B). By overexpression of the heterologous cimA gene 

from M. jannaschii to form citramalate and then the endogenous leuABCD operon to form 2-ketobutyrate 

with inactivation of several competing pathways, approximately 0.5 g/L 1-propanol was produced. The 

propanol titer can be significantly increased by overexpressing an evolved cimA (cimA3.7) derived 

through multiple rounds of error-prone PCR (139). Note that a promiscuous 2-ketoacid decarboxylase 

(i.e. Kivd from Lactococcus lactis) and a broad-range alcohol dehydrogenase (i.e. ADH2 from S. 

cerevisae) were used for direct conversion of 2-ketobutyrate to 1-propanol (136, 139). While 2-

ketobutyrate can be converted endogenously to 1-propanol through the carboxylic intermediates of 

propionate and propionyl-CoA, the aforementioned direct conversion of 2-ketobutyrate to 1-propanol can 

potentially circumvent the production of propionate as a byproduct. Furthermore, by synergistically 

combining the strategies of deregulated L-threonine biosynthetic pathway (136) and evolved cimA (139), 

as well as more extensive inactivation of pathways competing for the essential precursor 2-ketobutyrate, 

the production of 1-propanol was significantly enhanced based on the use of glucose and glycerol as the 

feedstock (134, 140). The L-threonine biosynthetic pathway activity was enhanced to increase the 

intracellular 2-ketobutyrate pool through directed-evolution of the ilvA gene encoding L-threonine 

dehydratase and overexpression of the endogenous L-threonine synthetic operon thrABC (134). 

Alternative to direct conversion of 2-ketobutyrate to 1-propanol via promiscuous 2-ketoacid 

decarboxylase and alcohol dehydrogenase, various genes in the other 1-propanol-formation pathway, i.e. 

ackA encoding acetate kinase A/propionate kinase II, atoDA encoding acetyl-CoA:acetoacetyl-CoA 

synthase, and an aerobic-tolerant adhE encoding alcohol/aldehyde dehydrogenase, were overexpressed 

(134). Interestingly, inactivation of rpoS encoding the stationary-phase sigma factor can increase the 

expression of enzymes involved in the TCA cycle and L-threonine metabolism, as well as the 

accumulation of pyruvate, phosphoenolpyruvate (PEP) and oxaloacetate (OAA) during the stationary 

growth phase, resulting in enhanced 1-propanol production under aerobic culture conditions with glucose 

as the carbon source (134). Previously, it has been demonstrated that inactivating the stationary-phase 

sigma factor RpoS deregulates global expression of genes involved in stress response. Although mutant 

E. coli strains lacking the rpoS gene exhibit growth characteristics similar to that of the wild-type, acetate 

production is significantly hampered, thus enhancing carbon flux toward other fermentative end-products 

(141). 
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Table 2.5: A comparison of 1-propanol to other energy carriers 

Properties 1-propanol 

1-propanol structure 

Melting point (°C) -126.0 

Boiling point (°C) 97.5 

 

Ignition temperature (°C) 371.0 

Flash point (°C) 22.0 

Density at 20°C (g/ml) .80 

Critical pressure (MPa) 51.7 

Critical temperature (°C) 263.5 

 

Fuels 

1-pentanol 1-butanol 1-propanol Gasoline Ethanol 

Energy density (MJ/kg) 37.7 36.1 33.6 42.7 29.7 

Air-fuel ratio 12.5 11.2 21.4 14.6 9 

Vapor Pressure (psi)) 0.04 0.08 0.29 0.1-30 1.1 

Average Octane (AKI rating/RON) 84/113 97/103 108/118 85-96/90-105 99.5/108.6 
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Figure 2.7: Metabolic pathways for 1-propanol production in engineered E. coli.  

Pathways include the non-fermentative pathways via (A) l-threonine and (B) citramalate biosynthesis, as well as the fermentative ones via (C) 

synthetic extension of 1,2-propanediol. Key enzymes in the pathways are: AspC, aspartate aminotransferase; LeuB, 3-isopropylmalate 

dehydrogenase; LeuCD, 3-isopropylmalate isomerase A and B; ThrA, homoserine dehydrogenase; ThrB, homoserine kinase; ThrC homoserine 

deaminase; IlvA, l-threonine deaminase; AdhE, bifunctional alcohol/aldehyde dehydrogenase. Heterologous enzymes are represented in blue, 

whereas native E. coli enzymes are represented in green. 
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Table 2.6: Major metabolic engineering approaches to enhance the production of 1-propanol in engineered microbial platforms 

 

Cell factory Carbon source Genetic approach 
Pathway 

legend 

Maximum 1-propanol titer 

( g l
-1

) 
References 

E. coli JCL16 Glucose (50 g l
-1

) E. coli strain was modified to assimilate 

L-threonine into 1-propanol 

Figure 2.7A ~0.03 Atsumi et al., (10) 

E. coli KS145 Glucose (72 g l
-1

) E. coli strain with an engineered 

citramalate pathway  

Figure 2.7B ~2.7 Atsumi et al.,(139) 

E. coli JCL16 Glucose (30 g l
-1

) and 

l-threonine (8 g l
-1

) 
Modified  L-threonine overproducing E. 

coli strain  

Figure 2.7A ~1.6 Shen and Liao(142) 

E. coli BW25113 Glucose (20 g l
-1

) E. coli strain with an engineered with a 

novel and expanded 1,2 propanediol 

pathway  

 

Figure 2.7C ~0.3 Jain and Yan(143) 

Thermobifida fusca 

B6 

Switchgrass (0.48 g l
-1

) Chromosomally engineered 

Thermobifida fusca strain with an 

alcohol dehydrogenase gene from C. 

acetobutylicum  

 

N/A ~0.6 Deng and Fong(144) 

E. coli PRO2 Glycerol (40 g l
-1

) E. coli strain was modified to assimilate  

L-threonine into 1-propanol with 

feedback inhibitions removed  

Figure 2.7A ~10.3 Choi et al., (134) 

E. coli CRN SYN 12 Glucose (36 g l
-1

) E. coli strain engineered with two 

pathways: 1)  L-threonine into 1-

propanol and 2) citramalate pathway 

Figure 2.7A and 

B 

~8 Shen and Liao (145) 
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2.7.3 Overview of the Sleeping beauty mutase operon pathway genes 

In addition to the 2-keto-acids pathways, an alternative approach to generate the required propionyl-CoA 

for 1-propanol production is via the Sbm operon (Figure 2.8). Although the metabolic and mechanistic 

role of pathways similar to the Sleeping beauty pathway (i.e. the methylmanoyl-CoA pathway) has been 

elucidated in most Gram-positive prokaryotes (e.g. propionic bacteria), its role in E. coli is still rather 

ambiguous. It should be noted that while E. coli possess an intact pathway (found as a four-gene cluster at 

~ 62.8 min on the E. coli genome – see Figure 2.9), the pathway genes are thought to be silent for two 

reasons, (1) it is hypothesized that the operon genes are hardly expressed possibly due to an inactive or 

weak promoter-operator system (14, 15); and (2) while E. coli encodes several cobalamin-dependent 

mutases and possesses receptors specifically for uptake of vitamin B12 (which is the active form of 

cyanocobalamin) (146), the organism neither produces cyanocobalamin de novo nor does it require it for 

cell growth (147). Thus, cyanocobalamin must be supplemented exogenously in the cultivation medium 

in order to activate Sbm from its apo-form to its holo-form. Moreover, while Haller et al.(16), 

demonstrated that thee of the genes from this operon [i.e. (1) sbm encoding a cobalamin-dependent 

methylmalonyl-CoA mutase (or Sbm; sleeping beauty mutase); (2) ygfG encoding a methylmalonyl-CoA 

decarboxylase (YgfG) and (3) ygfH encoding a propionyl-CoA::succinate transferase (YgfH)] encode 

proteins that are nessary and sufficient for the decarboxylation of succinate to propionate, the role of the 

second gene within the operon (ygfD encoding a putative arginine kinase, ArgK/YgfD) remains to be 

elucidated. However, recently it was discerned that YgfD could potentially interact with Sbm to form a 

multi-subunit complex (148).  

 We hypothesize that it is feasible to produce 1-propanol using engineered E. coli strains with an 

activated Sbm operon for extended dissimilation of succinate (see Figure 2.8 for relevant pathways). In 

order to do so, the first three genes from the operon (i.e. sbm, ygfD, and ygfG) are required for conversion 

of succinyl-CoA to propanioyl-CoA. Moreover, a bifunctional alcohol dehydrogenase (endogenous or 

heterologous) is also required for the reduction of propanioyl-CoA into propanaldehyde and finally into 1-

propanol.  

 A major limitation in the implementation of this pathway in E. coli is the limitation of succinyl-

CoA, an important precursor. Under standard aerobic conditions, succinyl-CoA is not produced as an end 

product, given that most it is siphoned into the production of the tricarboxylic acid cycle intermediate, 

succinate(149). Conversely, under anoxic conditions (Figure 2.8), E. coli produces both succinate and 

succinyl-CoA, via a reductive reverse tricarboxylic acid (TCA) cycle as fermentative end-products. Thus, 
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this bioprocess can be performed under anaerobic conditions, with succinate and succinyl-CoA as the 

precursors for their extended conversion into 1-propanol. 
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Figure 2.8: The Sleeping beauty mutase biosynthetic pathway and proposed 1-propanol production 

strategy in E. coli (on previous page).  

The genetically engineered central metabolic pathway showing an activated Sbm operon (Sbm, YgfD, 

and YgfG, see purple text), and the expression of an endogenous alcohol dehydrogenase (AdhE) for the 

production of 1-propanol (in red text and arrows). Note the reductive TCA cycle (from the glycolytic 

trunk to oxaloacetate) toward succinyl-CoA is shown in blue arrows.  

 

 

 

   sbm    ygfD   ygfG   ygfH 
 
 
 

 

 

Figure 2.9: The Sbm operon in E. coli 

sbm codes for methylmalonyl-CoA mutase, ygfD (or argK) codes for a protein kinase that catalyses the 

phosphorylation of two periplasmic binding proteins involved in cationic amino acid transport, ygfG 

codes for methylmalonyl-CoA decarboxylase and ygfH codes for propionyl-CoA: succinyl- CoA 

transferase. Figure and caption adapted from Kannan(14). Operon genes not to scale. 
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Chapter 3 

Development of host-vector systems for 1-propanol production 

Chapter Abstract 

While most resources in biofuels are directed towards implementing bioethanol programs, 1-propanol has 

recently received attention as a promising alternative biofuel. Nevertheless, no microorganism has been 

identified as a natural 1-propanol producer. In this chapter, we manipulated a novel metabolic pathway 

for the synthesis of 1-propanol in the genetically tractable bacterium Escherichia coli. E. coli strains 

capable of producing heterologous 1-propanol were engineered by extending the dissimilation of 

succinate via propionyl-CoA. This was accomplished by expressing a selection of key genes, i.e. (1) three 

native genes in Sbm operon, i.e. sbm-ygfD-ygfG from E. coli, (2) the genes encoding bifunctional 

aldehyde/alcohol dehydrogenases (ADHs) from several microbial sources, and (3) the sucCD gene 

encoding succinyl-CoA synthetase from E. coli. Using the developed whole-cell biocatalyst under 

anaerobic conditions, production titers up to 150 mg/L of 1-propanol were obtained. In addition, several 

genetic and chemical effects on the production of 1-propanol were investigated, indicating that certain 

host-gene deletions could abolish 1-propanol production as well as that the expression of a putative 

protein kinase (encoded by ygfD/argK) was crucial for 1-propanol biosynthesis. This portion of the study 

showcases a novel route for 1-propanol production in E. coli, which is subjected to further improvement 

by identifying limiting conversion steps, shifting major carbon flux to the productive pathway, and 

optimizing gene expression and culture conditions. 

 

3.1 Background 

The majority of the world’s energy requirements are currently met through unfettered use of 

carbonaceous fossil fuels. However, mounting environmental and socioeconomic concerns associated 

with exploiting these resources have led to the exploration of more sustainable and environmentally 

friendly energy forms, in particular biofuels (2). While ethanol, one of the most common and successful 

biofuels today, almost possesses established economic niches within energy markets, significant attention 

is being directed towards the production of longer-chain alcohols, such as 1-butanol and 1-propanol (10, 
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11). These longer-chain alcohols tend to have a higher energy content, lower hygroscopicity, and water 

solubility; and are compatible with existing transportation infrastructures and pipelines (12). 

 In addition to being a potential biofuel, 1-propanol serves as an important solvent and chemical 

for relevant industrial applications (143). Up to now, the production of 1-propanol primarily relies on 

chemical synthesis and no microbial cells have been identified as a natural 1-propanol producer. 

Nevertheless, recent advances in synthetic biology and metabolic engineering have enabled biological 

production of 1-propanol using various non-natural but genetically tractable microorganisms, among 

which E. coli is the most common. It is critical to identify potential synthetic pathways and enzymes 

relevant to the target metabolite (i.e. 1-propanol) heterologously produced in a non-native microbial host. 

For example, Atsumi et al., (10) devised a synthetic approach to convert 2-ketobutyrate to produce 1-

propanol in a genetically engineered E. coli strain through a non-fermentative biosynthetic pathway 

mediated by a promiscuous 2-ketoacid decarboxylase and an aldehyde/alcohol dehydrogenase (ADH). 

The conversion bioprocess was further enhanced using an evolved citramalate pathway (139). On the 

other hand, Choi et al., (134) demonstrated the production of 1-propanol by grafting a pathway containing 

several key genes for further conversion of L-threonine into 1-propanol in an engineered L-threonine 

overproducing E. coli strain. Jain and Yan (143) reported the production of 1-propanol in E. coli by 

expanding the 1,2-propanediol pathway with two steps mediated by a novel 1,2-propanediol dehydratase 

and an ADH. More recently, Shen and Liao (145) combined the native threonine pathway and a 

heterologous citramalate pathway for synergistic production of 1-propanol in E. coli . In addition to the 

aforementioned E. coli platforms, Deng and Fong (144) explored direct conversion of untreated plant 

biomass to 1-propanol using an engineered Thermobifida fusca strain. 

 Herein, we present an alternative novel biosynthesis of 1-propanol by manipulating the sleeping 

beauty mutase (Sbm) operon in E. coli. This four-gene operon (sbm-ygfD-ygfG-ygfH) encodes various 

enzymes involved in a cobalamin-dependent metabolic pathway for decarboxylation of succinate into 

propionate (13). The metabolic context of the Sbm-pathway remains ambiguous, but is suspected to be 

involved in the assimilation of unusual carbon sources, such as succinate and propionate. Moreover, 

eponymous to its name, the operon genes are hardly expressed possibly due to an inactive or weak 

promoter-operator system (14, 15). Three of the encoded proteins from this operon are identified to be 

members of the crotonase superfamily, namely (1) sbm encoding a cobalamin-dependent methylmalonyl-

CoA mutase (or Sbm; sleeping beauty mutase), which catalyzes the isomerization of succinyl-CoA to L-

methylmalonyl-CoA; (2) ygfG encoding a methylmalonyl-CoA decarboxylase (YgfG), which catalyzes 

the decarboxylation of methylmalonyl-CoA to propionyl-CoA; and (3) ygfH encoding a propionyl-
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CoA::succinate transferase (YgfH) (16). The ygfD gene encodes a putative protein kinase (YgfD/ArgK) 

whose function remains unclear. However, YgfD could potentially interact with Sbm to form a multi-

subunit complex (148). Although the structure, function, and relationship of these enzymes have been 

characterized, hardly any work has been performed for their practical application.  

 In this study, we demonstrated the production of 1-propanol using engineered E. coli strains with 

an activated Sbm operon for extended dissimilation of succinate (see Figure 3.1 for relevant pathways). 

First, three E. coli genes of sbm, ygfD, and ygfG were assembled as a single operon and then were 

expressed to convert succinyl-CoA to propionyl-CoA. Second, the genes encoding bifunctional ADHs 

from various microorganisms were cloned and expressed to convert propionyl-CoA to 1-propanol. We 

further channeled carbon flux towards the 1-propanol-producing pathway by expressing sucCD (encoding 

succinyl-CoA synthetase) from E. coli. These biosynthetic strategies were implemented into E. coli based 

on the construction of triple-plasmid expression systems (Figure 3.2) to facilitate the evaluation of 

suitable pathways. The 1-propanol-producing capacity of these metabolically engineered E. coli strains 

were evaluated under anaerobic cultivation conditions. The exometabolome of the culture was analyzed 

using 1-dimensional hydrogen nuclear magnetic resonance (1D-
1
H-NMR) spectroscopy with more than 

thirty metabolites being identified. In addition, we investigated several genetic and chemical effects 

associated with 1-propanol production in engineered E. coli. 
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Figure 3.1: Metabolic engineering of E. coli for 1-propanol production. 

The genetically engineered central metabolic pathway under anaerobic conditions showing the activation 

of the Sbm operon ( sbm, ygfD, and ygfG), and the expression of various adhEs used in this study. Red 

colored gene names above or beside dashed lines represent diverting pathways; metabolites in red boxes 

are unwanted. Genes in green represent the necessary genes for 1-propanol conversion from glucose; 

those that are in bold font and boxed represent genes expressed via episomal plasmids. 
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Figure 3.2: A schematic representation of the triple-plasmid expression systems utilized for 1-

propanol production. 

All strains have sbm-ygfD-ygfG cloned into pK184 under the control of plac as well as sucCD cloned into 

pBR1MCS-3 under the control of the arabinose inducible paraB. In addition to these, each strain has 

pUC19 containing one of the seven listed alcohol dehydrogenases. The red star in the adhE
MUT

(EC) 

represents the E (glu)K (lys) mutation at amino acid residue 568. 
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3.2 Methods 

3.2.1 Plasmid construction 

All plasmids and primers used in this study are listed in Table 3.1. Genomic DNA from various bacterial 

strains was isolated using the Blood & Tissue DNA Isolation Kit (Qiagen, Hilden, Germany). Standard 

recombinant DNA technologies for gene cloning (150) were applied. Various DNA polymerases, 

restriction endonucleases, T4 DNA ligase, and Antarctic phosphatase were obtained from New England 

Biolabs (Ipswich, MA). All oligonucleotides were obtained from Integrated DNA Technologies 

(Coralville, IA). DNA sequencing was conducted in the Centre for Applied Genomics at the Hospital for 

Sick Children (Toronto, Canada).  

 The succinyl-CoA synthetase gene (sucCD) from E. coli was cloned into the plasmid 

pBBR1MCS-3 for its expression under the regulation of the inducible ParaB promoter. To make this 

construct, sucCD was PCR-amplified from E. coli BW25141 genomic DNA using the c-sucCD primer 

set, whereas the araC-ParaB fragment was PCR-amplified from pKD46 using the c-paraB primer set. The 

two DNA fragments were then transcriptionally fused with splice overlap extension PCR (151) using the 

forward primer c-paraB and the reverse primer c-sucCD. The resulting araC-ParaB::sucCD fragment was 

directionally cloned into the XhoI and XbaI restriction sites of pBBR1MCS-3, yielding pB-sucCD.  

 The fusion containing the three genes of sbm-ygfD-ygfG from the Sbm operon was PCR-

amplified from E. coli BW25141 genomic DNA using the c-scpAB primer set. The amplified DNA 

fragment was non-directionally cloned into the EcoRI restriction site of pK184. A clone with the correct 

transcriptional orientation of the sbm-ygfD-ygfG fragment with respect to the inducible Plac promoter was 

selected and verified by DNA sequencing, yielding pK-scpAKB. To test the essentialness of YgfD/ArgK, 

PCR was used to amplify the entire pK-scpAKB construct, with the exception of ygfD, using the c-argK 

primer set. This resulted in the addition of a flanking XbaI site downstream of sbm and upstream of ygfG. 

XbaI digestion and relegation of this PCR product rendered plasmid pK-scpAB. 

 A selection of genes encoding alcohol/aldehyde dehydrogenases from various sources were 

respectively cloned into pUC19 as transcriptional fusions under the control of the inducible Plac promoter. 

To do this, the adhE, ydhD, and adhP genes were amplified from E. coli BW25141 genomic DNA using 

the c-adhE(EC), c-yqhD(EC), and c-adhP(EC) primer sets, respectively. The resulting PCR products were 

individually fused with the BamHI-linearized pUC19 using the In-Fusion PCR Cloning System 

(Clonetech Laboratories Inc., Mountainview, CA) to yield pU-adhE(EC), pU-yqhD(EC), and pU-
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adhP(EC), respectively. Similarly, the adhE2, adhE1, and bdhB genes were PCR-amplified from 

Clostridium acetobutylicum ATCC 824 genomic DNA using the c-adhE2(CA), c-adhE1(CA), and c-bdhB 

primer sets, respectively. The resulting PCR products were individually fused with the BamHI-linearized 

pUC19 to yield pU-adhE2(CA), pU-adhE1(CA), and pU-bdhB(CA), respectively. Plasmid pU-

adhE
MUT

(EC) was derived from pU-adhE(EC) by generating a Glu568Lys mutation within the adhE 

coding sequence using the Phusion Site-directed Mutagenesis Kit (New England Biolabs) with the m-

adhE primer set and the point-mutation was screened based on the loss of a unique SapI restriction site. 

Similar to a previous approach (84), pU-adhE
MUT

(EC) was used to express an aero-tolerant E. coli 

alcohol/acetaldehyde dehydrogenase mutant.  

3.2.2 Bacterial strains and chromosomal manipulation 

A selection of E. coli host strains and host/vector systems used in this study are listed in Tables 3.1 and 

3.2, respectively. BW25141 was used to provide wild-type (WT) genetic backgrounds for 1-propanol 

production. HST08 was used for molecular cloning. Various host gene deletions (e.g. adhE, pta, and 

ldhA) were introduced to BW25141 by P1-phage transduction (150) using proper Keio Collection strains 

(CGSC, Yale University) as donors (152). The co-transduced Km
R
-FRT gene cassette was removed using 

pCP20 (153). E. coli strain MC4100 was used as a control strain for all P1 phage transductions. The 

genotypes of derived knockout strains were confirmed with colony PCR using appropriate primer sets 

(e.g. v-adhE, v-pta, and v-ldhA). 

3.2.3 Media and cultivation 

All chemicals for medium components were obtained from Sigma-Aldrich Co. (St Louis, MO) except 

yeast extract and tryptone, which were obtained from BD Diagnostic Systems (Franklin Lakes, NJ). 

When required, antibiotics at a proper concentration were used: 100 µg/mL carbenicillin, 50 µg/mL 

kanamycin, and 20 µg/mL tetracycline. For multi-plasmid systems, the concentration of each antibiotic 

was reduced to half to avoid negative impacts on growth. Isopropyl-β-D-thiogalactopyranoside (IPTG) (1 

mM) and L-arabinose (10 mM) were used to induce gene expression respectively regulated by the Plac and 

ParaB promoters 
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Table 3.1: Hosts strains, plasmids and primers used in this study 

Name Description, relevant genotype or primer sequence (5’→3’) Reference 

E. coli host strains 

HST08 
F-, endA1, supE44, thi-1, recA1, relA1, gyrA96, phoA, Φ80d lacZΔ M15, Δ(lacZYA – argF) U169, Δ(mrr – 

hsdRMS – mcrBC), ΔmcrA, λ– 
Takara Bio, Shiga, 

Japan 

MC4100 
F-, [araD139]B/r, Del(argF-lac)169, λ–-, e14-, flhD5301, Δ(fruK-yeiR)725(fruA25), relA1, rpsL150(strR), 

rbsR22, Del(fimB-fimE)632(::IS1), deoC1 
(154) 

BW25141 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), Δ(phoB-phoR)580, λ-, galU95, ΔuidA3::pir+, recA1, endA9(del-

ins)::FRT, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(153) 

BW25113 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-rhaB)568, hsdR514 (153) 

WT-∆adhE adhE null mutant of BW25113 This study 

WT-∆ldhA ldhA null mutant of BW25113 This study 

WT-∆pta pta null mutant of BW25113 This study 

Plasmids 

pCP20 FLP
+
, λ cI857

+
, λ pR Rep(pSC101 ori)

ts
, Ap

R
, Cm

R (155) 

pKD46 RepA101
ts
, Ap

R
, araC-ParaB::gam-bet-exo 

(153) 
 

pK184 p15A ori, Km
R
, Plac::lacZ’ (156) 
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pBBR1MCS-3 broad host range ori, Tc
R
, Plac::lacZ’ (157) 

pUC19 ColE1 ori, Ap
R
, Plac::lacZ’ 

Invitrogen, Corp., 

Carlsbad, CA 

pK-scpAKB From pK184, Plac:: sbm-ygfD-ygfG This study 

pK-scpAB From pK184, Plac:: sbm-ygfG This study 

pB-sucCD From pBBR1MCS-3, araC-ParaB::sucCD This study 

pU-adhE(EC) From pUC19, Plac::adhE(EC) This study 

pU-adhE2(CA) From pUC19, Plac::adhE2(CA) This study 

pU-adhE1(CA) From pUC19, Plac::adhE1(CA) This study 

Pu-adhE
MUT

(EC) From pUC19, Plac::adhE Glu568Lys(EC) This study 

pU-adhP(EC) From pUC19, Plac::adhP(EC) This study 

pU-yqhD(EC) From pUC19, Plac::yqhD(EC) This study 

Primers   

v-adhE AATCTTGCTTACGCCACCTGGAAGTG; CGAACGGTCGCATGAGCAGAAAGCG This study 
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v-pta GGCATGAGCGTTGACGCAATCAACA; GATCCTGAGGTTAATCCTTCAAACG This study 

v-ldhA TCATCAGCAGCGTCAACGGC; ATCGCTGGTCACGGGCTTACCGTT This study 

m-adhE 
CATCCGGAAACTCACTTCGAAAAGCTGGCGCTG; 

CAGCGCCAGCTTTTCGAAGTGAGTTTCCGGA 
This study 

c-scpAB 
CCATGATTACGAATTCGCAACAGCTTGCCAACAAGGA; 

TACCGAGCTCGAATTCTTAATGACCAACGAAATTAGGTTTA 
This study 

c-argK GCTCTAGAATGTCTTATCAGTATGTTAAGG; GCTCTAGATTAATCATGATGCTGGC This study 

c-paraB 
CCGCTCTAGATATTTAGAAAAATAAACAAATAGGGGTTCC; 
TTGTTTTGCCTGATATTCATGTAAGTTCATTTTTTATAACCTCCTTAGAGCTCGAATTCC 

This study 

c-sucCD 
ATGAACTTACATGAATATCAGGCAAAACAA; 

CCCCCCTCGAGTTATTTCAGAACAGTTTTCAGTGCTTCACC 
This study 

c-adhE(EC) 
CGACTCTAGAGGATCCCATGGCTGTTACTAATGTCGCTGAAC; 

CTCGGTACCCGGGGATCGATCGGTCAACTAATCCTTAACTGATCG 
This study 

c-adhE2(CA) 
CGACTCTAGAGGATCCCATGAAAGTTACAAATCAAAAAGAACTAAAACAAAAGC;   

CTCGGTACCCGGGGATCATAGTCTATGTGCTTCATGAAGCTAATATAATGAAGCAAA 
This study 

c-adhE1(CA) 
CGACTCTAGAGGATCCCATGAAAGTCACAACAGTAAAGGAATTAGATGAAAA;  

CTCGGTACCCGGGGATCTTAAGGTTGTTTTTTAAAACAATTTATATACATTTCTTTTATC 
This study 

c-adhP(EC) 
CGACTCTAGAGGATCCCATGAAGGCTGCAGTTGTTACGAAGG;  

CTCGGTACCCGGGGATCTTAGTGACGGAAATCAATCACCATGC 
This study 

c-yqhD(CA) 
CGACTCTAGAGGATCCCATGAACAACTTTAATCTGCACACCC;  

CTCGGTACCCGGGGATCTTAGCGGGCGGCTTCGTATATACGG 
This study 

c-bdhB(CA) 
CGACTCTAGAGGATCCCGTGGTTGATTTCGAATATTCAATACCAACTAGAAT; 

CTCGGTACCCGGGGATCTTACACAGATTTTTTGAATATTTGTAGGACTTCGGA 
This study 



 

54 

Table 3.2: E. coli strains containing variants of the synthetic 1-propanol pathway used in this study. 

Strain E. coli host Plasmid 1 Plasmid 2 Plasmid 3 

WT2 BW25141 pK-scpAKB pB-sucCD — 

WT-adhE2(CA)
2 

BW25141 pK-scpAKB — pU-adhE2(CA) 

WT-adhE2(CA)
3 

BW25141 pK-scpAKB pB-sucCD pU-adhE2(CA) 

WT-adhE2(CA)
3
-∆ygfD BW25141 pK-scpAB pB-sucCD pU-adhE2(CA) 

WT-adhE1(CA) BW25141 pK-scpAKB pB-sucCD pU-adhE1(CA) 

WT-adhE
MUT

(EC) BW25141 pK-scpAKB pB-sucCD pU-adhE
MUT

(EC) 

WT-adhP(EC) BW25141 pK-scpAKB pB-sucCD pU-adhP(EC) 

WT-yqhD(EC) BW25141 pK-scpAKB pB-sucCD pU-yqhD(EC) 

WT-bdhB(CA) BW25141 pK-scpAKB pB-sucCD pU-bdhB(CA) 

∆ldhA-adhE(EC) WT-∆ldhA pK-scpAKB pB-sucCD pU-adhE(EC) 

∆ldhA-adhE2(CA) WT-∆ldhA pK-scpAKB pB-sucCD pU-adhE2(CA) 

∆ldhA-adhE1(CA) WT-∆ldhA pK-scpAKB pB-sucCD pU-adhE1(CA) 

∆ldhA-adhE
MUT

 (EC) WT-∆ldhA pK-scpAKB pB-sucCD pU-adhE
MUT

(EC)) 

∆ldhA-adhP(EC) WT-∆ldhA pK-scpAKB pB-sucCD pU-adhP(EC) 

∆ldhA-yqhD(EC) WT-∆ldhA pK-scpAKB pB-sucCD pU-yqhD(EC) 

∆ldhA-bdhB(CA) WT-∆ldhA pK-scpAKB pB-sucCD pU-bdhB(CA) 
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 For all cultivation experiments, E. coli strains (stored as glycerol stocks at -80 °C) were streaked 

on LB plates with appropriate antibiotics and incubated for 16 h at 37 °C. Single colonies were picked 

from LB plates to inoculate 25-mL LB media with appropriate antibiotics in 125-mL conical flasks. The 

cultures were grown in a rotary shaker at 250 rpm and 37 °C to reach an optical cell density at 600 nm 

(OD600) of 0.7. Four milliliter of the seed culture was used to inoculate 400-mL LB media with 

appropriate antibiotics in 1-L conical flasks. This second seed culture was also shaken at 250 rpm and 37 

°C to reach an OD600 of 0.7. Cells were collected by centrifugation at 6,000 × g and 4 °C for 20 min and 

the cell pellets were transferred into a controlled anaerobic atmosphere (85% N2, 10% H2, and 5% CO2) in 

an anaerobic chamber (Plas-Labs, Inc.; Lansing, MI, USA). Cell pellets were washed and resuspended in 

reduced modified M9 minimal media [6 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, 1g/L NH4Cl, 1 mM 

MgSO4, 0.1 mM CaCl2, 10 mM NaHCO3, 10 mg/L vitamin B1, and 0.2 µM cyanocobalamin (vitamin 

B12)] containing appropriate carbon sources, 5 g/L yeast extract, appropriate antibiotics and inducers, and 

1000X trace metal mix A5 (2.86 g/L H3BO3, 1.81 g/L MnCl2•4H2O, 0.222 g/L ZnSO4•7H2O, 0.39 g/L 

Na2MoO4•2H2O, 0.079 g/L CuSO4•5H2O, 49.4 mg/L Co(NO3)2•6H2O). Cells were resuspended to a final 

OD600 of 15 unless specified otherwise. While most oxygen in the modified M9 minimal media was 

purged by autoclaving, trace oxygen was reduced using a palladium catalyst attached to the heating unit 

of the anaerobic chamber. The anaerobic condition of the medium was monitored using resazurin, which 

was added at 1mg/L. Suspended cultures were then transferred into 50-mL screw-capped conical flasks 

and sealed with Parafilm, before being removed from the anaerobic chamber and placed in a rotary shaker 

running at 250 rpm 37 °C. Cultures were unsealed and analyzed after 3 days.  

3.2.4 Analytical procedures 

Culture samples were appropriately diluted with an isotonic saline solution for measuring the optical cell 

density (OD600) using a spectrophotometer (DU520, Beckman Coulter, Fullerton, CA). For HPLC and 

NMR analyses, culture samples were centrifuged for 3 min at 13,000 × g to recover the supernatant 

fraction which was filtered with a 0.2 µM syringe filter prior to being stored at -20 °C. 

3.2.4.1 HPLC analysis 

Extracellular metabolites were analyzed using HPLC (LC-10ATVP, Shimadzu, Kyoto, Japan) equipped 

with an Aminex HPX87 column (BioRad Laboratories, Hercules, CA) and a refractive index detector 

(RID-10A, Shimadzu, Kyoto, Japan). The column temperature was maintained at 65 °C when conducting 

analysis. The mobile phase was 5 mM H2SO4 (pH 2.0) running at 0.6 mL/min. The RID was connected to 

an integrator (C-R8A, Shimadzu, Kyoto, Japan) for chromatographic data processing. Pure samples of 
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various metabolites with concentrations ranging from 0.02 to 12.0 g/L were used as standards for 

calibration. Cell-free fermentation samples were subjected to filtration treatment prior to their injection 

for HPLC analysis. 

3.2.4.2 NMR analysis 

3.2.4.2.1 NMR sample preparation 

Extracellular medium samples were diluted in 10% v/v with an internal standard composed of 99.9% D2O 

with 5 mM 2,2-Dimethyl-2-silapentane-5-sulfonate (DSS) serving as a chemical shape indicator (CSI) 

and 0.2% w/v sodium azide (NaN3) to inhibit bacterial growth. The diluted samples were subsequently 

transferred to 5-mm NMR tubes (NE-UL5-7, New Era Enterprises Inc., Vineland, NJ). Spectra were 

acquired by a 1D NOESY pulse sequence on a Bruker Avance 600.13 MHz spectrometer with a TXI 600 

Probe (Bruker Canada Ltd., Milton, ON).  

3.2.4.2.2 Spectra processing and compound identification 

Following acquisition, spectra were imported into Chenomx NMR Suite 7.5 (Chenomx Inc., 

Edmonton, Alberta, Canada) for data processing with phase, baseline, shim, and shape corrections being 

carried out. An average sample pH of 5.2 measured during fermentation was applied as a reference for 

metabolite identification. Following spectral processing, various extracellular metabolites were identified 

by targeted profiling. Since the compound database associated with Chenomx NMR Suite 7.5 software 

did not include 1-propanol or propionaldehyde, the ‘compound builder’ application was used to 

implement the hydrogen spectra and unique peaks of these compounds. 

3.3 Results 

3.3.1 Construction of propanogenic E. coli strains for 1-propanol production 

Based on the proposed novel pathway for the production of 1-propanol (Figure 3.1), the intracellular pool 

of propionyl-CoA, a rare metabolite in E. coli, should be first increased to promote its subsequent 

conversion to 1-propanol. To do this, genes encoding methylmalonyl-mutase (Sbm), arginine kinase 

(YgfD/ArgK), and methylmalonyl-CoA decarboxylase (YgfG) from the Sbm operon were cloned and 

expressed under the control of the Plac promoter from plasmid pK-scpAKB. To convert the increased pool 

of propionyl-CoA to 1-propanol, the gene encoding a common bifunctional ADH from C. acetobutylicum 

was cloned and expressed under the control of the Plac promoter from plasmid pU-adhE2(CA). While the 

wild-type strain of BW25141 showed no sign of propionate or 1-propanol production, approximately 47 
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mg/L of 1-propanol was detected for WT-adhE2(CA)
2
 when glucose was used as the sole carbon source 

(Table 3.3), implying that the implemented 1-propanol production pathway was functioning. A potential 

factor limiting the overall production of 1-propanol was perceived to be the abundance of various 

precursors, such as succinate and succinyl-CoA. To investigate this, the gene encoding E. coli succinyl-

CoA synthetase (sucCD) gene was cloned and expressed under the control of the ParaB promoter from 

plasmid pB-sucCD. Compared to WT-adhE2(CA)
2
, a significant increase in both propionate and 1-

propanol production was observed for WT-adhE2(CA)
3
 (Table 3.3), implying that the conversion 

catalyzed by succinyl-CoA synthetase can limit the production of 1-propanol under shake flask culture 

conditions . On the other hand, the production of propionate and 1-propanol was further extended for WT-

adhE2(CA)
3
 when 4 g/L succinate was supplemented in the cultivation medium (Table 3.3), implying 

that succinate could also be a key precursor limiting 1-propanol production.  

 To further characterize this pathway, we investigated the dispensability of YgfD/ArgK, a gene 

product from the Sbm operon, for 1-propanol production. To do this, we excised the YgfD/ArgK coding 

region from plasmid pK-scpAKB. The resulting plasmid pK-scpAB was used to replace pK-scpAKB in 

WT-adhE2(CA)
3
 to form WT-adhE2(CA)

3
-∆ygfD. While 1-propanol production was detected in the WT-

adhE2(CA)
3
-∆ygfD culture, the titer was approximately one third that of WT-adhE2(CA)

3
 (Table 3.3). 

Interestingly, the propionate concentrations from the two strains of WT-adhE2(CA)
3
 and WT-

adhE2(CA)
3
-∆ygfD were approximately the same. From these results, we assume that the presence of 

YgfD/ArgK can be crucial for 1-propanol production. 
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Table 3.3: 1-Propanol and other metabolite titers (mg/L) in reduced M9 minimal media using E. coli strain BW25141 transformed with 

appropriate plasmids. Cultures were induced at an O.D600 of 15. Strains were cultivated anaerobically at 37 ˚C for 72 h. Carbon sources: 20 g/L 

glucose and 4 g/L succinate where indicated. All experiments were performed in triplicate. 

 

 

Strain Carbon source 
Metabolite titers (mg/L) 

Succinate Lactate Acetate Propionate Ethanol 1-Propanol 

Control 

BW25141 Glucose 307 ± 36 128 ± 11 4436 ± 250 — 3021 ± 156 — 

Experimental 

WT-adhE2(CA)
2 

Glucose 264 ± 8 2601 ± 642 2961 ± 72 Trace 2640 ± 170 47 ± 2 

WT-adhE2(CA)
3 Glucose 231 ± 11 1877 ± 303 2653 ± 55 51 ± 14 3199 ± 283 103 ± 16 

WT-adhE2(CA)
3 Glucose and succinate 2200 ± 172 2293 ± 2970 3699 ± 352 123 ± 21 2774 ± 297 168 ± 39 

WT-adhE2(CA)
3
-∆ygfD

 
Glucose 269 ± 94 3970 ± 1367 2527 ± 142 52 ± 8 1999 ± 104 37 ± 1 
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3.3.2 Manipulation of cultivation conditions and NMR studies  

As mentioned above, the production of 1-propanol can be limited by the structural rearrangement of 

succinyl-CoA into L-methylmalonyl-CoA. The catalytic activity of the enzyme responsible for this 

conversion, Sbm, is dependent on the availability of cyanocobalamin (132). While E. coli encodes several 

cobalamin-dependent mutases and possesses receptors specifically for uptake of vitamin B12 (which is the 

active form of cyanocobalamin) (146), the organism neither produce cyanocobalamin in vivo nor require 

it for cell growth (147). Using WT-adhE2(CA)
3
 as the host/vector system, it was observed that 1-propanol 

can be produced only when a threshold concentration of cyanocobalamin of 0.2 µM was supplemented in 

the cultivation medium. Using several cyanocobalamin concentrations less than 0.2 µM either 

significantly reduced or even abolished 1-production (Figure 3.3). As a result, this cyanocobalamin 

concentration of 0.2 µM was used for all cultivations. 

Studies were conducted to investigate the effects of various operating parameters on cultivation 

performance, particularly 1-propanol titer. WT-adhE2(CA)
3
 was grown aerobically and then resuspended 

in five different optical cell densities for anaerobic fermentation and 1-propanol production. Typical 

major fermentation metabolites, including ethanol, lactate, and acetate, as well as those relevant to the 

proposed pathway, including fumarate, succinate, 1-propanol, and propionate, were detected in 

extracellular medium samples and their titer distributions under various culture conditions are 

summarized in Figure 3.4. While the distribution of two major metabolites of acetate and lactate appears 

to be affected by suspension cell density, the sum of their titers remained rather constant at approximately 

8 g/L. Such high levels of major metabolites can potentially inhibit cell growth during anaerobic 

fermentation. Interestingly, the titer of the other major metabolite ethanol was minimally affected by 

suspension cell density by maintaining at approximately 2 g/L. Metabolites associated with the 1-

propanol-producing pathway were considered minor and their titer distribution was also affected by 

suspension cell density. 1-Propanol titer reached a peak level at approximately 150 mg/L when 

suspension cell density was higher than 10 OD600. Considering the above effects, suspension cell density 

at 25 OD600 was chosen for all characterization experiments in this study. In addition to HPLC analysis, 

metabolites of interest were also analyzed by NMR, either qualitatively or quantitatively, based on their 

unique spectral signature and the results of a representative culture sample are summarized in Figure 3.5. 

In particular, the spectral signature associated with 1-propanol, i.e. the three peak clusters, was mapped to 

verify the production of 1-propanol (Figure 3.5C). 
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Figure 3.3: The effect of cyanocobalamin concentration on 1-propanol production in strain WT-adhE2(CA)
3
.  

1-Propanol production is dependent on the exogenous supplementation of cyanocobalamin and saturation occurs at concentrations above 0.2 μM. 

Strains were cultivated anaerobically in reduced M9 minimal media with 20 g/L of glucose at 37 ˚C for 72 h. All experiments were performed in 

triplicate. 
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Figure 3.4: End point secretion profile of major end products from anaerobic fermentations of WT-adhE2(CA)
3
 at five optical densities 

(OD600), profiled by 1D-
1
H-NMR. 

Major end products that are competitor metabolites to the production of 1-propanol are quantified by the left axis. Products detected along the 

desired metabolic pathway towards formation of 1-propanol are quantified by the right axis. Strain was cultivated anaerobically in reduced M9 

minimal media with 20 g/L of glucose at 37 ˚C for 72 h. 
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Figure 3.5: Single dimension hydrogen NMR spectra scanned at 600 MHz from samples of E. coli 

supernatant from strain WT-adhE2(CA)
3
. 

Strain was cultivated anaerobically in reduced M9 minimal media with 20 g/L of glucose at 37 ˚C for 72 

h. Culture samples were then centrifuged for 3 min at 13,000 × g to recover the supernatant fraction for 

analysis. A) The 25 OD600 spectrum profiled for metabolites using Chenomx Suite 7.5. B) Zoomed in 

panels from part A, identifying the three peak clusters of 1-propanol and major end-product metabolites. 

From left to right the panels show: i. lactate, glucose and ethanol peaks, ii. convolution of glycine spectra 

with that of the first 1-propanol peak cluster, iii. acetate, iv. the unobscured second peak cluster of 1-

propanol, v. propionate, vi. the third peak cluster of 1-propanol. C) Zoomed in panels from part B of the 

three 1-propanol peak clusters from pure solution standard and supernatant of WT-adhE2(CA)
3
 grown at 

25 OD600 . 
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3.3.3 Effects of various ADHs on 1-propanol production 

Based on reported biosynthetic pathways of several alcohols (particularly long-chain alcohols) 

(116, 158), the sequential reduction of propionyl-CoA to propionaldehyde and then to 1-propanol 

via a bifunctional ADH can represent a key step limiting the overall production of 1-propanol. In 

addition to C. acetobutylicum bifunctional ADH (AdhE2), various other ADHs were investigated 

in this study. E. coli has several ADHs, including AdhE, AdhP, YqhD, EutG, and YiaY (158). To 

evaluate the effects of these endogenous ADHs on 1-propanol production, an E. coli strain of 

WT2, similar to WT-adhE2(CA)
3
 but without episomal expression of AdhE2, was derived. This 

strain, though harboring its native ADHs, failed to produce any detectable amount of 1-propanol 

after 72 h of cultivation (data not shown). The results suggest that 1-propanol production was 

primarily mediated by C. acetobutylicum AdhE2 in WT-adhE2(CA)
3
. In principle, 1-propanol 

should be detected in WT2, since bioinformatics databases such as BRENDA (159) report that 

certain E. coli ADHs also possess affinity for either propionyl-CoA and/or propionaldehyde as 

potential substrates. The abolishment of 1-propanol production in WT2 may be attributed to the 

very low basal levels of the native ADHs present in the cell with higher affinities for other 

substrates.  

 To further study the effects of various E. coli ADHs on 1-propanol production, we 

respectively cloned the adhE, adhP, and yqhD genes for episomal expression (Figure 3.2) and 

the results are summarized in Table 3.4. Amongst the native ADHs, YqhD and AdhP were of 

particular interest because of their affinity for medium-to-long chain substrates (158). Titers of 1-

propanol detected in the WT-adhP(EC) and WT-yqhD(EC) cultures were ~25% less than that in 

WT-adhE2(CA)
3
. Note that both YqhD and AdhP are unifunctional ADHs and thus lack an 

acetaldehyde dehydrogenase domain at the carboxyl end. The bifunctional AdhE of E. coli 

(encoded by the adhE gene) was also evaluated. However, the plasmid containing the E. coli 

adhE gene cannot be transformed into E. coli cells since episomal expression of the endogenous 

AdhE appears to be physiologically toxic. To circumvent this limitation, we derived an 

aerotolerant mutant of AdhE, which was previously documented to be less toxic to E. coli cells 

(160), and the corresponding propanogenic strain, i.e. WT-AdhE
MUT

(EC), could produce 1-

propanol, but only at a level similar to WT-adhP(EC) and WT-yqhD(EC) (Table 2). These results 
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suggest that the activities of E. coli ADHs towards propionyl-CoA or propionaldehyde are less 

than C. acetobutylicum AdhE2 under similar cultivation conditions. Moreover, the utilization of a 

unifunctional or bifunctional ADH seems to have no major effects on 1-propanol biosynthesis. In 

addition to AdhE2, two alternative ADHs from C. acetobutylicum, i.e. AdhE1 and BdhB, which 

are involved in butanol production during Clostridia solventogenesis phase (161), were examined 

for their effects on 1-propanol production using WT-adhE1(CA) and WT-bdhB(CA) (Table 2) 

The 1-propanol titer of the WT-adhE1(CA) culture was ~25% lower than that of WT-

adhE2(CA)
3
, whereas WT-bdhB(CA) demonstrated a 1-propanol capacity similar to WT-

adhE2(CA)
3
 (Table 3.4). The results suggest that 1-propanol biosynthesis in E. coli can be 

mediated by a variety of ADHs and the intracellular levels of these ADHs appear to be critical to 

drive 1-propanol production under shake flask culture conditions. 

3.3.4 Effects of host-gene deletions on 1-propanol production 

While 1-propanol production based on this novel pathway in E. coli is feasible, the titer and yield 

can be potentially limited by the accumulation of major metabolites of lactate, acetate, and 

ethanol (Figure 3.4). Hence, we also explored deletion of several host genes involved in the 

production of these metabolites, specifically adhE encoding AdhE, pta encoding 

phosphotransacetylase, and ldhA encoding lactate dehydrogenase, and the results are summarized 

in Table 3. Deletion of adhE (in WT-∆adhE) reduced the production of ethanol significantly 

compared to wild-type BW25141. However, the 1-propanol-producing capacity of WT-∆adhE 

appears to be completely abolished, even after being transformed with the triple-plasmid 

expression system for activation of the Sbm pathway (data not shown). On the other hand, 

deleting pta (in WT-∆pta) resulted in marked growth retardation though the acetate levels were 

significantly reduced, compared to wild-type BW25141, with the main fermentative byproduct 

being lactate. Similar to WT-∆adhE, WT-∆pta was also incapable of producing 1-propanol when 

being transformed with the triple-plasmid expression system (data not shown). Deletion of ldhA 

(in WT-∆ldhA) did not significantly reduce lactate titers, yet superior cell growth was observed 

compared to wild-type BW25141 under aerobic conditions. In contrast to the previous two 

mutant strains, WT-∆ldhA retained the 1-propanol-producing capacity upon its transformation 

with the triple-plasmid expression system. Nevertheless, the 1-propanol titers for these 
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expression systems were approximately half of that for WT-adhE2(CA)
3
 (Table 3.5). Note that 

both ethanol and acetate titers for these WT-∆ldhA expression systems were significantly higher 

than WT-adhE2(CA)
3
, implying that the carbon flux was not properly channeled into the 1-

propanol-producing pathway. Furthermore, while WT-∆ldhA expression systems were competent 

producers of 1-propanol, certain double (i.e. ∆ldhA ∆adhE) and triple mutant (i.e. ∆ldhA ∆adhE 

∆pta) counterparts failed to produce the target metabolite under shake flask culture conditions 

(data not shown). 
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Table 3.4: Comparison of 1-propanol production titers and other metabolites (mg/L) by expression of several ADHs in E. coli strain 

BW25141, transformed with appropriate plasmids. Cultures were suspended in reduced M9 minimal media and induced at an O.D600 of 15. 

Strains were cultivated anaerobically at 37 ˚C for 72 h. Glucose (20 g/L) was used as the sole carbon source and all experiments were performed in 

triplicate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strain 
Metabolite titers (mg/L) 

Succinate Lactate Acetate Propionate Ethanol 1-Propanol 

Control       

BW25141 307 ± 36 128 ± 11 4436 ± 250 — 3021 ± 156 — 

Experimental       

WT-adhE2(CA)
3
 231 ± 11 1877 ± 303 2653 ± 55 51 ± 14 2774 ± 297 103 ± 16 

WT-adhP(EC) 239 ± 57 2986 ± 498 2545 ± 89 100 ± 18 3192 ± 80 84 ± 7 

WT-yqhD(EC) Trace 3322 ± 920 3818 ± 826 29 ± 67 3469 ± 538 69 ± 10 

WT-adhE
MUT

(EC) Trace 3762 ± 393 2164 ± 64 Trace 4016 ± 83 74 ± 6 

WT-adhE1(CA) Trace 411 ± 120 4247 ± 198 71 ± 10 4397 ± 403 76 ± 11 

WT-bdhB(CA) 150 ± 131 2139 ± 474 2329 ± 21 67 ± 22 3455 ± 169 109 ± 6 
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Table 3.5: Secretion profile of the metabolites produced (mg/L) by various knock out strains. Cultures were suspended in reduced 

M9 minimal media and induced at an O.D600 of 15. Strains were cultivated anaerobically at 37 ˚C for 72 h. Glucose (20 g/L) was used 

as the sole carbon source and all experiments were performed in triplicate.  

 

 

Strain 
Metabolite titers (mg/L) 

Succinate Lactate Acetate Propionate Ethanol 1-Propanol 

Controls       

BW25141 307 ± 36 128 ± 11 4436 ± 250 — 3021 ± 156 — 

WT-∆adhE Trace 99 ± 17 4646 ± 705.2 — 1936 ± 741.9 — 

WT-∆pta 776 ± 57 7259 ± 14 694 ± 196 — 3927 ± 691 — 

WT-∆ldhA 187 ± 7 195 ± 14 3960 ± 151 — 6128 ± 80 — 

Experimental       

WT-adhE2(CA)
3 231 ± 11 1877 ± 303 2653 ± 55 51 ± 14 2774 ± 297 103 ± 16 

∆ldhA- adhE(EC) 206 ± 49 63 ± 3 4181 ± 550 — 6209 ± 183 42 ± 4 

∆ldhA- adhE2(CA) 247 ± 64 77 ± 4 4210 ± 292 — 6713 ± 270 57 ± 1 

∆ldhA- adhE1(CA) 256 ± 106 81 ± 10 3696 ± 652 — 5863 ± 9 45 ± 10 

∆ldhA- adhE
MUT

(EC) 243 ± 8 79 ± 7 3814 ± 26 — 6021 ± 104 60 ± 9 

∆ldhA- adhP(EC) 208 ± 115 190 ± 16 4488 ± 126 — 6124 ± 119 65 ± 2 

∆ldhA-yqhD(EC) 145 ± 49 99 ± 16 4145 ± 14 — 5732 ± 77 38 ± 1 

∆ldhA- bdhB(CA) 212 ± 50 89 ± 12 4351 ± 204 — 5652 ± 195 41 ± 4 



68 

3.4 Discussion  

To date, metabolic engineering of E. coli for 1-propanol biosynthesis has been conducted through two 

major pathways, i.e. (1) the keto-acid biosynthetic pathway (134, 139, 145) and (2) the extended 1,2-

propanediol pathway (143). Unlike these approaches, our strategy focused on activation of the 

endogenous but often silent Sbm operon for extended conversion of succinate into 1-propanol. The 1-

propanol-producing capacity was implemented by transforming a wild-type E. coli strain, BW25141, with 

three plasmids respectively harboring the Sbm operon genes (with the exception of ygfG), sucCD, and 

adhE2 for expression of these key genes. Using the metabolically engineered strains for anaerobic 

fermentation, we obtained 1-propanol titers up to 150 mg/L which is comparable to those of other studies 

(143, 144). In addition, we identified several potential factors limiting 1-propanol production, in 

particular the abundance of precursors and the conversion step catalyzed by a bi-functional 

alcohol/aldehyde dehydrogenase. While it is possible to perform this biotransformation aerobically, 

anaerobic cultivation was chosen for two reasons. Firstly, the two TCA intermediates of succinate and 

succinyl-CoA are the precursors for 1-propanol biosynthesis and their abundance can potentially limit 1-

propanol production. Under anaerobic, but not aerobic, conditions, E. coli generates both succinate and 

succinyl-CoA as fermentation end products via a reductive reverse TCA pathway (Figure 3.1). Secondly, 

potential oxygen-sensitivity of AdhE2 and other ADHs is another limitation for oxygenic production of 1-

propanol.  

While the expression of enzymes encoded by the Sbm operon is potentially detectable, their 

levels are far too low to form a functional pathway (16, 148, 162). Moreover, due to E. coli’s inability to 

produce coenzyme B12, the expressed Sbm remains as an inactive apo-enzyme, but nano-molar 

supplementation of cyanocobalamin can result in the formation of active Sbm (163, 164). Our 

observations of no detectable titers of propionate and 1-propanol for wild-type BW25141 as well as the 

production of 1-propanol upon heterologous expression of the Sbm operon genes with proper 

supplementation of cyanocobalamin was associated with the activation of the Sbm-pathway. While the 

activated Sbm-pathway can result in 1-propanol production, the expression of SucCD was deemed crucial 

to increase the succinyl-CoA pool and consequently the 1-propanol titer. In addition, 1-propanol 

production was enhanced by exogenous supplementation of succinate. These results suggest that 1-

propanol production can be limited by the availability of various precursors and key enzymes along this 

1-propanol-producing pathway. 

While the metabolic context for the three enzymes encoded by the four-gene Sbm operon, i.e. 

Sbm, YgfG, and YgfH, has been unraveled, the biological role of the other member, i.e. YgfD/ArgK, 
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remains ambiguous. Earlier studies determined that YgfD/ArgK is a putative arginine kinase interacting 

with Sbm in vivo and in vitro (148) and involved in the phosphorylation of periplasmic binding proteins 

for amino acid translocation (14). The activity of YgfD/ArgK was shown to be potentially essential for 1-

propanol biosynthesis since the 1-propanol titer was significantly reduced by the ygfD/argK deletion. 

Interestingly, propionate production was hardly affected by the ygfD/argK deletion, and this result is 

consistent with a previous report (84), where propionate was derived from fatty acids by expressing the 

Sbm-operon genes excluding ygfD/argK in an engineered E. coli strain.  

A selection of native and non-native ADHs were heterologously expressed for evaluation of their 

effects on 1-propanol-producing capacity of various metabolically engineered E. coli strains, with AdhE2 

and BdhB being identified as the most prominent ones for 1-propanol production. Nevertheless, our 

consistent observation that ethanol titers were significantly higher than 1-propanol implies that propionyl-

CoA or propionaldehyde might have less affinity towards ADHs than acetyl-CoA or acetaldehyde. 

Several native E. coli ADHs (e.g. YqhD, AdhP, and AdhE
MUT

) were also active in driving 1-propanol 

production, but in a much lower titer. In particular, the generation of the aerotolerent AdhE mutant 

(AdhE
MUT

) opens an avenue for aerobic production of 1-propanol. Under anaerobic conditions, the 

maximum theoretical yield (on the molar basis) of 1-propanol from glucose is less than one due to limited 

NADH availability. Thus, developing an oxygenic production system would be beneficial as it increases 

the carbon throughout whilst improving cell growth and physiology.  

Under anoxic conditions for anaerobic fermentation in E. coli, the carbon flux at the PEP node 

favors reduction into pyruvate rather than carboxylation into oxaloacetate (OAA), with lactate, acetate, 

and ethanol as major metabolites (Figure 3.1). Note that there are four NADH-consuming steps along the 

1-propanol-producing pathway downstream of phosphoenolpyruvate (PEP), whereas only one or two 

NADH-consuming steps for the other pathways associated with the major metabolites. The anaplerotic 

reactions within the metabolic network are optimized in order to balance the cell’s energy budget and 

electrons. Consequently, only ~10% of glucose consumed is channeled towards succinate and cell mass 

(165). Our results suggest that the production of 1-propanol was potentially hampered by the inherent 

limitation in succinate production and a metabolic deficiency in NADH generation. Interestingly, 

propionate was also concomitantly produced with 1-propanol in our metabolically engineered strains 

(Table 3.3 and 3.4). Additional studies are needed to elucidate the dichotomy between 1-propanol and 

propionate accumulation. 
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 There is an apparent need to reduce the amounts of major metabolites, i.e. ethanol, acetate, and 

lactate. This could be achieved by knocking out relevant native genes in the hope to redirect the carbon 

flux into the 1-propanol-producing pathway. While deletions of both adhE and pta were previously found 

to improve succinate titers (166), these mutations abolished 1-propanol production in our study (data not 

shown). Deletion of pta resulted in the channeling of the carbon flux towards lactate accumulation. In 

addition, heterologous expression of E. coli AdhE or other ADH homologs failed to complement the 

adhE genomic knockout in terms of restoring 1-propanol production, potentially due to unknown 

perturbations in the metabolite pool or gene regulation. While the lactate level was significantly reduced 

for the ldhA null mutants, they produced considerable levels of both acetate and ethanol, thus reducing the 

carbon flux towards 1-propanol production (Table 3.5). Nonetheless, the ldhA mutation was deemed 

beneficial since it offers an additional NADH source and greatly reduces the acidification of the medium, 

thus improving cell growth.  

Another critical factor limiting the production of 1-propanol (and other desired metabolites, such 

as succinate (166) and malate (167)) is the energetically favored diversion of carbon flux at the node of 

PEP towards pyruvate, resulting in the production of the major metabolites ethanol, lactate, and acetate. 

Blocking the production of one of these major metabolites (i.e. lactate, acetate, or ethanol) causes the 

accumulation of the others without improving the overall production of 1-propanol since these major 

metabolites all share the same precursor of pyruvate. Therefore, the implementation of a “driving force” 

diverting the carbon flux from pyruvate to OAA appears to be inevitable. Several metabolic engineering 

strategies to improve this are currently under our investigation  Since a considerable amount of succinate 

accumulated in the extracellular medium potentially due to the poor affinity of succinate to SucCD (Km of 

~0.25 mM with succinyl-CoA as the substrate in comparison to Km of ~4 mM with succinate as the 

substrate (168)), we are also identifying novel succinyl-CoA synthethases with a higher affinity for 

succinate to alleviate this limitation in 1-propanol production. 

 In conclusion, in this chapter, we demonstrated the manipulation of the homologous Sbm operon 

for extended dissimilation of succinate in E. coli, leading to 1-propanol production. Using the engineered 

E. coli strains for anaerobic cultivation in a shaker, 1-propanol titers up to 150 mg/L could be obtained. 

However, ethanol, acetate, and lactate represented the major metabolites, potentially limiting the 

productivity of 1-propanol. To improve the efficiency and applicability of this biocatalytic system, further 

studies have to be conducted to derive superior production strains by eliminating key conversion 
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bottlenecks, metabolic imbalances, and undesirable byproducts as well as to optimize gene expression and 

culture conditions. 
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Chapter 4 

Biochemical, genetic and metabolic engineering strategies to enhance co-

production of 1-propanol and ethanol in engineered propanogenic E. coli 

Chapter Abstract 

In the previous chapter, the heterologous production of 1-propanol was demonstrated in Escherichia coli 

via extended dissimilation of succinate under anaerobic conditions through expression of the endogenous 

Sbm operon. In this portion of the study, we demonstrate high-level coproduction of 1-propanol and 

ethanol by further developing novel engineered E. coli strains with effective cultivation strategies. 

Various biochemical, genetic, metabolic, and physiological factors affecting relative levels of 

acidogenesis and solventogenesis during anaerobic fermentation were investigated. In particular, CPC-

PrOH3, a plasmid-free propanogenic E. coli strain derived by activating the Sbm operon on the genome, 

showed high levels of solventogenesis accounting for up to 85% of dissimilated carbon. Anaerobic fed-

batch cultivation of CPC-PrOH3 with glycerol as the major carbon source produced high titers of nearly 7 

g/L 1-propanol and 31 g/L ethanol, implying its potential industrial applicability. Note, the activated Sbm 

pathway served as an ancillary channel for consuming reducing equivalents upon anaerobic dissimilation 

of glycerol, resulting in an enhanced glycerol dissimilation and a major metabolic shift from acidogenesis 

to solventogenesis. 

4.1 Background 

1-Propanol is a C3-primary alcohol with broad industrial applicability, serving as a precursor for the 

production of several commodity chemicals (e.g. diesel fuels and propylene) and a general solvent in the 

pharmaceutical and textile industries for the formulation of drugs, antiseptic solutions, cosmetics, and 

dyes (169). In addition, several physical and chemical properties make 1-propanol superior to ethanol as 

an alternative biofuel (170). 1-Propanol is produced primarily by petrochemical processes, such as Oxo 

synthesis, which is currently the most cost-effective approach (171). Due to rising environmental 

concerns and finite crude oil reserves, a recent paradigm is the development of biotechnological 

(particularly, microbial) platforms for the production of biofuels, high-value commodities, and fine 

chemicals (2, 170-172). Cultivation of engineered microorganisms with low-cost renewable feedstock for 

sustainable biofuel production may eventually displace existing fossil fuel technologies. 
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 While no microorganisms have been identified as natural producers of 1-propanol, technological 

advances in synthetic biology and metabolic engineering have enabled the production of 1-propanol using 

engineered strains of E. coli. For example, the L-threonine (10, 134, 136) and citramalate (12) pathways 

have been exploited for 1-propanol biosynthesis. Subsequently, synergistic coupling of the two pathways 

was shown to further enhance the production (145). Furthermore, expansion of the canonical 1,2-

propanediol pathway was explored by dehydrating and subsequently reducing 1,2-propanediol to 1-

propanol (143). Alternatively, Deng and Fong (144) reported the production of 1-propanol from a 

selection of lignocellulosic feedstocks using metabolically engineered Thermobifida fusca. Recently, we 

proposed a novel approach for 1-propanol production through extended dissimilation of the tricarboxylic 

acid (TCA) cycle intermediate of succinate (173) (Figure 4.1). This was accomplished by converting 

succinate first to succinyl-CoA via succinyl-CoA synthase, subsequently to propionyl-CoA via enzymes 

associated with the sleeping beauty mutase (Sbm) operon (16), and finally to 1-propanol via bifunctional 

alcohol/aldehyde dehydrogenases. Specifically, the Sbm operon contains three key genes: (1) sbm, 

encoding a vitamin B12-dependent methylmalonyl-CoA mutase for the isomerization of succinyl-CoA to 

L-methylmalonyl-CoA, (2) ygfG, encoding a methylmalonyl-CoA decarboxylase for decarboxylation of 

L-methylmalonyl-CoA to propionyl-CoA, and (3) ygfH, encoding a propionyl-CoA::succinate transferase 

facilitating the interconversion between succinyl-CoA and propionyl-CoA. The operon also contains a 

putative protein kinase (encoded by ygfD) whose molecular function remains largely unclear (14, 16). The 

Sbm operon exists in the wild-type E. coli genome, but its expression remains minimal due to an 

inherently weak or inactive promoter (16, 148), such that wild-type E. coli strains do not produce 1-

propanol. Using our engineered E. coli strains, production titers up to 150 mg/L of 1-propanol were 

achieved in shake-flask cultures. However, the culture performance was limited due to a disproportionate 

channeling of central metabolic intermediates for the production of byproducts such as lactate, acetate, 

and ethanol (173).  

 In the present study, we extended our exploration in strain engineering and cultivation strategies 

to identify various biochemical and genetic factors limiting 1-propanol production. The physiological and 

metabolic effects associated with host genotype and the expression of the Sbm operon under different 

culture conditions were investigated. In particular, based on an overall redox balance with respect to the 

fermentative metabolic network, the selection of a major carbon source for cultivation was identified to 

critically affect relative levels of acidogenesis and solventogenesis with a significant implication on 1-

propanol production. On the other hand, while heterologous genes can be conveniently introduced into 

host cells via plasmids for cellular manipulation, the presence of multicopy plasmids often imposes a  
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Figure 4.1: Schematic representations of the anaerobic 1-propanol production pathway (A) (on 

previous page) 

Major metabolic pathways for anaerobic fermentation and the activated Sbm pathway for extended 

dissimilation of succinate to form 1-propanol. Enzymes catalyzing primary (solid lines) and divergent 

(dashed lines) reactions and the corresponding products are listed. I) phosphotransferase system (PTS) 

enzyme I (ptsI), II) histidine-containing protein (ptsH), III) PTS enzyme IIA
glucose

 (crr), 1) PTS enzyme 

IIBC
glucose

 (ptsG): D-glucose-6-P, 2) glucosephosphate isomerase (pgi): D-fructose-6-P, 3) 6-

phosphofructokinase I/II (pfkAB): fructose-1,6-BP, 4) fructose-bisphosphate aldolase (fbaB), 5) glycerol 

channel protein (glpF), 6) glycerol dehydrogenase (gldA): dihydroxyacetone, 7) dihydroxyacetone kinase 

(dhaKLM), 8) triosephosphate isomerase (tpiA): glyceraldehyde-3-P , 9) glyceraldehyde-3-phosphate 

dehydrogenase A (gapA): 1,3-bisphosphoglycerate, 10) phosphoglycerate kinase (pgk): 3-

phosphoglycerate, 11) phosphoglyceromutase 1 (gpmA) : 2-phosphoglycerate, 12) enolase (eno), 13) 

pyruvate kinase I/II (pykFA), 14) phosphoenolpyruvate carboxylase (pepC): oxaloacetate, 15) malate 

dehydrogenase (mdh): malate, 16) fumarase A, B, and C (fumABC): fumarate, 17) fumarate reductase 

(frdABCD), 18) succinyl-CoA synthetase (sucCD): succinyl-CoA, 19) methylmalonyl-CoA mutase 

(scpA): L-methylmalonyl-CoA, 20) methylmalonyl-CoA decarboxylase (scpB): propionyl-CoA, 21) 
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propionyl-CoA/succinate CoA transferase (scpC): succinyl-CoA and propionate, 22) alcohol 

dehydrogenase (adhE): propionaldehyde, 23) alcohol dehydrogenase (adhE), 24) methylglyoxal synthase 

(mgsA): methylglyoxal, 25) methylglyoxal reductase (mgr): L-lactaldehyde, 26) glyoxalase I (gloA): S-

lactoyl-glutathione, 27) glyoxalase III (hchA), 28) lactaldehyde dehydrogenase (aldA), 29) S-

lactoylglutathione hydrolase (yeiG) and glyoxalase II (gloB), 30) D-lactate dehydrogenase (ldhA), 31) 

pyruvate formate lyase I (pflB), 32) phosphate acetyltransferase (pta), 33) acetate kinase A (ackA), 34) 

alcohol dehydrogenase (adhE): acetaldehyde, 35) alcohol dehydrogenase (adhE), 36) citrate synthase 

(gltA): citrate, 37) aconitate hydratase/2-methylisocitrate dehydratase (acnB): cis-aconitate, 38) aconitate 

hydratase/2-methylisocitrate dehydratase (acnB): D-threo-isocitrate, 39) isocitrate dehydrogenase (icd): 2-

oxoglutarate. Green lines indicate ATP-generating reactions, red lines indicate ATP-consuming reactions, 

blue lines indicate NADH-generating reactions, pink lines indicate NADH-consuming reactions, and 

orange lines indicate NADPH-consuming reactions. Compounds highlighted in blue represent primary 

carbon sources, compounds highlighted in green represent target solvents, and compounds highlighted in 

red represent undesirable metabolites. Wavy lines represent intermediate reactions of the PTS for glucose 

and glycerol metabolism. (B) On previous page - Overall reactions (r1-r10) connecting major metabolic 

nodes. Theoretical yields are calculated based on stoichiometric ratio of the product to the initial substrate 

(i.e. glucose or glycerol). Products: pyruvate (r1), PEP (r2), pyruvate (r3), PEP (r4), ethanol (r5), acetate 

(r6), lactate (r7), succinate (r8), propionate (r9), and 1-propanol (r10). 

 

severe metabolic burden to cells and/or may result in various technical issues arising from structural and 

segregational plasmid instability, ultimately leading to retarded cell growth and diminished product 

formation. With recent technological advances in genomic engineering, plasmid-free systems can be more 

suitable for biomanufacturing purposes, particularly from the standpoint of metabolic engineering 

applications for which gene dosage is unlikely a limiting factor (174-176). Herein, we also report the 

derivation of a plasmid-free propanogenic E. coli strain by activating the chromosomal Sbm operon for 

high-level coproduction of 1-propanol and ethanol.  

4.2 Methods 

4.2.1 Bacterial strains and plasmids 

 E. coli strains, plasmids and DNA primers used in this study are listed in Table 4.1. Standard 

recombinant DNA technologies for molecular cloning were applied (150). Pfu and Taq DNA 

polymerases, T4 DNA ligase, and large (Klenow) fragment of DNA Polymerase I were obtained from 

New England Biolabs (Ipswich, MA). All synthesized oligonucleotides were obtained from Integrated 

DNA Technologies (Coralville, IA). DNA sequencing was conducted by the Centre for Applied 

Genomics at the Hospital for Sick Children (Toronto, Canada). 

 E. coli BW25141 was used to provide the parental genetic background for 1-propanol production. 

E. coli HST08 was used for molecular cloning. Gene knockouts were introduced to BW25141 strains by 
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P1-phage transduction (150) using proper Keio Collection strains (The Coli Genetic Stock Center, Yale 

University) as donors (152). The co-transduced Km
R
-FRT gene cassette was removed using pCP20 (153). 

The genotypes of derived knockout strains were confirmed by colony PCR using appropriate primer sets. 

 To fuse the strong promoter (Ptrc) with the Sbm operon in the E. coli genome, we used a modified 

λ Red-mediated recombination protocol (177) (Figure 4.2). The FRT-Cm
R
-FRT cassette was PCR-

amplified from pKD3 using the c-frt primer set, whereas the Ptrc promoter-operator fragment was PCR-

amplified from pTrc99a using the c-ptrc primer set. The two DNA fragments were fused by splice overlap 

extension (SOE) PCR (151) using the forward primer of the c-frt primer set and the reverse primer of the 

c-ptrc primer set to generate the FRT-Cm
R
-FRT-Ptrc cassette. To generate the DNA cartridge for genomic 

integration, the FRT-Cm
R
-FRT-Ptrc cassette was PCR-amplified using the r-frt:ptrc primer set containing 

the 36-bp homology arms of H1 and H2, respectively. To derive the plasmid-free strain of CPC-PrOH3, 

0.5 µg of the amplified/purified DNA cassette was electro-transformed, using a Gene Pulser (BioRad 

Laboratories, Hercules, CA) set at 2.5 kV, 25 µF, and 200 Ω, to WT-∆ldhA-∆pykF harboring the λ-Red 

recombinase expression plasmid pKD46 for DNA recombination to replace the 204-bp upstream region 

of the Sbm operon (Figure 4.2). Expression of the λ-Red recombination enzymes and preparation of 

competent cells were carried out as described by Datsenko and Wanner (153). After electroporation, cells 

were resuspended in 500 µL of SOC (super optimal broth with catabolite repression) medium (3.6 g/L 

glucose, 20 g/L tryptone, 5 g/L yeast extract , 0.6 g/L NaCl, 0.19 g/L KCI, 4.8 g/L MgSO4) (178) and 

recuperated at 37 °C for 1 h in a rotatory shaker at 250 rpm (New Brunswick Scientific, NJ). Cells were 

then plated on lysogeny broth (LB) agar containing 12 µg/mL chloramphenicol for incubation at 37 °C 

for 16 h to select chloramphenicol-resistant recombinants. The fusion of the FRT-Cm
R
-FRT-Ptrc cassette 

with the Sbm operon was verified by colony PCR using the v-frt:ptrc primer set as well as DNA 

sequencing.  

4.2.2 Media and cultivation conditions 

 All media components were obtained from Sigma-Aldrich Co. (St Louis, MO) except glucose, 

yeast extract, and tryptone which were obtained from BD Diagnostic Systems (Franklin Lakes, NJ). 

Media was supplemented with antibiotics as required (30 µg/mL kanamycin and 12 µg/mL 

chloramphenicol). For 1-propanol production, propanogenic E. coli strains (stored as glycerol stocks at -

80 °C) were streaked on LB agar plates with appropriate antibiotics and incubated at 37 °C for 16 h. 

Single colonies were picked from LB plates to inoculate 30-mL SB medium (32 g/L tryptone, 20 g/L 

yeast extract, and 5 g/L NaCl) with appropriate antibiotics in 125 mL conical flasks. Overnight cultures 
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were shaken at 37 °C and 280 rpm in a rotary shaker (New Brunswick Scientific, NJ) and used as seed 

cultures to inoculate 200 mL SB media at 1% (v/v) with appropriate antibiotics in 1 L conical flasks. This 

second seed culture was shaken at 37 °C and 280 rpm for approximately 16 h. Cells were then harvested 

by centrifugation at 6,000 × g and 20 °C for 15 min and resuspended in 100-mL fresh LB media. The 

suspended culture was used to inoculate a 1-L stirred-tank bioreactor (Omni-Culture, VirTis, NY) 

operated anaerobically at 30 °C and 430 rpm. The production medium in the bioreactor contained 30 g/L 

carbon source (i.e. glucose or glycerol), 0.23 g/L K2HPO4, 0.51 g/L NH4Cl, 49.8 mg/L MgCl2, 48.1 mg/L 

K2SO4, 1.52 mg/L FeSO4, 0.055 mg/L CaCl2, 2.93 g/L NaCl, 0.72 g/L tricine, 10 g/L yeast extract, 10 

mM NaHCO3, 0.2 µM cyanocobalamin (vitamin B12), trace elements (2.86 mg/L H3BO3, 1.81 mg/L 

MnCl2•4H2O, 0.222 mg/L ZnSO4•7H2O, 0.39 mg/L Na2MoO4•2H2O, 79 µg/L CuSO4•5H2O, 49.4 µg/L 

Co(NO3)2•6H2O), and appropriate antibiotics (179). Anaerobic conditions were maintained by constant 

bubbling of nitrogen. The pH of the production culture was maintained at 7.0 ± 0.1 with 30% (v/v) 

NH4OH and 15% (v/v) HNO3. The feeding solution for fedbatch cultivation contained 500 g/L glycerol 

only and 50 mL of it was added manually when the glycerol concentration in the production culture fell 

below 5 g/L. IPTG was supplemented in the cultivation medium for induction purposes since it was 

observed that IPTG supplementation had negligible effects on the 1-propanol production for all 

propanogenic strains in this study.  

4.2.3 Analyses 

 Culture samples were appropriately diluted with saline for measuring the optical cell density 

(OD600) using a spectrophotometer (DU520, Beckman Coulter, Fullerton, CA). Cell-free supernatant was 

collected and filter sterilized for titer analysis of glucose, glycerol, and various metabolites using an 

HPLC (LC-10AT, Shimadzu, Kyoto, Japan) with a refractive index detector (RID-10A, Shimadzu, 

Kyoto, Japan) and a chromatographic column (Aminex HPX-87H, Bio-Rad Laboratories, CA, USA). The 

column temperature was maintained at 65 °C and the mobile phase was 5 mM H2SO4 (pH 2.0) running at 

0.6 mL/min. The RID signal was acquired and processed by a data processing unit (Clarity Lite, 

DataApex, Prague, The Czech Republic). 
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Table 4.1: List of E. coli strains, plasmids, and primers used in this study. Notation for primers: v- verification primer, r- 

recombineering primer and c- cloning primer. Underlined sequences within the primers denote the homology arms (H1 and H2). 

Name Description, relevant genotype or primer sequence (5’→3’) Reference 

E. coli host strains 

HST08 
F-, endA1, supE44, thi-1, recA1, relA1, gyrA96, phoA, Φ80d lacZΔ M15, Δ(lacZYA – argF) U169, Δ(mrr 

– hsdRMS – mcrBC), ΔmcrA, λ– 
TaKaRa Bio Inc. 

MC4100 
F-, [araD139]B/r, Del(argF-lac)169, λ–-, e14-, flhD5301, Δ(fruK-yeiR)725(fruA25), relA1, rpsL150(strR), 

rbsR22, Del(fimB-fimE)632(::IS1), deoC1 
(154) 
(CGSC#: 6152) 

BW25141 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), Δ(phoB-phoR)580, λ-, galU95, ΔuidA3::pir+, recA1, 

endA9(del-ins)::FRT, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(153) 
(CGSC#: 7635) 

BW25113 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(153) 
(CGSC#: 7636) 

WT-∆ldhA ldhA null mutant of BW25113 (173) 

WT-∆ldhA-∆pykF ldhA/pykF double null mutant of BW25113 This study 

CPC-CNTRL1 BW25141/pK184 This study 

CPC-CNTRL2 WT-∆ldhA/pK184 This study 

CPC-PrOH1 BW25141/pK-scpAKB This study 

CPC-PrOH2 WT-∆ldhA/pK-scpAKB This study 

CPC-PrOH3 
WT-∆ldhA-∆pykF , Ptrc::sbm (i.e. with the FRT-CmR-FRT-Ptrc cassette replacing the 204-bp upstream of 

the Sbm operon)  
This study 
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Plasmids 

pCP20 FLP
+
, λ cI857

+
, λ pR Rep(pSC101 ori)

ts
, Ap

R
,Cm

R (155) 

pKD46 RepA101
ts

 ori, Ap
R
, araC-ParaB:gam-bet-exo (153) 

pTrc99a ColE1 ori, Ap
R
, Ptrc (180) 

pKD3 R6K-γ ori, Ap
R
, FRT-Cm

R
-FRT (153) 

pK184 p15A ori, Km
R
, Plac:lacZ’ (156) 

pK-scpAKB From pK184, Plac:sbm-ygfD-ygfG (173) 

Primers   

v-ldhA TCATCAGCAGCGTCAACGGC; ATCGCTGGTCACGGGCTTACCGTT (173) 

v-pykF TAGCAATTGAGCGATGATATATTTATACACCGG; TCGTTGCTCAGCTGGTCAACTTT This study 

c-frt 
AGATTGCAGCATTACACGTCTTGAG; 

CCAGCTGCATTAATGAATCGGGCCATGGTCCATATGAATATCCTCC 
This study 

c-ptrc CCGATTCATTAATGCAGCTGG; GGTCTGTTTCCTGTGTGAAATTGTTA This study 

r-frt:ptrc 
CTCGATTATGGTCACAAAGTCCTTCGTCAGGATTAAAGATTGCAGCATTACACGTCTTGA;  
GTTGGCAAGCTGTTGCCACTCCTGCACGTTAGACATGGTCTGTTTCCTGTGTGAAATTGT 

This study 
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v-frt:ptrc GCGCTCGACTATCTGTTCGTCAGCTC; TCGACAGTTTTCTCCCGACGGCTCA This study 
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Figure 4.2: Genomic engineering for deriving the plasmid-free propanogenic strain CPC-PrOH3. 

In order to activate the naturally silent Sbm operon with the strong promoter (Ptrc), the FRT-CmR-FRT-Ptrc fragment was PCR amplified using 

the primer set of r-frt:ptrc with homology extensions (H1 and H2) for λ-Red-mediated recombination to replace the superfluous 204-bp region 

upstream of the operon. The primer set of r-frt:ptrc was used to PCR-verify the genotype of CPC-PrOH3. Genes and regulatory elements [i.e. 

operator (O), terminator (T) and ribosome binding site (RBS)] are not to scale. 
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4.3 Results 

4.3.1 Biosynthesis of 1-propanol using engineered E. coli strains 

 Anaerobic cultivation of the propanogenic strain CPC-PrOH1 was conducted in a bioreactor 

using glucose as the major carbon source for the production of 1-propanol (Figure 4.3B). The control 

strain CPC-CNTRL1, harboring an inactive Sbm operon on the genome, had a similar glucose 

dissimilation pattern to CPC-PrOH1 in terms of cell growth and metabolite production, but showed 

elevated succinate levels and no 1-propanol production (Figure 4.3A). Introducing the Sbm operon genes 

(i.e. sbm-ygfD-ygfG) for episomal expression made the E. coli strain propanogenic with a reduced level of 

succinate, implying 1-propanol was produced through extensive dissimilation of succinate via the Sbm 

pathway (Figure 4.1A). Nevertheless, 1-propanol titer reached only 0.11 g/L with lactate, acetate, and 

ethanol being the major metabolites (Figure 4.3B). Note that previously, in addition to the Sbm operon, 

two other genes, i.e. sucCD (encoding succinyl-CoA synthetase) and adhE (encoding the bifunctional 

aldehyde/alcohol dehydrogenase), were coexpressed episomally to alleviate potential limitation of these 

conversion steps (173). However, the resulting strains suffered a significant physiological burden 

associated with the maintenance of multiple plasmids and, consequently, 1-propanol productivity was 

limited. The physiological limitation appeared minimal for the single-plasmid system of CPC-PrOH1, 

implying that the aldehyde/alcohol dehydrogenase from E. coli was effective in driving 1-propanol 

production. While glucose dissimilation was complete within 14 h, anaerobic fermentation appeared to 

significantly lean towards acidogenesis rather than solventogenesis. More than 80% of dissimilated 

glucose was converted to acetate, lactate, and succinate (Figure 4.3), with lactate accounting for more 

than 60%. On the other hand, only ~15% was diverted to solventogenesis for ethanol and 1-propanol 

production. It should be noted that formate was not detected in any of the cultures, likely due to active 

formate dehydrogenases which oxidize this endogenously produced metabolite into CO2. Since lactate 

was significantly overproduced, the ldhA gene (encoding lactate dehydrogenase) was inactivated with the 

intention of reducing lactate accumulation as well as shifting carbon flux towards solventogenesis. 

Culture performance of this mutant strain with glucose as the major carbon source and metabolite 

profiling are summarized in Figure 4.4. Similar to the strains with the parental genetic background, the 

control ldhA mutant strain CPC-CNTRL2 with an inactive Sbm operon on the genome produced elevated 

levels of succinate (Figure 4.4A), whereas the ldhA mutant strain CPC-PrOH2 with episomal Sbm 

expression for extended dissimilation of succinate became propanogenic (Figure 4.4B). The efficiency of 

glucose dissimilation was slightly affected by ldhA disruption as total consumption occurred within 18 h 
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of cultivation. Notably, lactate levels of the ldhA mutant strains were significantly reduced to 2 g/L, 

representing a ~90% reduction compared to the control strains.  

  

Figure 4.3: Time profiles of glucose, biomass, and major metabolites during batch cultivation of (A) 

CPC-CNTRL1 and (B) CPC-PrOH1 with glucose as the major carbon source. 

Culture performance (i.e. overall glucose consumption and final biomass and metabolite concentrations) 

of batch cultivation in a bioreactor is summarized in the tables below each time profile. The glucose 

equivalent for each metabolite is calculated based on the corresponding theoretical yield in Figure 4.1B. 

The metabolite distribution (i.e. the fraction of dissimilated glucose to form a metabolite) is defined as the 

ratio of the glucose equivalent of a metabolite to the sum of the total glucose equivalents of all 

metabolites. 
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 Glucose Biomass Succinate Lactate Acetate Propionate Ethanol 1-Propanol 

Concentration
a 
(g/L) 32.55 3.00 2.40 17.08 5.38 ND 3.73 ND 

Glucose equivalent
b
 (g/L) - - 1.83 17.08 8.20 - 7.29 - 

Metabolite distribution
c 
(%) - - 5.31 49.62 23.82 - 21.19 - 

 1 

 Glucose Biomass Succinate Lactate Acetate Propionate Ethanol 1-Propanol 

Concentration
a
 (g/L) 37.32 1.96 1.96 24.97 4.80 0.09 3.26 0.11 

Glucose equivalent
b
 (g/L) - - 1.50 24.97 7.32 0.11 6.38 0.17 

Metabolite distribution
c
 (%) - - 3.70 61.73 18.10 0.28 15.77 0.42 

a
 initial glucose concentration, biomass concentration (g-DCW/L), and major metabolite concentrations 1 

b
 calculated based on theoretical yield of each metabolite to glucose (Fig. 1B) 2 

c
 represents the fraction of assimilated glucose 3 
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Figure 4.4: Time profiles of glucose, biomass, and major metabolites during batch cultivation of (A) 

CPC-CNTRL2 and (B) CPC-PrOH2 with glucose as the major carbon source.  

Culture performance (i.e. overall glucose consumption and final biomass and metabolite concentrations) 

of batch cultivation in a bioreactor is summarized in the tables below each time profile. The glucose 

equivalent for each metabolite is calculated based on the corresponding theoretical yield in Figure 4.1B. 

The metabolite distribution (i.e. the fraction of dissimilated glucose to form a metabolite) is defined as the 

ratio of the glucose equivalent of a metabolite to the sum of the total glucose equivalents of all 

metabolites. 
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A 

B 

 Glucose Biomass Succinate Lactate Acetate Propionate Ethanol 1-Propanol 

Concentration
a 
(g/L) 37.35 1.67 2.94 1.35 9.50 ND 5.77 ND 

Glucose equivalent
b
 (g/L) - - 2.24 1.36 14.82 - 11.54 - 

Metabolite distribution
c
 (%) - - 7.62 4.63 49.31 - 38.43 - 

 1 

 Glucose Biomass Succinate Lactate Acetate Propionate Ethanol 1-Propanol 

Concentration
a 
(g/L) 36.41 1.81 2.32 2.27 9.33 0.41 5.31 0.55 

Glucose equivalent
b
 (g/L) - - 1.77 2.29 14.23 0.50 10.38 0.82 

Metabolite distribution
c
 (%) - - 5.89 7.65 47.45 1.66 34.62 2.73 

a
 initial glucose concentration, biomass concentration (g-DCW/L), and major metabolite concentrations 1 

b
 calculated based on theoretical yield of each metabolite to glucose (Fig. 1B) 2 

c
 represents the fraction of assimilated glucose 3 
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Low concentrations of lactate were still detected in the cultures of the ldhA mutants strains and these 

small amounts of lactate can be associated with alternative lactate synthetic routes such as the 

methylglyoxal pathway (Figure 4.1) (181). Carbon flux was redirected towards acetate overproduction 

and enhanced solventogenesis, with acetate and ethanol titers accounting for 47% and 34% of 

dissimilated glucose, respectively, during CPC-PrOH2 cultivation (Figure 4.4B). Most importantly, the 

1-propanol titer of the CPC-PrOH2 culture increased significantly to 0.55 g/L, corresponding to 5-fold 

that of the CPC-PrOH1 culture.  

4.3.2 Glycerol serves as a superior carbon source for enhanced solventogenesis 

 Glycerol is a potentially superior carbon source to glucose, particularly for biofuel production, 

due to its higher reductance, leading to higher biomass yields and less acidogenesis during fermentation 

(182). Recent oversupply in the biodiesel industry has made glycerol, a byproduct of biodiesel 

production, an economically viable feedstock for biomanufacturing (183). Accordingly, glycerol was 

investigated as a carbon source for anaerobic cultivation of the ldhA mutant propanogenic strain, CPC-

PrOH2, for 1-propanol production (Figure 4.5). Compared with glucose, the glycerol dissimilation rate of 

CPC-PrOH2 was much slower during batch cultivation, requiring more than 80 h to consume 30 g of 

glycerol whereas 18 h to consume 30 g of glucose. However, high ethanol titers of 10.9 and 9.3 g/L were 

obtained for CPC-CNTRL2 and CPC-PrOH2, respectively, when glycerol was used as the major carbon 

source. Most importantly, 1-propanol titer was 2.15 g/L for CPC-PrOH2, representing an approximate 4-

fold increase compared to the batch culture of CPC-PrOH2 with glucose as the major carbon source. The 

results show that more than 70% of glycerol dissimilation was directed towards solventogenesis (Figure 

4 5). In contrast to cultures with glucose as the major carbon source, acetate production was minimal and 

lactate was even undetectable when glycerol was used. This can alleviate the physiological impacts 

associated with the presence of organic acids in E. coli cultures (184), which may limit 1-propanol 

production. Note that the control strain CPC-CNTRL2 accumulated succinate to 3.45 g/L, whereas the 

succinate concentration was merely 0.62 g/L for CPC-PrOH2 (Figure 4.5), implying that the extended 

dissimilation of succinate via episomal expression of the Sbm operon was functional. In addition, glycerol 

dissimilation appeared more effective upon episomal expression of the Sbm operon since it took 134 h 

and 85 h to consume 30 g glycerol for CPC-CNTRL2 and CPC-PrOH2, respectively.  
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Figure 4.5: Time profiles of glycerol, biomass, and major metabolites during batch cultivation of 

(A) CPC-CNTRL2 and (B) CPC-PrOH2 with glycerol as the major carbon source.  

Culture performance (i.e. overall glycerol consumption and final biomass and metabolite concentrations) 

of batch cultivation in a bioreactor is summarized in the tables below each time profile. The glycerol 

equivalent for each metabolite is calculated based on the corresponding theoretical yield in Figure 4.1B. 

The metabolite distribution (i.e. the fraction of dissimilated glycerol to form a metabolite) is defined as 

the ratio of the glycerol equivalent of a metabolite to the sum of the total glucose equivalents of all 

metabolites. 
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Glycerol Biomass Succinate Lactate Acetate Propionate Ethanol 1-Propanol 

Concentration
a 
(g/L) 31.767 1.64 3.45 ND 2.08 ND 10.89 ND 

Glycerol equivalent
b
 (g/L) - - 2.69 - 3.24 - 21.77 - 

Metabolite distribution
c
 (%) - - 9.72 - 11.69 - 78.59 - 

 1 

 Glycerol Biomass Succinate Lactate Acetate Propionate Ethanol 1-Propanol 

Concentration
a 
(g/L) 30.76 2.27 0.62 ND 3.92 0.89 9.31 2.15 

Glycerol equivalent
b
 (g/L) - - 0.47 - 6.12 1.12 18.61 3.30 

Metabolite distribution
c
 (%) - - 1.58 - 20.66 3.77 62.84 11.15 

a
 initial glycerol concentration, biomass concentration (g-DCW/L), and major metabolite concentrations 1 

b
 calculated based on theoretical yield of each metabolite to glycerol (Fig. 1B) 2 

c
 represents the fraction of assimilated glycerol  3 

ND not detected 4 
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4.3.3 Fedbatch cultivation for high-level coproduction of 1-propanol and ethanol 

 To extend 1-propanol productivity, fedbatch cultivation of CPC-PrOH2 was explored 

using glycerol as the major carbon source (Figre 4.6 and Table 4.2A). Unlike fedbatch cultures 

using glucose as the major carbon source where a specific glucose feeding profile must be 

developed to prevent the over-accumulation of organic acids impacting culture performance 

(185), no glycerol feeding profile was required due to minimal acidogenesis associated with 

glycerol dissimilation. Instead, a designated amount of glycerol was intermittently fed into the 

culture as a single inoculum to increase glycerol concentration to 20-25 g/L when depletion of 

glycerol was observed. The fedbatch culture of CPC-PrOH2 was divided into four stages with 

glycerol being fed at the start of each stage (Figure 4.6) and metabolic analysis was conducted 

for each stage (Table 4.2A). More than 70% of glycerol dissimilation was directed towards 

solventogenesis, with ethanol and 1-propanol being the two major metabolites, and such high-

level solventogenesis was maintained towards the end of the fedbatch culture (Table 4.2A). This 

led to high-level coproduction of ethanol at 25 g/L and 1-propanol at 3.78 g/L. Note that these 

titers were underestimated due to the dilution by fed glycerol. Given the persistence of high-level 

solventogenesis throughout the entire fedbatch cultivation, 1-propanol yield steadily decreased 

and hardly any 1-propanol was produced during the last stage. The results suggest the 

deterioration of the bioactivity of the Sbm operon, which also resulted in the accumulation of 

succinate to a high level of 5.44 g/L at the end of the fedbatch cultivation. Glycerol dissimilation 

rate was increased by approximately 30% upon fedbatch operation (i.e. from 0.35 g/L/h in Stage 

I to approximately 0.45 g/L/h afterwards) (Figure 4.6), presumably due to an increased biomass 

concentration. While the level of acidogenesis remained low during the entire fedbatch 

cultivation, acetate steadily accumulated to a final concentration of 8.15 g/L which could 

potentially impact culture performance. The deterioration in culture performance can also be 

observed by the decreasing efficiency of glycerol utilization towards metabolite production 

(Table 4.2A), suggesting that a certain amount of glycerol was consumed for cell maintenance 

and sustained viability in increasingly harsh cultivation conditions during the late stages of 

fedbatch cultivation.  
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Figure 4.6: Time profiles of the concentrations glycerol, biomass, and major metabolites during fedbatch cultivation of CPC-PrOH2 with 

glycerol as the major carbon source.  

Approximately 25 g of pure glycerol was fed into the bioreactor in the beginning of each stage and samples were taken before and after the 

glycerol feeding. 
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Table 4.2: Culture performance (i.e. overall glycerol consumption and final biomass and metabolite concentrations) of fedbatch 

cultivation in a bioreactor for (A) CPC-PrOH2 and (B) CPC-PrOH3 using glycerol as the major carbon source.  

The glycerol equivalent for each metabolite is calculated based on the corresponding theoretical yield in Figure 4.1B. The metabolite distribution 

(i.e. the fraction of dissimilated glycerol to form a metabolite) is defined as the ratio of the glycerol equivalent of a metabolite to the sum of the 

total glucose equivalents of all metabolites. 

(A) CPC-PrOH2 Glycerol Biomass Succinate Lactate Acetate Propionate Ethanol 1-Propanol 

Stage I 
0-85.5h 

Concentration
a 
(g/L) 30.76 2.27 0.62 ND 3.92 0.89 9.31 2.15 

Glycerol equivalent
b
 (g/L) - - 0.47 - 6.12 1.12 18.61 3.30 

Metabolite distribution
c
 (%) - - 1.58 - 20.66 3.77 62.84 11.15 

Glycerol efficiency
d
 (%) 96.26 - - - - - - - 

Stage II 
85.5-137h 

Concentration
a 
(g/L) 23.01 0.73 1.83 ND 2.01 0.11 7.21 1.32 

Glycerol equivalent
b
 (g/L) - - 1.62 - 3.13 0.14 14.42 2.03 

Metabolite distribution
c
 (%) - - 7.59 - 14.65 0.67 67.57 9.51 

 Glycerol efficiency
d
 (%) 92.74 - - - - - - - 

Stage III 
137-196h 

Concentration
a 
(g/L) 19.65 0.27 1.88 ND 1.98 0.16 5.96 0.65 

Glycerol equivalent
b
 (g/L) - - 1.47 - 3.09 0.20 11.92 0.99 

Metabolite distribution
c
 (%) - - 8.32 - 17.49 1.11 67.47 5.62 

 Glycerol efficiency
d
 (%) 89.92 - - - - - - - 

Stage IV 
196-245.5h 

Concentration
a 
(g/L) 13.84 -0.08 1.04 0.39 1.07 0.17 4.49 0.00 

Glycerol equivalent
b
 (g/L) - - 0.81 0.40 1.66 0.21 8.98 0.01 

Metabolite distribution
c
 (%) - - 6.70 3.29 13.77 1.76 74.40 0.05 

 Glycerol efficiency
d
 (%) 87.21 - - - - - - - 
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(B) CPC-PrOH3 Glycerol Biomass Succinate Lactate Acetate Propionate Ethanol 1-Propanol 

Stage I 
0-42.5h 

Concentration
a 
(g/L) 30.73 2.79 0.59 ND 4.04 0.78 9.51 2.44 

Glycerol equivalent
b
 (g/L) - - 0.46 - 6.30 0.99 19.03 3.75 

Metabolite distribution
c
 (%) - - 1.51 - 20.64 3.23 62.34 12.29 

 Glycerol efficiency
d
 (%) 99.34 - - - - - - - 

Stage II 
42.5-72h 

Concentration
a 
(g/L) 22.69 0.38 0.34 ND 1.84 0.37 8.57 2.01 

Glycerol equivalent
b
 (g/L) - - 0.26 - 2.88 0.46 17.15 3.09 

Metabolite distribution
c
 (%) - - 1.10 - 12.06 1.94 71.94 12.95 

 Glycerol efficiency
d
 (%) 105.06 - - - - - - - 

Stage III 
72-94h 

Concentration
a 
(g/L) 18.51 0.65 0.30 ND 1.38 0.12 5.68 1.45 

Glycerol equivalent
b
 (g/L) - - 0.24 - 2.15 0.16 11.36 2.23 

Metabolite distribution
c
 (%) - - 1.46 - 13.31 0.96 70.43 13.84 

 Glycerol efficiency
d
 (%) 87.16 - - - - - - - 

Stage IV 
94-144h 

Concentration
a 
(g/L) 25.67 0.10 0.85 ND 2.39 0.17 7.33 1.07 

Glycerol equivalent
b
 (g/L) - - 0.66 - 3.73 0.21 14.65 1.65 

Metabolite distribution
c
 (%) - - 3.16 - 17.86 1.00 70.08 7.90 

 Glycerol efficiency
d
 (%) 81.41 - - - - - - - 

Stage V 
144-210.5h 

Concentration
a 
(g/L) 18.22 0.02 0.17 ND 1.98 0.21 4.57 0.55 

Glycerol equivalent
b
 (g/L) - - 0.13 - 3.09 0.26 9.14 0.85 

Metabolite distribution
c
 (%) - - 0.99 - 22.94 1.95 67.81 6.31 



 

92 

 Glycerol efficiency
d
 (%) 73.92 - - - - - - - 

a
 total concentration of glycerol consumption, biomass concentration (g-DCW/L), and major metabolite concentrations for each specific stage of the fedbatch 

culture 
b
 calculated based on theoretical yield of each metabolite to glycerol (Figure 4.1B) 

c
 represents the fraction of dissimilated glycerol 

d 
ratio of the sum of the glycerol equivalents associated with all metabolites to overall glycerol consumption 

ND not detected 
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4.3.4  Derivation of plasmid-free propanogenic E. coli strains 

It has been well perceived that plasmid-free strains outperform recombinant ones in metabolite production 

for which gene dosage seldom limits the yield of the target metabolite (174). Since wild-type E. coli has 

the silent Sbm operon potentially due to an inactive promoter, plasmid-free propanogenic E. coli strains 

were derived by replacing the 204-bp intergenic region upstream of the chromosomal Sbm operon with a 

strong trc-promoter (Ptrc) using our previously developed protocol for genomic engineering (177). A 

chloramphenicol-resistance cassette flanked by two FRT sites was fused with a Ptrc promoter-operator 

fragment via Splicing by Overlap Extension (SOE)-PCR. The DNA fusion (FRT-Cm
R
-FRT- Ptrc) was 

then used to replace the region upstream of the native Sbm operon on the genome to form the engineered 

strain CPC-PrOH3 (Figure 4.2). The 1-propanol production capacity of the plasmid-free strain CPC-

PrOH3 was characterized using fedbatch cultivation with glycerol as the major carbon source (Figure 4.7 

and Table 4.2B). While the levels of solventogenesis for CPC-PrOH3 and CPC-PrOH2 were similar 

during Stage I for batch cultivation (i.e. the sum of ethanol and 1-propanol titers was approximately 

equivalent to 74% of dissimilated glycerol for both strains) (Table 4.2), the glycerol dissimilation rate for 

CPC-PrOH3 was approximately 2-fold that for CPC-PrOH2 since it took 42.5 h (Figure 4.7) and 85.5 h 

(Figure 4.6) for CPC-PrOH3 and CPC-PrOH2, respectively, to consume 30 g/L glycerol during Stage I. 

In addition to the higher glycerol dissimilation rate, CPC-PrOH3 produced slightly more 1-propanol than 

CPC-PrOH2 (2.44 versus 2.15 g/L) during Stage I. Moreover, unlike CPC-PrOH2 which exhibited a low 

glycerol dissimilation rate and steadily deteriorating 1-propanol yield, the high glycerol dissimilation rate 

and high 1-propanol yield of CPC-PrOH3 in Stage I (equivalent to 12-13% of dissimilated glycerol) even 

persisted during Stage II and III of fedbatch cultivation (Table 4.2B). The results suggest that a single 

chromosomal copy of the active Sbm operon was sufficient to drive 1-propanol production. The improved 

culture performance also indicatates that there may be some metabolic burden and physiological impact 

associated with the active Sbm operon located in a multicopy plasmid. Using CPC-PrOH3 for fedbatch 

cultivation with glycerol as the major carbon source, the 1-propanol titer soared to 6.76 g/L. The final 

ethanol titer also reached a high level of 31.1 g/L which is equivalent to approximately 70% of 

dissimilated glycerol. Similar to the CPC-PrOH2 fedbatch culture, while the level of acidogenesis 

remained low during the entire fedbatch cultivation of CPC-PrOH3, acetate steadily accumulated to a 

final concentration of 9.41 g/L which could potentially impact culture performance. However, the final 

succinate level was only 2.05 g/L for CPC-PrOH3, as opposed to a much higher level of 5.44 g/L for 

CPC-PrOH2, implying that carbon is more efficiently channeled into the 1-propanol pathway for CPC-

PrOH3. 
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Figure 4.7: Time profiles of the concentrations glycerol, biomass, and major metabolites during fedbatch cultivation of CPC-PrOH3 with 

glycerol as the major carbon source. 

Approximately 25 g of pure glycerol was fed into the bioreactor in the beginning of each stage and samples were taken before and after the 

glycerol feeding. 
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4.4 Discussion  

While the production of 1-propanol in E. coli was previously achieved through activation of the keto-acid 

(12, 134, 145) or extended 1,2-propanediol (143) pathways, we herein take an alternative approach via 

extended dissimilation of succinate by activating the endogenous Sbm operon in E. coli. Under anaerobic 

conditions, succinate could accumulate as one of the final fermentation products although activation of 

the Sbm operon reduced succinate accumulation as 1-propanol was produced (Figures 4.3-4.5). 

Nevertheless, 1-propanol production appeared to be highly dependent on culture conditions, particularly 

carbon source. The use of glucose as the major carbon source resulted in dominance of acidogenesis over 

solventogenesis with low yields of 1-propanol. Further inspection of the major active pathways during 

glucose fermentation reveals inherent constraints of the metabolic network that prevent sufficient 

diversion of carbon flux from the phosphoenolpyruvate (PEP) node towards the reductive arm of 

oxaloacetate for 1-propanol biosynthesis. The metabolic deficiency is in part due to the high redox 

demand for 1-propanol production. As illustrated in Figure 4.1, PEP generation from glucose produces 

only one mole of NADH per mole of PEP produced, whereas subsequent 1-propanol production requires 

four moles of NADH per mole formed. As a result, a large fraction (up to 95%) of the PEP derived from 

glucose was channeled into the pyruvate node to prevent such a redox imbalance, forming lactate, acetate, 

and ethanol as major metabolites. The limitation in the supply of NADH potentially caused the carbon 

flux to stall at the succinate node, leading to succinate accumulation even when the Sbm operon was 

expressed (Figure 4.3B and Figures 4.4B). For the propanogenic strain CPC-PrOH1 with a parental 

genetic background, homolactic fermentation dominated, resulting in lactate overproduction and poor 1-

propanol yield. Disruption of the major lactate synthesis route by knocking out ldhA minimized carbon 

leakage into the lactate pathway in CPC-PrOH2, but marginally improved 1-propanol production. Upon 

comparing metabolic profiles for CPC-PrOH1 and CPC-PrOH2 (Figure 4.3 and 4.4), it is evident that the 

pleiotropic effect associated with the ldhA gene knockout was to promote the production of pyruvate-

derived fermentative products (i.e. acetate and ethanol), rather than diverting carbon flux to metabolites in 

the PEP branch, such as succinate and 1-propanol. Nevertheless, the results were unsurprising as similar 

metabolic effects were previously observed (173).  

 Glycerol has obvious advantages over glucose due to a higher reductance and more reducing 

equivalents generated upon its dissimilation. Nevertheless, glycerol metabolism in E. coli is often 

restricted to respiratory (aerobic) conditions, as the excess reducing equivalents cannot be well consumed 

by standard redox-balanced pathways in E. coli during anaerobiosis (186). Accordingly, glycerol appears 

to be a recalcitrant carbon source in the absence of external electron acceptors for CPC-CNTRL2 (Figure 
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4.5A), whereas an approximate 60% increase in the glycerol dissimilation rate was observed for the 

propanogenic strain CPC-PrOH2 (Figure 4.5A), suggesting that utilization of the 1-propanol pathway can 

be an effective means to dispose of excess reducing equivalents generated by glycerol dissimilation. Most 

importantly, in stark contrast to glucose, the use of glycerol as the major carbon source significantly 

favored solventogenesis (accounting for up to 84% of dissimilated glycerol) and minimized acidogenesis, 

resulting in high-level coproduction of ethanol and 1-propanol. The dramatic switch in the metabolic 

distribution associated with glycerol fermentation may be in part due to the oxidized nature of 

metabolites. Incidentally, previous studies reported that E. coli produces 1,2-propanediol to attain redox 

balance during anaerobic fermentation of glycerol (183, 187). While this compound was not detected in 

the present study, the solventogenic pathways apparently can act as an auxiliary channel for redox balance 

upon glycerol dissimilation under anaerobic conditions.  

 During fedbatch cultivation for 1-propanol production, an increase in the rate of glycerol 

dissimilation was observed after Stage I (Figure 4.6 and 4.7). The mechanism associated with this rate 

increase is unknown, but may entail the induction of genes responsible for glycerol dissimilation (e.g. 

gldA, encoding glycerol dehydrogenase and dhaKLM, encoding a PEP-dependent dihydroxyacetone 

kinase) (188) and/or the formation of certain intermediate metabolites which may act as external electron 

donors. The glycerol dissimilation pathways (i.e. the respiratory and fermeantive arms) and their effect on 

the C3 metabolite pool are further discussed in Chapters 5 and 6. Since synthesis of ethanol and 

succinate (and 1-propanol/propionate in the present study) are the only pathways readily available for 

redox-balancing during glycerol fermentation (187), the elevated rate of glycerol consumption was 

concomitant with the increase in conversion yields of ethanol and succinate during Stage II and III (Table 

4.2). However, given that the ethanologenic pathway leads to higher ATP output (Figure 4.1A) (182), 

more than 60% (and up to 75%) of dissimilated glycerol was diverted to ethanol production, whereas less 

than 15% was diverted to succinate and 1-propanol production (Table 4.2, and Figure 4.8). Such high-

level production of ethanol sustained during almost the entire fedbatch cultivation and, therefore, limited 

1-propanol yield. Taken together, these results suggest that further enhancement of 1-propanol production 

with glycerol as the major carbon source will require sequestering of carbon flux from the ethanologenic 

pathway. For example, placing an entropic driving force at the PEP node through the expression of a 

heterologous PEP carboxykinase (PckA) (189) or converting pyruvate back to PEP through the 

expression of an endogenous phosphoenolpyruvate synthase (Pps) (190) may be feasible approaches to 

shift carbon flux from ethanologenesis towards 1-propanol production. 
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Figure 4.8: Average metabolite excretion fluxes during each stage of CPC-PrOH3 cultivation.  

The fluxes were estimated by normalizing the glycerol uptake rate to 1 mmol/g dcw-h. While most carbon flux was chanelled into the ethanol 

fraction, 1-propanol production was stably maintained throughout the entire cultivation. 
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On the other hand, the recession of 1-propanol production in later stages of fedbatch cultures correlated 

with heightened levels of acetate and ethanol production (Figures 4.6, 4. 7, and 4.8), suggesting that the 

toxicity of these metabolites may mediate physiological stresses on cells and eventually hinder 1-propanol 

production.  

 While ethanol can be the exclusive product of glycerol fermentation (accounting for ~98% 

glycerol equivalents) by wild-type E. coli strains (188), our fedbatch cultivation with glycerol as the 

major carbon source produced acetate in relatively large quantities (Figure 4.6 and 4.7). Figure 4.8 

shows that, across all time periods of the fedbatch cultivation, the average carbon flux for acetate 

production was greater than or approximately equal to that for 1-propanol production. A simple 

explanation to this observation can be derived from the redox balance associated with glycerol 

dissimilation. No net NADH is produced when glycerol is converted to ethanol, whereas the overall 

conversion of glycerol to acetate and 1-propanol will result in 2 NADH accumulation and 2 NADH 

depletion, respectively. Shifting carbon flux away from ethanol pathway and toward 1-propanol 

production would cause NADH imbalance, which can be partially compensated by concomitant 

production of acetate. Note that extra ATP will be released upon acetate production to support potential 

ATP requirement for cell growth and maintenance. This is evident in the late stages of batch cultivations 

(Figure 4.5), as cultures tend to suffer from overflow metabolism of acetate in order to fulfil cell 

maintenance requirements. 

 Multicopy plasmids tend to place metabolic burden and physiological impact on host cells, 

deteriorating cell growth and product formation. Unlike overexpression of recombinant proteins, gene 

dosage is seldom a limiting factor for metabolic engineering approaches (174), for which plasmid-free 

strains are particularly attractive. The Sbm operon in E. coli is naturally silent, conceivably due to a weak 

or inactive promoter-operator system (14, 15), thus providing us with a unique opportunity for minor 

genomic engineering without grafting several heterologous genes or a large operon into the host genome. 

In the present study, we derived a plasmid-free propanogenic strain CPC-PrOH3 for which expression of 

the Sbm operon was activated by replacing the 204-bp upstream region of the native Sbm operon with the 

strong trc-promoter. Compared to CPC-PrOH2, CPC-PrOH3 has the following technical advantages, 

leading to high-level coproduction of 1-propanol and ethanol. First, CPC-PrOH3 had higher rates for cell 

growth and glycerol dissimilation (Figure 4.7), potentially due to alleviated metabolic burden and more 

active expression of the Sbm operon (even based on a single chromosomal copy). Second, upon glycerol 

fermentation, CPC-PrOH3 had a higher level of solventogenesis (accounting for up to 85% of 

dissimilated glycerol), a higher 1-propanol conversion yield (accounting for up to 14% of dissimilated 
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glycerol), and a prolonged 1-propanol producing capacity during the fedbatch culture (particularly during 

the first three stages) (Table 4.2B). The results suggest that a single chromosomal copy of the active Sbm 

operon was sufficient to drive extended dissimilation of succinate for effective 1-propanol production. 

Also, alleviating the metabolic burden associated with the presence of multicopy plasmids can lead to 

healthy cell physiology and, consequently, improved production of the target metabolite. While the 

dominance of ethanologenesis upon glycerol fermentation remains the key issue to be tackled, 1-propanol 

production for CPC-PrOH3 can be potentially limited by the accumulation of acetate and succinate. These 

limitations along with the decreasing glycerol utilization efficiency for metabolite production (Table 

4.2B) suggest metabolic burden might still exist in CPC-PrOH3, leading to inactivation of the Sbm 

operon, particularly towards the late stage of the fedbatch culture. Interestingly, although CPC-PrOH3 

had a fully activated Sbm operon (including ygfH), propionate production appeared to be minimally 

affected when compared to the fed-batch culture of CPC-PrOH2 (in which the episomal construct only 

includes the sbm, ygfD, and ygfG genes). These results suggest that either propionyl-CoA may have a 

higher substrate affinity towards bifunctional alcohol/aldehyde dehydrogenases than YgfH or other 

pathways may exist in E. coli to facilitate the conversion of propionate to propionyl-CoA. One possibility 

is the canonical methylcitrate pathway, which is involved in the oxidation of propionate to pyruvate or 

succinate with propionyl-CoA as an intermediate (191).  
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Chapter 5 

De novo engineering of a recursive CoA-dependent carbon chain elongation 

platform for biosynthesis of butanone (methyl ethyl ketone) in propanogenic 

E. coli 

Chapter Abstract 

To expand the chemical and molecular diversity of biotransformation using whole-cell biocatalysts, in 

this chapter, we genetically engineered a chimeric pathway in E. coli for heterologous production of 

butanone, a highly important commodity ketone. First, a E. coli host strain with its inherently Sbm operon 

in the genome being activated (i.e. a propanogenic E. coli strain) was used to establish a high-level 

intracellular pool of non-native propionyl-CoA. Subsequently, molecular fusion of propionyl-CoA and 

acetyl-CoA was conducted to form the biogenic C5 moiety 3-ketovaleryl-CoA via a modular CoA-

dependent elongation pathway. Lastly, 3-ketovaleryl-CoA was channeled into the canonical clostridial 

acetone-formation pathway for thioester hydrolysis and decarboxylation to form butanone. Biochemical, 

genetic, and metabolic factors affecting relative levels of ketogenesis, acidogenesis, and alcohologenesis 

under selected fermentative culture conditions were investigated. Using the derived engineered E. coli 

strain for batch cultivation, we achieved high-level co-production of butanone (1.3 g/L) and acetone (2.9 

g/L), thus demonstrating potential industrial applicability of this microbial production platform. 

 

5.1 Background 

 Due to waning fossil fuel reserves, the demand for more cost-effective and environmentally 

conscientious bioprocesses to replace petrochemical processes has increased significantly. Whole-cell 

biocatalytic platforms offer several technological advantages over traditional synthetic chemical 

processes, such as high chemo-, stereo-, and regio-selectivity and the ability to catalyze complex multi-

step reactions under ambient conditions. However, biological systems are often limited in their 

applicability for the production of valuable chemicals due to the lack of natural biosynthetic pathways 

(192, 193). Fortunately, nature has evolved to possess remarkable molecular catalytic processes that can 

be manipulated and redesigned for in vivo chemical synthesis. Accordingly, metabolic engineering has 

been integrated with synthetic biology to expand the molecular capabilities and chemical diversity of 

living systems for scalable synthesis of a wider array of value-added chemicals and biofuels.  
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 In this chapter, we report the implementation of a robust metabolic pathway in Escherichia coli 

for heterologous production of butanone (also referred as methyl ethyl ketone or MEK), an advanced 

aliphatic commodity ketone. Owing to its low boiling point and high dissolution properties, butanone is 

used as a general solvent in trades extending from printing and textile to domestic uses (194). Currently, 

butanone is exclusively manufactured using petroleum-derived feedstocks, such as 2-butanol, 2-butene, 

and various branched alkylbenzenes, with an annual production of 730,000 tons (195). Similar to most 

value-added chemicals of interest, no natural biosynthetic pathways have been identified to produce 

butanone. Recently, a biosynthetic approach to produce butanone in engineered E. coli was proposed by 

extending the meso-2,3 butanediol synthetic pathway using a promiscuous vitamin B12-dependent 

glycerol dehydratase (196). A similar strategy was also undertaken by implementing this chimeric 

pathway in engineered Saccharomyces cerevisiae for co-production of butanone and 2-butanol (197); 

however, the butanone titer/yield for these approaches is considered limited particularly for large-scale 

industrial adoption. 

 Our proposed butanone biosynthetic pathway starts with production of the non-native metabolite 

propionyl-CoA in E. coli for use as a substrate for subsequent molecular fusion. Propionyl-CoA 

metabolism in wild-type E coli is generally confined to selected reactions associated with either the thio-

esterification of propionate or the dissimilation of odd-chained fatty acids and several α-amino acids (e.g. 

L-threonine) (145, 191). Accordingly, to elevate the propionyl-CoA pool in the cell, propionate must be 

exogenously supplemented in the culture medium or complex genetic approaches have to be undertaken 

to overcome the concerted feedback inhibition exerted by the amino acid biosynthetic pathways (12, 145, 

198). In the previous two chapters, we reported heterologous production of 1-propanol based on genomic 

activation of the extant yet Sbm operon in E. coli (173, 199). This four-gene operon (i.e. sbm-ygfD-ygfG-

ygfH) encodes various enzymes for extended dissimilation of succinate and its functional expression 

redirects carbon flux toward the propionyl-CoA node, resulting in the production of non-native C3-

fermentative products of 1-propanol and propionate (173, 199) (Figure 5.1). The presence of propionyl-

CoA opens an avenue for novel microbial synthesis of several non-native metabolites, including 

butanone. Genomic activation of the Sbm operon not only transforms E. coli to be propanogenic, but also 

introduces an intracellular “flux competition” between the traditional C2-fermentative pathway (forming 

acetate and ethanol) and the novel C3-fermentative pathway (forming propionate and 1-propanol). As a 

result, further biochemical and genetic strategies must be applied in this study to redirect carbon flux and 

increase the level of the propionyl-CoA pool. 
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Figure 5.1: Schematic representation of the butanone biosynthetic pathway (on previous page).  

Heterologous enzymes from Cupriavidus necator (CN) and Clostridium acetobutylicum are shown in 

green text. The fermentative pathway for glycerol dissimilation is presented in a light green box and the 

respiratory pathway for glycerol dissimilation is presented in a yellow box. The Sleeping beauty mutase 

(Sbm) pathway is presented in a purple box. The C2-fermentative pathway is presented in a red box, 

while the C3-fermentative pathway is presented in a blue box. Relevant enzymes for production of 

various fermentative products as well as the enzymes of the respiratory and fermentative glycerol 

pathways and the Sbm pathway are in blue text. Competing pathways at the pyruvate/acetyl-CoA and 

propionyl-CoA nodes are shown in red arrows.  

 For butanone formation in the propanogenic E. coli strain, two major intracellular transformations 

will be carried out. First, propionyl-CoA is fused with the native intermediate acetyl-CoA, to form 3-

ketovaleryl-CoA (also referred to as 3-oxopentanoyl-CoA) via the CoA-dependent elongation pathway, 

which is implemented by functionally expressing a set of highly promiscuous β-ketothiolases from 

Cupriavidus necator (former Ralstonia eutropha) (200). Next, the formed 3-ketovaleryl -CoA is 

channeled into the clostridial acetone-formation pathway, which is implemented by functionally 

expressing acetoacetyl-CoA: acetate/butyrate: CoA transferase and acetoacetate decarboxylase from C. 

acetobutylicum, for thioester hydrolysis and decarboxylation. Note that the clostridial acetone-formation 

pathway was previously expressed in E. coli for hydrolysis and decarboxylation of acetoacetyl-CoA, 

leading to acetone production (201).  

 In addition to the above synthetic biology approaches, various genetic and metabolic factors and 

cultivation strategies were also explored to enhance the production of butanone. To our knowledge, our 

developed engineered E. coli strains with high butanone titers up to 1.3 g l
-1

 represent the most effective 

microbial platform for butanone production reported to date, and will serve as a basis for future 

improvement strategies.  

5.2 Methods 

5.2.1 Bacterial strains and plasmids 

E. coli strains and plasmids used in this study are listed in Table 5.1. Sequence of all olgionucleotides 

used for DNA cloning, verification and homologous recombination are found in Appendix A - Table S1. 

Standard recombinant DNA technologies for molecular cloning were applied (150). Pfu and Taq DNA 

polymerases, T4 DNA ligase, and large (Klenow) fragment of DNA Polymerase I were obtained from 

New England Biolabs (Ipswich, MA, USA). All synthesized oligonucleotides were obtained from 

Integrated DNA Technologies (Coralville, IA, USA). DNA sequencing was conducted by the Centre for 

Applied Genomics at the Hospital for Sick Children (Toronto, Canada). E. coli BW25141 was the
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Table 5.1: Strains and plasmids used for butanone production in engineered E. coli 

Name Description and relevant genotype  Reference 

E. coli host strains 

HST08 
F

–
, endA1, supE44, thi-1, recA1, relA1, gyrA96, phoA, Φ80d lacZΔ M15, Δ(lacZYA – argF) U169, Δ(mrr 

– hsdRMS – mcrBC), ΔmcrA, λ
– 

Takara Bio, Shiga, 

Japan 

BW25141 
F

–
, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), Δ(phoB-phoR)580, λ-, galU95, ΔuidA3::pir+, recA1, 

endA9(del-ins)::FRT, rph-1, Δ(rhaD-rhaB)568, hsdR514 
Datsenko and Wanner 

(153) 

BW25113 F
–
, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ

–
, rph-1, Δ(rhaD-rhaB)568, hsdR514 

Datsenko and Wanner 

(153) 

BW-∆ldhA BW25113∆ldhA null mutant Srirangan et al. (173) 

CPC-Sbm-Cm
R 

BW-∆ldhA, Ptrc:sbm (i.e. with the FRT-Cm
R
-FRT-Ptrc cassette replacing the 204-bp upstream of the Sbm 

operon) 
This study 

CPC-Sbm BW-∆ldhA, Ptrc:sbm (i.e. with the FRT -Ptrc cassette replacing the 204-bp upstream of the Sbm operon) This study 

CPC-Sbm∆adhE 
BW-∆ldhA, ∆adhE, Ptrc:sbm (i.e. with the FRT -Ptrc cassette replacing the 204-bp upstream of the Sbm 

operon),  
This study 

CPC-Sbm∆pta 
BW-∆ldhA, ∆pta, Ptrc:sbm (i.e. with the FRT -Ptrc cassette replacing the 204-bp upstream of the Sbm 

operon) 
This study 

CPC-Sbm∆glpD 
BW-∆ldhA, ∆glpD, Ptrc:sbm (i.e. with the FRT -Ptrc cassette replacing the 204-bp upstream of the Sbm 

operon) 
This study 

CPC-Sbm∆dhaK 
BW-∆ldhA, ∆dhaK, Ptrc:sbm (i.e. with the FRT- Ptrc cassette replacing the 204-bp upstream of the Sbm 

operon)  
This study 

CPC-MEKCon1 CPC-Sbm/pK-PhaA and pCtfAB-Adc This study 
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CPC-MEKCon2 CPC-Sbm/pK-BktB and pCtfAB-Adc This study 

CPC-MEKCon3 CPC-Sbm/pK-PhaA-BktB and pCtfAB This study 

CPC-MEKCon4 CPC-Sbm/ pK-PhaA-BktB and pAdc This study 

CPC-MEK CPC-Sbm/pK-PhaA-BktB and pCtfAB-Adc This study 

CPC-MEK∆adhE
 

CPC-Sbm∆adhE/pK-PhaA-BktB and pCtfAB-Adc This study 

CPC-MEK∆pta CPC-Sbm∆pta/pK-PhaA-BktB and pCtfAB-Adc This study 

CPC-MEK∆glpD CPC-Sbm∆glpD/pK-PhaA-BktB and pCtfAB-Adc This study 

CPC-MEK∆dhaK CPC-Sbm∆dhaK/pK-PhaA-BktB and pCtfAB-Adc This study 

Plasmids 

pCP20 FLP
+
, λ cI857

+
, λ pR Rep(pSC101 ori)

ts
, Ap

R
,Cm

R 
Cherepanov and 

Wackernagel (155) 

pKD46 RepA101
ts

 ori, Ap
R
, araC-ParaB:gam-bet-exo 

Datsenko and Wanner 

(153) 

pTrc99a ColE1 ori, Ap
R
, Ptrc Amann et al. (180) 

pKD3 R6K-γ ori, Ap
R
, FRT-Cm

R
-FRT 

Datsenko and Wanner 

(153) 
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pK184 p15A ori, Km
R
, Plac:lacZ’ 

Jobling and Holmes 

(156) 

pSOS95 repL ori,ColE1 ori, MLS
R
, Em

R
, Ap

R
, Pthl:ctfAB-adc 

Soucaille and 

Papoutsakis, 
Unpublished work 

pK-PhaA From pK184, Plac: phaA This study 

pK-BktB From pK184, Plac:bktb This study 

pK-PhaA-BktB From pK184, Plac: phaA-bktb This study 

pCtfAB From pTrc99a, Pthl:ctfAB This study 

pAdc From pTrc99a, Pthl:adc This study 

pCtfAB-Adc From pTrc99a, Pthl:ctfAB-adc This study 
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 parental strain for derivation of all mutant strains in this study and E. coli HST08 was used for molecular 

cloning. 

Activation of the genomic Sbm operon to form propanogenic E. coli CPC-Sbm was described 

previously (199). Briefly, the FRT-Cm
R
-FRT cassette from pKD3 was PCR-amplified using the primer 

set c-frt, whereas the trc promoter-operator region was PCR-amplified using the c-ptrc primer set. The 

two DNA amplicons were fused together by splice overlap-extension (SOE) PCR (151) using the forward 

primer of the c-frt primer set and the reverse primer of the c-ptrc primer set to generate the FRT-Cm
R
-

FRT-Ptrc cassette. To generate the DNA cartridge for genomic integration, the FRT-Cm
R
-FRT-Ptrc cassette 

was PCR-amplified using the r-frt:ptrc primer set containing the 5′- and 3′-36-bp homology arms, 

respectively. The homology arms were chosen so that the FRT-CmR-FRT-Ptrc cassette was inserted 

precisely upstream of the Sbm operon. λ-Red genomic recombineering was carried out as described by 

Datsenko and Wanner (153).  

 Gene knockouts (i.e. adhE, pta, glpD, and dhaK) were introduced into CPC-Sbm by P1 phage 

transduction (150) using the appropriate Keio Collection strains (The Coli Genetic Stock Center, Yale 

University, New Haven, CT, USA) as donors (152). To eliminate the co-transduced FRT-Kn
R
-FRT 

cassette, the transductant mutants were transformed with pCP20 (155), a temperature sensitive plasmid 

expressing a flippase (Flp) recombinase. Upon Flp-mediated excision of the Kn
R
 cassette, a single Flp 

recognition site (FRT “scar site”) was left behind. Plasmid pCP20 was then removed by growing cells at 

42 °C. The genotypes of derived knockout strains were confirmed by whole-cell colony PCR using the 

appropriate “verification” primer sets listed in Appendix A - Table S1. 

 The DNA fragment containing the three C. acetobutylicum ATCC 824 genes (cftA-ctfB-adc) 

under the control of the Pthl was PCR-amplified from pSOS95 (a kind gift of Dr. E.T. Papoutsakis, 

Delaware Biotechnology Institute, Newark, DE, USA) using the c-ctf primer set. Note that this 2.3-kb 

PCR-amplified fragment also contained the rho-independent transcriptional terminator from the clostridial 

adc gene. The amplified DNA fragment was then subcloned into the EcoRV and EcoRI restriction sites of 

pTrc99a to generate pCtfAB-adc. Similarly, to generate control plasmid pCtfAB, ctfA-ctfB under the 

control of the Pthl was PCR-amplified from pSOS95 using the primer set c-ctf-c3 and the amplified 

fragment was cloned into the EcoRV and EcoRI restriction sites of pTrc99a. To generate control plasmid 

pAdc, Pthl was PCR-amplified using primer set c-adc-c4A whereas adc was PCR-amplified using primer 

set c-adc-c4B from pSOS95. The two amplicons were then fused using Gibson enzymatic assembly (202) 

and cloned into the EcoRV and EcoRI restriction sites of pTrc99a. 
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 The two β-ketothiolases genes were PCR-amplified from the genomic DNA of the wild-type C. 

necator strain (ATCC 17699) using primer sets c-phaA1 for phaA and c-bktb1 for bktB. To generate 

plasmid pK-PhaA harboring the phaA gene under the control of the Plac promoter, the phaA amplicon was 

fused with the PCR-linearized pK184 (linearized using primer set c-pK184) using the Gibson enzymatic 

assembly. A clone with the correct transcriptional orientation of the phaA fragment with respect to the Plac 

promoter was selected and verified by DNA sequencing. The same approach was used to generate 

plasmid pK-BktB harboring the bktB gene under the control of the Plac promoter. To generate the DNA 

cartridge containing both β-ketothiolases (i.e. PhaA and BktB), the phaA and bktB were first individually 

PCR-amplified from C. necator ATCC 17699 genomic DNA using primer sets c-phaA2 and c-bktb2, 

respectively. The two DNA fragments were then transcriptionally fused with splice overlap extension 

(SOE) PCR (151) using the forward primer of c-phaA2 and the reverse primer of c-bktb2. The resulting 

fused fragment was cloned into the EcoRI restriction site of pK184. A clone with the correct 

transcriptional orientation of the phaA-bktB fragment with respect to the Plac promoter was selected and 

verified by DNA sequencing, yielding pK-PhaA-BktB. 

5.2.2 Media and cultivation conditions 

All media components were obtained from Sigma-Aldrich Co. (St Louis, MO, USA) except glucose, 

yeast extract, and tryptone which were obtained from BD Diagnostic Systems (Franklin Lakes, NJ, USA). 

Media was supplemented with antibiotics as required (30 µg mL
-1

 kanamycin and 12 µg mL
-1 

chloramphenicol). For ketone production, the ketogenic (i.e. ketone-producing) E. coli strains (stored as 

glycerol stocks at -80 °C) were streaked on LB agar plates with appropriate antibiotics and incubated at 

37 °C for 16 h. Single colonies were picked from LB plates to inoculate 30-mL SB medium (32 g l
-1

 

tryptone, 20 g l
-1

 yeast extract, and 5 g l
-1

 NaCl) with appropriate antibiotics in 125-mL conical flasks. 

Overnight cultures were shaken at 37 °C and 280 rpm in a rotary shaker (New Brunswick Scientific, NJ, 

USA) and used as seed cultures to inoculate 200 mL SB media at 1% (v/v) with appropriate antibiotics in 

1-L conical flasks. This second seed culture was shaken at 37 °C and 280 rpm for approximately 16 h. 

Cells were then harvested by centrifugation at 6,000 × g and 20 °C for 15 min and resuspended in 100-

mL fresh LB media. The suspended culture was used to inoculate a 1-L stirred-tank bioreactor (CelliGen 

115, Eppendorf AG, Hamburg, Germany) to obtain a target initial optical density at 600 nm of ~5.5 (i.e. 

~3.5 g l
-1

) and operated anaerobically, microaerobically, or semi-aerobically at 30 °C and 430 rpm. The 

semi-defined production medium in the bioreactor contained 30 g l
-1

 glycerol or 30 g l
-1

 glucose, 0.23 g l
-1

 

K2HPO4, 0.51 g l
-1

 NH4Cl, 49.8 mg l
-1

 MgCl2, 48.1 mg l
-1

 K2SO4, 1.52 mg l
-1

 FeSO4, 0.055 mg l
-1

 CaCl2, 
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2.93 g l
-1

 NaCl, 0.72 g l
-1

 tricine, 10 g l
-1

 yeast extract, 10 mM NaHCO3, 0.2 µM cyanocobalamin (vitamin 

B12) and trace elements (2.86 g l
-1

 H3BO3, 1.81 g l
-1

 MnCl2•4H2O, 0.222 g l
-1

 ZnSO4•7H2O, 0.39 g l
-1

 

Na2MoO4•2H2O, 79 µg l
-1

 CuSO4•5H2O, 49.4 µg l
-1

 Co(NO3)2•6H2O) (179), appropriate antibiotics, and 

supplemented with 0.1 mM isopropyl β-D-thiogalactopyranoside (IPTG). Anaerobic conditions were 

maintained by constant bubbling of nitrogen into the bulk culture at 0.1 vvm (volume of air/volume of 

bioreactor/min). Microaerobic conditions were maintained by purging air into the headspace at 0.1 vvm. 

Semi-aerobic conditions were maintained by purging air into the bulk culture at 0.1 vvm. The pH of the 

production culture was maintained at 7.0 ± 0.1 with 30% (v/v) NH4OH and 15% (v/v) H3PO4. All 

cultivation experiments were performed in duplicate.  

5.2.3 Offline analyses and metabolite detection 

Culture samples were appropriately diluted with saline for measuring the optical cell density (OD600) 

using a spectrophotometer (DU520, Beckman Coulter, Fullerton, CA). Cell-free supernatant was 

collected and filter sterilized for titer analysis of glycerol, and various metabolites using an HPLC (LC-

10AT, Shimadzu, Kyoto, Japan) with a refractive index detector (RID-10A, Shimadzu, Kyoto, Japan) and 

a chromatographic column (Aminex HPX-87H, Bio-Rad Laboratories, CA, USA). The column 

temperature was maintained at 65 °C and the mobile phase was 5 mM H2SO4 (pH 2.0) running at 0.6 mL 

min
-1

. The RID signal was acquired and processed by a data processing unit (Clarity Lite, DataApex, 

Prague, The Czech Republic). While HPLC was used as the primary analytic method for quantification, 

the identity of all volatile metabolites (i.e. acetone, butanone, ethanol and 1-propanol) was also verified 

by GC equipped with a flame ionization detector (FID). The GC system is a Agilent 6890 series (Agilent 

Technologies, Santa Clara, CA, USA) with a J & W Scientifics DB Wax column (30 m x 0.53 mm, film 

thickness 1 µM) (Agilent Technologies, Santa Clara, CA, USA). The oven program was set as following: 

initial temperature was set at 80 ºC for 5 min, then ramped to 230 ºC at 7.5 ºC min
-1

, and continued to 

ramp to 260 ºC at a faster rate at 10 ºC min
-1

 followed by maintaining that temperature for the analysis. 

The FID detector was held at 330 °C. The injection volume was 1 μl, injected at a 15:1 split ratio. Helium 

was used as the carrier gas. 

5.2.4 RNA extraction, microarray hybridization, and gene expression analyses 

Two aliquots of 1-mL culture samples of CPC-Sbm cultivated anaerobically with glycerol or glucose as 

the major carbon sources were collected in the mid-exponential growth phase. Total RNA extraction was 

performed in duplicate for each sample using High Pure RNA Isolation Kit (Roche Diagnostics, 

Indianapolis, IN, USA) according to the manufacturer's instructions. The integrity of extracted total RNA 
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was verified by agarose gel electrophoresis, and the RNA quality was evaluated based on the 

concentration and the OD260/280 and OD260/230 ratios. Samples were adjusted to a final concentration of 1 μg 

μL
-1

 total RNA. Duplicate aliquots of 100 μL of the total RNA samples were subjected to microarray 

transcriptomic analysis (conducted in the Centre for Applied Genomics at the Hospital for Sick Children, 

Toronto, Ontario, Canada) using Affymetrix E. coli Genome 2.0 GeneChips (Santa Clara, CA, USA). 

Statistical data analyses, bioinformatic annotation, and retrieval of hybridization intensity raw data from 

the microarray experiments were carried out using Bioconductor version 3.0 (www.bioconductor.org) and 

supporting R-Project Bioconductor statistical tools packages (CRAN-Comprehensive R Archive 

Network, www.cran.r-project.org) (203-205). Normalized gene expression values and expression 

summaries were generated for each array chip using the Bioconductor Robust Multichip Average (RMA) 

normalization package with default parameters for raw data background correction, quantile 

normalization, and signal summation. The ‘limma’ package of the Bioconductor project was used to 

identify differentially expressed genes. Annotation of the probe sets was performed using the Affymetrix 

‘E. coli-2’ annotation file. 

5.3 Results 

5.3.1 Implementation of synthetic pathway for ketone production in E. coli 

A prerequisite for in vivo butanone biosynthesis via our proposed pathway is the intracellular presence of 

propionyl-CoA. This can be provided by activation of the Sbm pathway for extended dissimilation of 

succinyl-CoA (Figure 5.1) (199). For molecular hetero-fusion of propionyl-CoA with acetyl-CoA to form 

3-ketovaleryl-CoA, two promiscuous β-ketothiolase genes (i.e. phaA and bktB from C. necator) were 

expressed either individually (using pK-PhaA or pK-BktB) or in combination (using pK- PhaA-BktB) for 

CoA-dependent chain elongation. Note that PhaA and BktB have enzymatic specificity towards short-

chain and long-chain CoA-molecules, respectively (200). On the other hand, β-ketothiolases can also 

mediate homo-fusion of two acetyl-CoA moieties into acetoacetyl-CoA. For subsequent ketone 

biosynthesis through thioester hydrolysis and decarboxylation of 3-ketovaleryl-CoA and acetoacetyl-

CoA, we introduced the clostridial acetone-formation pathway by fusing the three relevant genes in the 

transcriptional order of ctfA-ctfB-adc in plasmid pCtfAB-Adc for episomal expression under the 

regulation of the Pthl promoter. Each of the β-ketothiolase expression plasmids (i.e. pK-PhaA, pK-BktB, 

and pK-PhaA-BktB) were co-transferred with pCtfAB-Adc into CPC-Sbm to generate ketogenic strains 

CPC-MEKCon1, CPC-MEKCon2 and CPC-MEK, respectively (Table 5.1 and Figure 5.2). 

 

http://www.cran.r-project.org/
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Figure 5.2: Synthetic biology strategies used for heterologous production of butanone in engineered 

E. coli.  

The ketone biosynthetic pathway consisted of three modules: (1) the chromosomally activated Sbm 

pathway in CPC-Sbm for supply of propionyl-CoA, (2) a set of promiscuous β-ketothiolases (i.e. PhaA 

and BktB) expressed independently or in tandem to generate the CoA-dependent chain elongation 

pathway for either homo-fusion of acetyl-CoA or hetero-fusion of acetyl-CoA and propionyl-CoA, (3) the 

clostridial acetone-formation pathway (i.e. CtfAB-Adc) for thioester hydrolysis of the fused CoA-

intermediate and subsequent decarboxylation. All three modules were assembled together to generate 

various ketone production strains, i.e. CPC-MEKCon1 contained modules 1, 2A, and 3, CPC-MEKCon2 

contained modules 1, 2B, and 3, and CPC-MEK contained modules 1, 2C, and 3. The single-gene 

knockouts (i.e. adhE, pta, glpD and dhaK) are all variants of the parent ketogenic strain CPC-MEK. 

 

 To demonstrate ketone production, CPC-MEKCon1, CPC-MEKCon2, and CPC-MEK were 

cultivated in a bioreactor. However, culture conditions appear to critically affect ketone production. 

Previously, it was shown that glycerol, with a higher degree of reduction, outperformed glucose as the 

major carbon source for anaerobic cultivation of the propanogenic E. coli (199). Comparative 

transcriptomic analysis of the propanogenic strain CPC-Sbm cultivated with glucose or glycerol also 

indicated that most of the Sbm operon genes were upregulated when glycerol was used as the major 

carbon source (Appendix A – Figure S1). Nevertheless, glycerol dissimilation was significantly 
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hampered by anaerobiosis (199) and anaerobic cultivation conditions normally favor alcohologenesis. 

Given that ketones are less reduced than alcohols, their biosynthesis may require a more aerobic 

environment. Consequently, in addition to strict anaerobiosis, microaerobic and semi-aerobic conditions 

were also established by purging air at a low flow rate of 0.1 vvm into the headspace and the bulk culture, 

respectively, while all other cultivation parameters remained the same. These culture conditions were 

used to characterize CPC-MEKCon1, CPC-MEKCon2, and CPC-MEK for their ketone-producing 

capacity and the cultivation results are summarized in Figure 5.3, Appendix A – Figure S2 and Table 

S2.  

 

 

Figure 5.3: Constructing the biosynthetic pathway for ketone production in E. coli.  

Final metabolite titers including acetone and butanone under microaerobic cultivations of the ketogenic 

strains (A) CPC-MEKCon1 and (B) CPC-MEKCon2 using 30 g l
-1

 glycerol as the major carbon source. 

Final metabolite titers including acetone and butanone under (C) microaerobic cultivation and (D) semi-

aerobic cultivation of the ketogenic strain CPC-MEK using 30 g l
-1

 glycerol as the major carbon source. 

All of the strains were induced at the start of the batch cultivation with 0.1 mM IPTG. Error bars 

represent s.d. (n = 2). The metabolite distribution (denoted as the fraction of spent glycerol converted to a 

specific metabolite) is indicated above each bar.  

 

 Glycerol dissimilation and cell growth were low upon anaerobic cultivation of these E. coli 

strains (data not shown), but were much improved by introducing oxygenic conditions. While CPC-

MEKCon1 and CPC-MEKCon2 were competent producers of acetone, only trace levels of butanone was 

detected in these strains under microaerobic cultivation conditions (Figure 5.3A-3B, Appendix A –  

Figure S2A, S2B and Table S2). Interestingly, heterologous expression of both β-ketothiolases, PhaA 

and BktB in CPC-MEK greatly augmented ketone production under microaerobic cultivation conditions 

with 0.43 g l
-1

 acetone and 0.33 g l
-1

 butanone (Figure 5.3C, Appendix A – Figure S2C and Table S2). 
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Semi-aerobic cultivation consumed 30 g l
-1

 glycerol in 19 h compared to 45 h for microaerobic cultivation 

and had higher ketone titers (i.e. 1.53 g l
-1

 acetone and 0.82 g l
-1

 butanone, respectively) with the total 

ketone production accounting for ~23% of the dissimilated glycerol (Figure 5.3D, S2D and Appendix A 

– Table S2). More oxygenic conditions by further increasing the air-purging rate to 1 vvm into the bulk 

culture, however, impaired ketone production with most dissimilated glycerol being directed toward 

acidogenesis (namely the formation of acetate and propionate) and biomass formation (data not shown). 

Accordingly, unless otherwise specified, subsequent cultivations were conducted under semi-aerobic 

conditions using glycerol as the major carbon source. Note that no ketones or other major metabolites 

were detected when glycerol was not supplemented in the medium and no ketones were detected with 

CPC-MEKCon3 or CPC-MEKCon4, in which ctfAB or adc was expressed independently (Table 5.1 and 

Appendix A – Table S2), suggesting that all carbon among fermentative end-products are derived from 

glycerol and that all three enzymatic components of the clostridial acetone-formation pathway are 

required for ketone synthesis under these culture conditions. On the other hand, non-propanogenic E. coli 

BW-∆ldhA harboring pK-PhaA-BktB and pCtfAB-Adc produced trace amounts of acetone only, but not 

butanone (data not shown), implying that propionyl-CoA acts as a precursor for butanone biosynthesis. 

Lastly, for pK-PhaA-BktB, IPTG induction was critical for functional expression of β-ketothiolases in 

CPC-MEK (Appendix A – Table S2). These control experiments not only confirmed functional 

expression of the two heterologous β-ketothiolases of PhaA and BktB but also their synergistic effects on 

CoA-dependent chain elongation, particularly associated with the substrate of propionyl-CoA.  

5.3.2 Engineering of E. coli to enhance ketone biosynthesis  

5.3.2.1 Effect of blocking alcohologenesis 

While cell growth and glycerol dissimilation were improved by introducing oxygenic conditions to favor 

ketone biosynthesis in CPC-MEK, the formation of ethanol and 1-propanol may represent competing 

pathways, particularly under microaerobic conditions. Hence, we further manipulated CPC-MEK by 

disrupting the adhE gene encoding alcohol dehydrogenase, and the ketone-producing capacity of the 

resulting mutant CPC-MEK∆adhE was characterized (Figure 5.4A, 5.4B, Appendix A – Figure S3A, 

S3B and Table S3). As expected, inactivation of adhE abolished the formation of ethanol and 1-propanol 

without harming cell growth and glycerol dissimilation. Under microaerobic conditions, ketone 

production was significantly enhanced with abolished alcohologenesis, from 0.43 g l
-1

 acetone and 0.33 g 

l
-1

 butanone for CPC-MEK to 0.84 g l
-1

 acetone and 0.94 g l
-1

 butanone for CPC-MEK∆adhE. Such 
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improvement was less drastic under semi-aerobic conditions with ~30% increase in butanone titer, i.e. 

from 0.82 g l
-1

 for CPC-MEK to 1.07 g l
-1

 for CPC-MEK∆adhE.  

 

Figure 5.4: Enhancing ketone production in engineered E. coli.  

Final metabolite titers for (A) microaerobic cultivation of CPC-Sbm∆adhE (B) semi-aerobic cultivation 

of CPC-Sbm∆adhE (C) semi-aerobic cultivation of CPC-Sbm∆pta (D) semi-aerobic cultivation of CPC-

Sbm∆glpD (E) semi-aerobic cultivation of CPC-Sbm∆dhaK using 30 g l
-1

 glycerol as the major carbon 

source. All of the strains were induced at the start of the batch cultivation with 0.1 mM IPTG. Error bars 

represent s.d. (n = 2). The metabolite distribution (denoted as the fraction of spent glycerol converted to a 

specific metabolite) is indicated above each bar.  
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5.3.2.2 Effect of blocking acidogenesis 

While ketone-producing capacity for CPC-MEK was enhanced by introducing oxygenic conditions, this 

aeration strategy also elevated acidogenesis with the sum of the titers of acetate and propionate 

accounting for up to ~40% of dissimilated glycerol (Appendix A – Table S2), a phenotype also observed 

in the adhE-null mutant CPC-MEK∆adhE. Accordingly, we inactivated the phosphotransacetylase (Pta)-

acetate kinase (AckA) pathway in CPC-MEK, and the ketone-producing capacity of the resulting mutant 

CPC-MEK∆pta was characterized (Figure 4.4C, S3C and Appendix A – Table S3). Inactivation of the 

Pta-AckA pathway significantly redistributed metabolites. While it was expected that knocking out pta 

would drastically reduce acidogenesis, alcohologenesis was also abolished in CPC-MEK∆pta, resulting in 

the production of acetone (2.0 g l
-1

) and butanone (0.94 g l
-1

). However, these metabolic perturbations led 

to severe carbon loss, with the entire accumulated metabolites only accounting for 31% of dissimilated 

glycerol. 

5.3.3 Manipulating glycerol dissimilation to enhance ketone biosynthesis 

In E. coli, two alternative pathways, i.e. the respiratory GlpK-GlpD and fermentative GldA-DhaK 

pathways (206), mediate dissimilation of glycerol prior to their merging with the glycolytic trunk. We 

recently observed that, upon genomic activation of the Sbm operon, the pathway utilization for glycerol 

dissimilation can potentially affect carbon flux competition between the C2- and C3-fermentative 

pathways (199, 207). To assess the contribution of the two glycerol dissimilation pathways to the 

production of the C3-fermentative products, we first engineered CPC-Sbm by inactivating either of the 

two pathways, resulting in the derivation of two mutant strains, i.e. CPC-Sbm∆glpD and CPC-Sbm∆dhaK 

containing a single deletion in glpD and dhaK, respectively, and their cultivation performance were 

evaluated (Appendix A – Figure S4A-C and Table S3). Inactivating either pathway resulted in major 

changes in biomass formation, carbon flux distribution, and metabolite profile. In comparison to the 

parental strain CPC-Sbm, lower alcohologenesis and increased acidogenesis were observed for both 

knockout mutants with propionate titers of 5.2 g l
-1 

for CPC-Sbm∆glpD and 11.8 g l
-1 

for CPC-

Sbm∆dhaK. The substantial increase in the C3:C2-fermentative product ratio as well as the 

propionate:acetate ratio for CPC-Sbm∆dhaK compared to CPC-Sbm (Appendix A – Figure S4D) 

suggests that inactivating the fermentative glycerol dissimilation pathway could be used to modulate the 

“flux competition” between the C2- and C3-fermentative pathways. To potentially increase the level of 

propionyl-CoA, initial glycerol dissimilation should be channeled through the respiratory pathway.  
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 To further evaluate the ketone-producing capacity of these mutant strains, CPC-Sbm∆glpD and 

CPC-Sbm∆dhaK were transformed with pK-PhaA-BktB-and pCtfAB-Adc to generate strains CPC-

MEK∆glpD and CPC-MEK∆dhaK, respectively. Semi-aerobic cultivations of these resulting strains were 

conducted and the results are summarized in Figure 5.4D, 5.4E, Appendix A – Figure S5A, S5B and 

Table S3. For both mutants with slightly reduced glycerol dissimilation rates compared to the parental 

strain CPC-MEK, alcohologenesis was completely abolished and acidogenesis was significantly reduced. 

The dissimilated glycerol was primarily directed toward biomass formation with limited ketone 

production (i.e. 0.60 g l
-1

 acetone and 0.64 g l
-1

 butanone) for CPC-MEK∆glpD. However, higher-level 

ketogenesis was observed for CPC-MEK∆dhaK, leading to co-production of 2.89 g l
-1

 acetone and 1.3 g l
-

1
 butanone. The theoretical yields of acetone and butanone based on our proposed biosynthetic pathways 

with glycerol as the substrate are 0.315 g/g and 0.39 g/g, respectively. As a result, our reported data for 

CPC-MEK∆dhaK cultivation (i.e. 0.0963 g-acetone/g-glycerol and 0.0433 g-butanone/g-glycerol) 

suggests that approximately 42% of glycerol was utilized toward ketone biosynthesis. To our knowledge, 

this also represents one of the highest reported butanone titers for microbial production. 

5.4 Discussion  

Implementing recursive pathways into genetically tractable microorganisms is particularly useful for the 

production of longer-chain chemicals, as the key bond-forming functional group of the substrate is 

regenerated in each reaction cycle (208). Herein, we further engineered propanogenic E. coli strains by 

episomally expressing; (1) a set of promiscuous β-ketothiolases (i.e. PhaA and BktB) from C. necator for 

CoA-dependent chain elongation for either homo-fusion of acetyl-CoA or hetero-fusion of acetyl-CoA 

and propionyl-CoA, and (2) a clostridial acetone-formation pathway for thioester hydrolysis of the fused 

CoA-intermediate and subsequent decarboxylation. Note that PhaA and BktB can synergistically enhance 

CoA-dependent chain elongation and, therefore, the strain’s ketone-producing capacity. The genetic 

strategies led to the derivation of E. coli strains for the co-production of acetone and butanone.  

Since the CoA-dependent chain elongation reaction catalyzed by β-ketothiolases can be a major 

kinetic barrier (209), ensuring the abundance of key precursors of acetyl-CoA and propionyl-CoA 

becomes crucial. Activation of the Sbm pathway not only directed dissimilated carbon flux toward the 

propionyl-CoA node but also established an intracellular flux competition between the C2- and C3-

fermentative pathways. Carbon source also appears to critically affect such competition. Glycerol was 

more effective than glucose as the major carbon source for cultivation of E. coli CPC-Sbm for 1-propanol 

production (199), implying a more active Sbm pathway and a higher propionyl-CoA level under such 
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conditions. This observation was further corroborated by a comparative transcriptomic analysis of CPC-

Sbm cultivated with glucose or glycerol (Appendix A – Figure S1). Compared to glucose, several of the 

Sbm operon genes and other glycolytic enzyme genes, such as pckA and ppsA, were upregulated in cells 

cultivated with glycerol. TCA cycle genes, including sdhB, sucC, sucD, sucA, and sucB, in the pathway 

toward the node of succinyl-CoA (i.e. the starting precursor into the Sbm pathway) were also upregulated. 

Furthermore, given that ketones are less reduced than alcohols, ketogenic E. coli should not be cultivated 

under strict anaerobic conditions, which not only impacts glycerol dissimilation but also favors 

alcohologenesis. Under slightly oxygenic (i.e. microaerobic or semi-aerobic) conditions, not only cell 

growth and glycerol dissimilation were improved but also cell’s capacity for redox-balanced biosynthesis 

of metabolites through anaerobic fermentation was preserved. Our results suggest that ketone production 

was most effective under semi-aerobic conditions. Interestingly, both CtfAB and Adc enzymes from 

anaerobic clostridia appear to be active under such culture conditions. 

Disruption of adhE completely abolished alcohologenesis and increased acetone and butanone 

titers by more than two fold under microaerobic conditions. In addition to carbon flux redirection, the 

enhanced ketogenesis can be associated with potential elimination of alcohol inhibition of clostridial CoA 

transferase (210). Our results also contrast an earlier observation that ethanol formation is necessary for 

respiro-fermentative utilization of glycerol (206). While such genetic effect on enhancing ketogenesis was 

limited under semi-aerobic conditions for acetone, the butanone titer was increased by ~30%. Also, note 

that the enhanced ketogenesis appeared to occur simultaneously with increased propionate titers and 

reduced acetate titers, suggesting that knocking out adhE can potentially enhance intracellular propionyl-

CoA pool by limiting 1-propanol formation.  

On the other hand, knocking out pta significantly reduced acidogenesis while completely 

abolishing alcohologenesis, resulting in an almost homo-ketogenic behavior. These results are similar to 

those of a previous study of semi-aerobic cultivation with glycerol as the major carbon source, in which 

the inactivation of the Pta-Ack pathway led to significant changes in the distribution of metabolites, 

namely reduced ethanol production and an overall increase in oxidized metabolites (206). Note that acetyl 

phosphate, the intermediate in the Pta-AckA pathway, serves as an important metabolite for global 

regulation of gene expression and other fundamental processes and inactivating this pathway can 

potentially induce metabolic complications (211). For instance, elimination of acetyl phosphate can lead 

to inadequate turnover of the sigma factor RpoS and an overall reduction in growth and metabolite 

formation (212, 213). Although this phenomenon is well known and its etiology is not fully understood, it 
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could be associated with the depletion of free intracellular CoA moieties caused by low rates of acetyl-

CoA turnover (208). Furthermore, while the residual acetate can be produced via decarboxylation of 

pyruvate catalyzed by pyruvate oxidase (encoded by poxB) (206), whereas the residual propionate can be 

mediated by propionyl-CoA/succinyl-CoA transferase (encoded by ygfH), the homo-ketogenic behavior 

of this strain did not lead to higher ketone yields. Such low-level ketogenesis can be potentially associated 

with low acid production since, for acetone-butanol-ethanol (ABE) fermentation in clostridia, acetone 

production is coupled with acetate/butyrate uptake via CoA-transferase for continuous regeneration of 

acetyl-CoA/butyryl-CoA (214). It is thus difficult to decouple acidogenesis from ketogenesis without 

hampering cell growth and glycerol dissimilation. An alternative approach for coping with 

acetate/propionate accumulation can be recycling of excreted acetate/propionate to form acetyl-CoA in an 

ATP-dependent manner by overexpressing acetyl-CoA synthetase (encoded by acs) (215). Other 

strategies include establishing thioesterase-mediated ketone production platforms by relying on acetate-

independent pathways (216) or fatty acid β-oxidation pathways (217).  

 Our results show that directing initial glycerol dissimilation through the respiratory GlpK-GlpD 

pathway can enhance butanone production, potentially due to an increased level of propionyl-CoA. A 

critical factor limiting biosynthesis based on the use of glycerol is the diversion of carbon flux at the 

phosphoenolpyruvate (PEP) node toward being a phosphate donor to support glycerol dissimilation via 

the fermentative GldA-DhaK pathway. Such competing need for PEP as a phosphate donor is eliminated 

in the mutant CPC-MEK∆dhaK, ostensibly increasing the PEP pool. The increased PEP pool potentially 

enhances propionyl-CoA production as more carbon flux is diverted toward oxaloacetate (OAA) via the 

anaplerotic reactions catalyzed by the endogenous PEP carboxylase or PEP carboxykinase (encoded by 

ppc or pckA, respectively) (206, 218, 219). Similar to other Gram-negative bacteria that utilize glycerol 

(e.g. Klebsiella pneumonia), inactivating the fermentative GldA-DhaK pathway in E. coli also enhances 

acetate formation (206, 220). Inactivating dhaK is known to decrease the NADH/NAD
+
 ratio, thus 

reducing the biosynthesis of reduced products such as ethanol and 1-propanol. The cell potentially 

compensates for the NADH deficiency by enhancing acetate formation for ATP production (206, 220). 

An increase the PEP pool can also result in the decarboxylation of pyruvate to acetate catalyzed by PoxB 

(221). On the other hand, routing glycerol dissimilation through the fermentative GldA-DhaK pathway in 

mutant strain CPC-MEK∆glpD can enhance such PEP competition and divert the carbon flux away from 

the C3-fermentative pathway, resulting in less butanone production. Also note that GlpD plays a role in 

balancing the intracellular PEP and OAA pools (219, 222), and such function appears to be critical for 

directing more carbon flux toward the propionyl-CoA node for butanone biosynthesis. 
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 In summary, in this chapter we demonstrated the engineering E. coli for co-production of acetone 

and butanone was demonstrated with up to 42% of spent carbon source of glycerol being utilized toward 

ketone biosynthesis. While the current results appear to be promising, large-scale production will require 

derivation of superior ketogenic strains by targeting key steps in the ketone production pathway, 

eliminating latent metabolic bottlenecks and imbalances, and substantially reducing byproduct formation. 

For instance, 3-ketovaleryl-CoA and acetoacetyl-CoA are converted to 3-oxopentoate and acetoacetate, 

respectively, via the clostridial CoA transferase with the use of acetate as the major CoA acceptor, 

resulting in recycling of acetyl-CoA. We are exploring several higher-chain CoA transferases (e.g. 3-

oxoadipate: succinyl-CoA transferase), which can potentially use propionate or succinate as the CoA 

acceptor and promote recycling of propionyl-CoA. Note that butanone (and to a less extent acetone) can 

also be used as an intermediate for the biological conversion of other value-added products such as ethyl 

esters (223) and secondary alcohols such as 2-butanol (197) and isopropanol (224). Lastly, in addition to 

medium chain methyl ketones, CoA-dependent elongation pathways can also be applied for biosynthesis 

of several other long chain oleochemicals such as fatty acid ethyl-esters, fatty alcohols and amines, 

paraffins, and olefins (225, 226), thus expanding the scope of whole-cell biocatalytic platforms. 
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Chapter 6 

Engineering propanogenic E. coli for direct biosynthesis of poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) using unrelated carbon sources 

Chapter Abstract 

In this chapter, we further expanded the utility of our developed propanogenic E. coli for the production 

of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [also referred to as PHBV or P(3HB-co-3HV)], a 

commercial biodegradable plastic from a single unrelated carbon source (i.e. glucose or glycerol). To 

enable P(3HB-co-3HV) biosynthesis in our propanogenic E. coli, two metabolic strategies were 

implemented. First, two acetyl-CoA moieties or acetyl-CoA and propionyl-CoA were condensed to 

generate the C4 and C5 thioesters 3-hydoxybutyryl-CoA and 3-ketovaleryl-CoA, respectively, by 

functionally expressing a set of β-ketothiolases from C. necator (i.e. PhaA and BktB). Next, the resulting 

intermediates were channeled into the C. necator PHA biosynthetic pathway, which was implemented by 

functionally expressing PhaB and PhaC, for subsequent thioester reduction and polymerization. In 

addition to the above synthetic approaches, various biochemical, genetic, and metabolic factors and 

cultivation strategies were also systematically explored to not only enhance total PHA content but also the 

3HV monomer fraction in the copolymer. Using the derived polymer-accumulating E. coli strains for 

batch cultivation, we achieved 3HV fractions ranging from 3 mol% to 19 mol% in 3HV in total polymer, 

thus demonstrating the potential industrial applicability of these whole-cell biocatalysts.  
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6.1 Background 

Since the 1970s, petroleum (mineral oil) derived plastics (i.e. traditional plastics) have been the most used 

material in the world, and are used extensively for myriad domestic, medical, and commercial 

applications (227, 228). On a global scale, it is estimated that approximately 200 million tons of 

polymeric material is now manufactured each year (228). Nevertheless, mounting concerns over fossil 

fuel prices, depletion, and climate change and environmental problems have created a renewed impetus in 

the search for more sustainable bio-based production platforms (227, 228). Another serious issue against 

unfettered use of traditional plastics is their recalcitrance with respect to environmental degradation (227). 

For these reasons, natural biodegradable bacterial polyesters such as polyhydroxyalkanoates (PHAs) have 

attracted considerable research interest as promising candidates to substitute for petroleum-based plastics. 

PHAs are produced by diverse Gram-negative and Gram-positive bacteria, including those from the 

genera Cupriavidus, Pseudomonas, and Bacillus, and exist as insoluble cytoplasmic granules for use as 

carbon storage and reducing potential (229-231). Being polyesters of various (R)-hydroxycarboxylic acids 

monomers, PHAs can exhibit properties ranging from thermoplastic elastomers to viscous liquids 

depending on their monomeric composition (231, 232). 

 The most well-characterized and naturally abundant member of PHAs is poly(3-hydroxybutyrate) 

(PHB) (231, 233). PHB is derived from acetoacetyl-CoA, a C4 biogenic intermediate that is formed via 

Claisen condensation of two acetyl-CoA moieties by the action of a β-ketothiolase (PhaA). Acetoacetyl-

CoA is reduced to (R)-3-hydroxybutyryl-CoA (3HB-CoA) by an NADPH-dependent acetoacetyl-CoA 

reductase (PhaB) and subsequently incorporated into the growing polymer by PHA polymerase/synthase 

(PhaC) (230). Similar to other short-chain PHA homopolymers, PHB has a high degree of crystallinity 

and a high melting temperature. Therefore, it has a limited range of applicability as an industrial plastic 

material as it is too brittle and stiff to be processed (229, 234). Accordingly, there have been numerous 

attempts to develop bioprocess schemes based on incorporating longer chain (R)-hydroxycarboxylic acids 

monomers in PHB to generate copolymers with increased toughness, ductility and impact strength and 

lower stiffness and crystallinity (299). 

 Historically, the random copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-

3HV)] has been the most extensively studied 3HB-based copolymer and was commercially sold by 

Imperial Chemical Industries and later Monsanto under the tradename Biopol™ (235, 236). P(3HB-co-

3HV)] is a coalesce of monomers 3HB and (R)-3-hydroxyvalerate (3HV) and is synthesized from 

precursors acetyl-CoA and propionyl-CoA in an analogous manner to that of PHB (Figure 6.1) (235, 
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237). While Monsanto had several P(3HB-co-3HV)-based biodegradable products in the pipeline such as 

molded bottles, films, coatings, and even biochemical devices, the company withdrew from the 

biopolymer market in 1998 citing high production costs as a major deterrent to Biopol™ 

commercialization (231, 238). When P(3HB-co-3HV) was produced on an industrial-scale, the 3HV 

monomer fraction was generated in vivo by feeding glucose and a second related carbon source (i.e. 

propionate or valerate) to cultures of C. necator, a natural producer of PHAs (231, 235, 236). Although 

monomer composition of the copolymer can be controlled via exogenous supplementation of propionate 

or valerate to the cultivation medium, the addition of these related carbon sources is prohibitively 

expensive and can often negatively impact cell growth and culture performance (226). Thus, many recent 

metabolic engineering efforts have focused on expanding the chemical diversity of whole-cell biocatalysts 

for de novo synthesis of propionyl-CoA from single unrelated carbon sources (e.g. glucose or glycerol) 

for the production of P(3HB-co-3HV). 

 In this chapter, we describe the implementation of a metabolic pathway in the genetically 

tractable organism E. coli for direct propionate-independent biosynthesis of P(3HB-co-3HV) using 

glucose or glycerol as sole carbon sources. To generate the required 3HV monomer fraction for 

incorporation in PHB, we first introduced a facile and efficient catalytic node toward high-level 

production of the non-native precursor propionyl-CoA. Organisms more amenable to genetic 

manipulations such as E. coli or yeast do not posses metabolic enzymes or utilize alternative pathways for 

propionyl-CoA anabolism (239). However, a popular approach to enable propionyl-CoA metabolism has 

been via the extended dissimilation of 2-ketobutyrate, derived from the tricarboxylic acid cycle (TCA) 

intermediate oxaloacetate, and has served as the basis for the production of several unnatural odd-chain 

biofuels, organic acids, and also for the controlled biosynthesis of 3HV and P(3HB-co-3HV). In the 

previous chapters, we demonstrated the heterologous production of 1-propanol and propionate based on 

the genomic activation of the quiescent yet functional sleeping beauty mutase operon in E. coli (173, 199, 

225) This four-gene operon (i.e. sbm-ygfD-ygfG-ygfH) encodes various enzymes involved in the 

cataplerotic conversion of the TCA intermediate succinyl-CoA to propionyl-CoA, resulting in the 

production of non-native C3-metabolites 1-propanol and propionate (Figure 6.1) (148). As a result, 

genomic activation of the Sbm pathway not only transforms E. coli to be propanogenic/propionogenic, 

but also introduces an intracellular “carbon flux competition” between the traditional C2-fermentative 

pathway (forming acetate and ethanol) and the novel C3-fermentative pathway (forming propionate and 

1-propanol).  
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Figure 6.1: Schematic representation of the synthetic biology and metabolic strategies used to 

establish the P(3HB-co-3HV) biosynthetic pathway in engineered propanogenic/propionogenic E. 

coli (on previous page). 

Heterologous enzymes from Cupriavidus necator (CN) are shown in green text. The fermentative 

pathway for glycerol dissimilation is presented in a light green box and the respiratory pathway for 

glycerol dissimilation is presented in a yellow box. The activated Sleeping beauty mutase (Sbm) pathway 

is presented in a purple box. Red and blue arrows represent the route to the C2- and C3-fementative 

products, respectively. The C2-fermentative pathway is presented in a red box, while the C3-fermentative 

pathway is presented in a blue box. Relevant enzymes for production of various fermentative products as 

well as the enzymes of the respiratory and fermentative glycerol pathways and the Sbm pathway are in 

blue text. 

 For P(3HB-co-3HV) biosynthesis in propanogenic/propionogenic E. coli, two more metabolic 

approaches were implemented. First, to generate the required C4 and C5 precursors 3HB-CoA and 3HV-

CoA, respectively, a CoA thioester-dependent chain elongation system was employed by functionally 

expressing a set of β-ketothiolases from C. necator (i.e. PhaA and BktB). Next, the resulting 

intermediates were channeled into the C. necator PHA biosynthetic pathway, which was implemented by 

functionally expressing PhaB and PhaC, for thioester reduction and polymerization (Figure 6.1). In 

addition to the above synthetic approaches, various biochemical, genetic, and metabolic factors and 

cultivation strategies were also systematically explored to not only enhance total PHA content but also the 

3HV monomer fraction in the copolymer. The range of 3HV fractions obtained in our developed polymer-

accumulating E. coli strains are similar to that used in Biopol
TM

 (3 mol % to 19 mol %), thus 

demonstrating the potential industrial applicability of these whole-cell biocatalysts.  

6.2 Methods 

6.2.1 Bacterial strains and plasmids 

E. coli strains, plasmids and DNA primers used in this study are listed in Table 6.1. Standard 

recombinant DNA technologies for molecular cloning were applied (150). Pfu and Taq DNA 

polymerases, T4 DNA ligase, and large (Klenow) fragment of DNA Polymerase I were obtained from 

New England Biolabs (Ipswich, MA, USA). All synthesized oligonucleotides were obtained from 

Integrated DNA Technologies (Coralville, IA, USA). DNA sequencing was conducted by the Centre for 

Applied Genomics at the Hospital for Sick Children (Toronto, Canada). E. coli BW25141 was the 

parental strain for derivation of all mutant strains in this study and E. coli HST08 was used for molecular 

cloning. 

Activation of the genomic Sbm operon to form propanogenic/propionogenic E. coli CPC-Sbm 

was described previously (199). Briefly, the FRT-Cm
R
-FRT cassette from pKD3 was PCR-amplified 
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Table 6.1: List of E. coli strains, plasmids, and oligonucleotides used in this study.  

Name Description, relevant genotype or primer sequence (5’→3’) Reference 

E. coli host strains 

HST08 
F

–
, endA1, supE44, thi-1, recA1, relA1, gyrA96, phoA, Φ80d lacZΔ M15, Δ(lacZYA – argF) U169, Δ(mrr 

– hsdRMS – mcrBC), ΔmcrA, λ
– 

Takara Bio, Shiga, 

Japan 

BW25141 
F

–
, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), Δ(phoB-phoR)580, λ-, galU95, ΔuidA3::pir+, recA1, 

endA9(del-ins)::FRT, rph-1, Δ(rhaD-rhaB)568, hsdR514 
Datsenko and 

Wanner(153) 

BW25113 F
–
, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ

–
, rph-1, Δ(rhaD-rhaB)568, hsdR514 

Datsenko and 

Wanner(153) 

BW-∆ldhA BW25113∆ldhA null mutant Srirangan et al.(173) 

CPC-Sbm-Cm
R 

BW-∆ldhA, Ptrc:sbm (i.e. with the FRT-Cm
R
-FRT-Ptrc cassette replacing the 204-bp upstream of the Sbm 

operon) 
This study 

CPC-Sbm BW-∆ldhA, Ptrc:sbm (i.e. with the FRT -Ptrc cassette replacing the 204-bp upstream of the Sbm operon) This study 

CPC-Sbm∆adhE 
BW-∆ldhA, ∆adhE, Ptrc:sbm (i.e. with the FRT -Ptrc cassette replacing the 204-bp upstream of the Sbm 

operon),  
This study 

CPC-Sbm∆pta 
BW-∆ldhA, ∆pta, Ptrc:sbm (i.e. with the FRT -Ptrc cassette replacing the 204-bp upstream of the Sbm 

operon) 
This study 

CPC-Sbm∆glpD 
BW-∆ldhA, ∆glpD, Ptrc:sbm (i.e. with the FRT -Ptrc cassette replacing the 204-bp upstream of the Sbm 

operon) 
This study 

CPC-Sbm∆dhaK 
BW-∆ldhA, ∆dhaK, Ptrc:sbm (i.e. with the FRT- Ptrc cassette replacing the 204-bp upstream of the Sbm 

operon)  
This study 

CPC-PHB BW-∆ldhA/pPhaCAB and pKBktB The study 
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CPC-PHBV CPC-Sbm/pPhaCAB and pKBktB This study 

CPC-PHBVCon1 CPC-Sbm/pPhaCAB This study 

CPC-PHBV∆adhE CPC-Sbm∆adhE/pPhaCAB and pKBktB This study 

CPC-PHBV∆pta CPC-Sbm∆pta/pPhaCAB and pKBktB This study 

CPC-PHBV∆glpD CPC-Sbm∆glpD/pPhaCAB and pKBktB This study 

CPC-PHBV∆dhaK CPC-Sbm∆dhaK/pPhaCAB and pKBktB This study 

Plasmids 

pCP20 FLP
+
, λ cI857

+
, λ pR Rep(pSC101 ori)

ts
, Ap

R
,Cm

R 
Cherepanov and 

Wackernagel (155) 

pKD46 RepA101
ts

 ori, Ap
R
, araC-ParaB:gam-bet-exo 

Datsenko and Wanner 

(153) 

pTrc99a ColE1 ori, Ap
R
, Ptrc Amann et al. (180) 

pKD3 R6K-γ ori, Ap
R
, FRT-Cm

R
-FRT 

Datsenko and Wanner 

(2000) 

pK184 p15A ori, Km
R
, Plac:lacZ’ 

Jobling and Holmes 

(156) 

pPhaCAB From pTrc99a, Ptrc:phaCAB This study 
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Notation for primers: v- verification primer, c- cloning primer, r- recombineering and g-Gibson DNA assembly primer. Restriction recognition sequences are 

underlined and homology arms for in vivo or in vitro recombination are in bold print

pKBktB From pK184, Plac:bktb This study 

Primers   

v-ldhA GATAACGGAGATCGGGAATGATTAA; GGTTTAAAAGCGTCGATGTCCAGTA Srirangan et al. (173) 

v-adhE ATCAGGTGTCCTGAACTGTGCG; TTGACCAGCGCAAATAACCCGATGA This study 

v-pta GGCATGAGCGTTGACGCAATCA; CAGCTGTACGCGGTGATACTCAGG This study 

v-dhaK CATCGAGGATAAACAGCGCA; ATCTGATAAAGCTCTTCCAGTGT This study 

v-glpD CGTCAATGCTATAGACCACATC; TATTATTGAAGTTTGTAATATCCTTATCAC This study 

c-frt 
AGATTGCAGCATTACACGTCTTGAG; 

CCAGCTGCATTAATGAATCGGGCCATGGTCCATATGAATATCCTCC 
This study 

c-ptrc CCGATTCATTAATGCAGCTGG; GGTCTGTTTCCTGTGTGAAATTGTTA This study 

r-frt:ptrc 
CTCGATTATGGTCACAAAGTCCTTCGTCAGGATTAAAGATTGCAGCATTACACGTCTTGA;  
GTTGGCAAGCTGTTGCCACTCCTGCACGTTAGACATGGTCTGTTTCCTGTGTGAAATTGT 

This study 

v-frt:ptrc GCGCTCGACTATCTGTTCGTCAGCTC; TCGACAGTTTTCTCCCGACGGCTCA This study 

g-phaCAB 
CACACAGGAAACAGACATGGCGACCGGCAAAGGC; 

CGAGCTCGAATTCCATTCAGCCCATATGCAGGCC 
This study 

c-bktb 
CATGATTACGAATTCGATGACGCGTGAAGTGGTAGTGGTGA;  

TACCGAGCTCGAATTCTCAGATGCGTTCGAAGATAGCGGCAA 
This study 
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using the primer set c-frt, whereas the trc promoter-operator region was PCR-amplified using the c-ptrc 

primer set. The two DNA amplicons were fused together by splice overlap-extension (SOE) PCR (151) 

using the forward primer of the c-frt primer set and the reverse primer of the c-ptrc primer set to generate 

the FRT-Cm
R
-FRT-Ptrc cassette. To generate the DNA cartridge for genomic integration, the FRT-Cm

R
-

FRT-Ptrc cassette was PCR-amplified using the r-frt:ptrc primer set containing the 5′- and 3′-36-bp 

homology arms, respectively. The homology arms were chosen so that the FRT-CmR-FRT-Ptrc cassette 

was inserted precisely upstream of the Sbm operon. λ-Red genomic recombineering was carried out as 

described by Datsenko and Wanner (153).  

 Gene knockouts (i.e. adhE, pta, glpD, and dhaK) were introduced into CPC-Sbm by P1 phage 

transduction (150) using the appropriate Keio Collection strains (The Coli Genetic Stock Center, Yale 

University, New Haven, CT, USA) as donors (152). To eliminate the co-transduced FRT-Km
R
-FRT 

cassette, the transductant mutants were transformed with pCP20 (155), a temperature sensitive plasmid 

expressing a flippase (Flp) recombinase. Upon Flp-mediated excision of the Km
R
 cassette, a single Flp 

recognition site (FRT “scar site”) was left behind. Plasmid pCP20 was then removed by growing cells at 

42 °C. The genotypes of derived knockout strains were confirmed by whole-cell colony PCR using the 

appropriate “verification” primer sets listed in Table 6.1. 

 The DNA fragment containing the native C. necator PHA operon genes (phaC-phaA-phaB) was 

PCR-amplified from the genomic DNA of the wild-type C. necator strain (ATCC 43291) using the g-

phaCAB primer set. The amplified DNA fragment was assembled using Gibson method (202) into vector 

pTrc99a. A clone with the correct transcriptional orientation of the phaC-phaA-phaB fragment with 

respect to the ptrc promoter was selected and verified by DNA sequencing, yielding pK-PhaCAB. 

Similarly, the β-ketothiolase gene was PCR-amplified from the genomic DNA of the wild-type C. necator 

strain (ATCC 43291) using primer set c-bktb. The resulting fragment was cloned into the EcoRI 

restriction site of pK184. A clone with the correct transcriptional orientation of the bktB fragment with 

respect to the Plac promoter was selected and verified by DNA sequencing, yielding pKBktB. 

6.2.2 Media and cultivation conditions 

All media components were obtained from Sigma-Aldrich Co. (St Louis, MO, USA) except glucose, 

yeast extract, and tryptone which were obtained from BD Diagnostic Systems (Franklin Lakes, NJ, USA). 

Media was supplemented with antibiotics as required (30 µg mL
-1

 and 12 µg mL
-1

 of kanamycin and 

chloramphenicol, respecitvely). For PHA production, the recombinant E. coli strains (stored as glycerol 

stocks at -80 °C) were streaked on LB agar plates with appropriate antibiotics and incubated at 37 °C for 
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16 h. Single colonies were picked from LB plates to inoculate 30-mL SB medium (32 g l
-1

 tryptone, 20 g 

l
-1

 yeast extract, and 5 g l
-1

 NaCl) with appropriate antibiotics in 125-mL conical flasks. Overnight 

cultures were shaken at 37 °C and 280 rpm in a rotary shaker (New Brunswick Scientific, NJ, USA) and 

used as seed cultures to inoculate 200 mL SB media at 1% (v/v) with appropriate antibiotics in 1-L 

conical flasks. This second seed culture was shaken at 37 °C and 280 rpm for approximately 16 h. Cells 

were then harvested by centrifugation at 6,000 × g and 20 °C for 15 min and resuspended in 100-mL fresh 

LB media. The suspended culture was used to inoculate a 1-L stirred-tank bioreactor (CelliGen 115, 

Eppendorf AG, Hamburg, Germany) operated microaerobically, semiaerobically, or aerobically at 30 °C 

and 430 rpm. The semi-defined production medium in the bioreactor contained 30 g l
-1

 glycerol or 30 g l
-1

 

glucose, 0.23 g l
-1

 K2HPO4, 0.51 g l
-1

 NH4Cl, 49.8 mg l
-1

 MgCl2, 48.1 mg l
-1

 K2SO4, 1.52 mg l
-1

 FeSO4, 

0.055 mg l
-1

 CaCl2, 2.93 g l
-1

 NaCl, 0.72 g l
-1

 tricine, 10 g l
-1

 yeast extract, 10 mM NaHCO3, 0.2 µM 

cyanocobalamin (vitamin B12) and trace elements (2.86 g l
-1

 H3BO3, 1.81 g l
-1

 MnCl2•4H2O, 0.222 g l
-1

 

ZnSO4•7H2O, 0.39 g l
-1

 Na2MoO4•2H2O, 79 µg l
-1

 CuSO4•5H2O, 49.4 µg l
-1

 Co(NO3)2•6H2O) (179), 

appropriate antibiotics, and supplemented with 0.1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). 

Microaerobic conditions were maintained by purging air into the headspace at 0.1 vvm. Semiaerobic 

conditions were maintained by purging air into the bulk culture at 0.1 vvm. Aerobic conditions were 

maintained by purging air into the bulk culture at 1 vvm. The pH of the production culture was 

maintained at 7.0 ± 0.1 with 30% (v/v) NH4OH and 15% (v/v) H3PO4. All cultivation experiments were 

performed in triplicate.  

6.2.3 Offline analyses and polymer extraction 

Culture samples were appropriately diluted with saline for measuring the optical cell density (OD600) 

using a spectrophotometer (DU520, Beckman Coulter, Fullerton, CA). Cell-free supernatant was 

collected and filter sterilized for titer analysis of glucose, glycerol, and the various excreted metabolites 

using an HPLC (LC-10AT, Shimadzu, Kyoto, Japan) with a refractive index detector (RID-10A, 

Shimadzu, Kyoto, Japan) and a chromatographic column (Aminex HPX-87H, Bio-Rad Laboratories, CA, 

USA). The column temperature was maintained at 65 °C and the mobile phase was 5 mM H2SO4 (pH 2.0) 

running at 0.6 mL min
-1

. The RID signal was acquired and processed by a data processing unit (Clarity 

Lite, DataApex, Prague, The Czech Republic).  

 Intracellular polymer production was evaluated by gas chromatography as described by Braunegg 

(207). Briefly, culture samples harvested from the bioreactor cultivations were pelleted by centrifugation 

at 4000 × g for 20 min, then washed twice with distilled water, and finally dried at 100°C overnight. The 
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dried cell weight (DCW) was recorded before methanolysis in 2 ml chloroform and 1 ml PHA solution 

containing 4 g/L benzoic acid (as an internal standard) and 15% sulfuric acid in methanol. Methanolysis 

was carried out at 96°C for 6 h. The reaction was then cooled to room temperature, and after addition of 1 

ml distilled water, the mixture was vortexed and allowed to separate into two phases. 1 µl of the 

chloroform phase was injected into Agilent 6890 series GC system (Agilent Technologies, Santa Clara, 

CA, USA) with a J & W Scientifics DB Wax column (30 m x 0.53 mm, film thickness 1 µM) (Agilent 

Technologies, Santa Clara, CA, USA). The oven program was set as following: initial temperature was 

set at 80ºC for 5 min, then ramped to 230ºC at 7.5ºC/min, and continued to ramp to 260ºC at a faster rate 

10ºC/min followed by maintaining that temperature for the analysis. Pure standards of methyl 3-

hydroxybutyrate and methyl 3-hydroxyvalerate (Sigma-Aldrich Co., St Louis, MO, USA) were used to 

generate calibration curves for the methanolysis assay. The PHA content was defined as the ratio of PHA 

mass to dry cell mass (DCW) in a given sample, expressed as a percentage. The 3HV fraction was defined 

as the ratio of 3HV to 3HV plus 3HB in the copolymer, expressed in mole percent. 

6.3 Results 

6.3.1 Direct biosynthesis of P(3HB-co-3HV) in E. coli 

A prerequisite to the formation of 3HV-CoA in E. coli is the intracellular presence of non-native 

propionyl-CoA as a precursor. Recently, we reported construction of propanogenic/propionogenic E. coli 

strains for heterologous production of 1-propanol (173, 199) and propionate (225) by activating the 

inherently silent sleeping beauty mutase (Sbm) operon in the host genome. The Sbm pathway serves as a 

direct route to propionyl-CoA through extended dissimilation of succinyl-CoA, a tricarboxylic acid cycle 

(TCA) intermediate (Figure 6.1). In this study, the resulting propanogenic/propionogenic E. coli, CPC-

Sbm, and its derivatives were explored as host strains to produce P(3HB-co-3HV). 

 To implement relevant pathways for the production of P(3HB-co-3HV), a double plasmid 

expression system was employed (Figure 6.1 and Table 1). First, using a β-ketothiolase encoded by the 

bktb gene from C. necator, a CoA-dependent chain elongation system was established to carry out hetero-

fusion of propionyl-CoA and acetyl-CoA and homo-fusion of two acetyl-CoA molecules to form biogenic 

intermediates 3-ketovaleryl-CoA and acetoacetyl-CoA, respectively. The bktb gene was cloned in a 

plasmid pK-BktB with a p15A replicon for its heterologous expression under the regulation of the lac 

promoter. Next, for reduction of 3-ketovaleryl-CoA and acetoacetyl-CoA to their corresponding 3-

hydroxyacyl-CoA monomers, i.e. 3-HV-CoA and 3-HB-CoA, and subsequent polymerization of them, we 
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introduced the C. necator PHA biosynthetic operon in the transcriptional order phaC-phaA-phaB in a 

plasmid pPhaCAB with a ColE1 replicon for its heterologous expression under the regulation of the trc-

promoter. To generate the PHA-producing strains CPC-PHBV and CPC-PHB, the two plasmids pK-BktB 

and pPhaCAB were co-transformed into the propanogenic strain CPC-Sbm and its non-propanogenic 

parental strain BW-∆ldhA, respectively.  

 To demonstrate PHA production from an unrelated carbon source, CPC-PHB and CPC-PHBV 

were cultivated in a bioreactor under microaerobic conditions with 30 g/L glycerol as the sole carbon 

source (Figure 6.2A-B, Appendix – B S1A-1B and Appendix – B Table S1). For CPC-PHBV, the total 

PHA content accounted for 65% dry cell weight (DCW) with 4.7 mol% of the total PHA being 3HV. On 

the other hand, for the control strain CPC-PHB, the total PHA content accounted for only 57% DCW with 

no 3HV fraction. The results suggest competent production of P(3HB-co-3HV) for propanogenic CPC-

PHBV, but not for non-propanogenic CPC-PHB. No PHA production was observed for the other control 

strains that do not harbor pPhaCAB (data not shown), indicating that the C. necator PHA biosynthetic 

operon was functionally expressed. The results also suggest that the presence of Sbm-derived propionyl-

CoA can mediate P(3HB-co-3HV) biosynthesis from an unrelated carbon source. Upon comparing CPC-

PHB and CPC-PHBV cultivations, activation of the Sbm operon ostensibly decreased both glycerol 

dissimilation rate and biomass yield, but with enhanced secretion of C2- and C3-fermentative metabolites.  
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Figure 6.2.: Establishing the biosynethic pathway for P(3HB) and P(3HB-co-3HV) copolymer formation in propanogenic/propionogenic 

E. coli.  

Major metabolite titers, total PHA content (% DCW) and 3HV in total polymer (% mol) during microaerobic cultivations of  strains (A) CPC-PHB 

and (B) CPC-PHBV using glycerol as the major carbon source. Culture performance (i.e. overall glycerol consumption and final biomass and 

metabolite concentrations) and time profiles are given in Table S1 and Appendix – B Figure S1. 
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6.3.2 Cultivation conditions for P(3HB-co-3HV) biosynthesis 

With the established pathway for direct biosynthesis of P(3HB-co-3HV) in CPC-PHBV, the effects of 

bioreactor conditions (i.e. carbon source and aerobicity) on culture performance and copolymer formation 

were investigated (Figure 6.3A–D, Appendix – B S2A–2D and Appendix – B Table S1). While the 

carbon dissimilation rate for glucose culture was much faster than that for glycerol microaerobic culture 

(i.e. taking ~54 h and ~21 h to consume 30 g/L glycerol and glucose, respectively), the biomass yield was 

reduced by 24% and the PHA yield was reduced by 10% (i.e. 5.8 g/L for glucose culture vs. 6.4 g/L for 

glycerol culture). Most importantly, the 3HV fraction of the produced PHA was also reduced (i.e. 3.2 

mol% for glucose culture vs. 4.7 mol% for glycerol culture). While the titers of the C2-fermentative 

metabolites (i.e. ethanol and acetate) for the two cultures remained similar, more C3-fermentative 

metabolites (i.e. 1-propanol and propionate) were produced for glycerol culture. Also, note that, though 

CPC-PHBV has a ∆ldhA genetic background, an unusually high lactate spill was observed for glucose 

culture. These results corroborate with our previous observations that glycerol, with a higher reductance, 

appears to be a more effective carbon source than glucose to drive more carbon flux towards the C3-

fermentative pathways when the Sbm operon is activated (199, 225).  

 On the other hand, introducing more oxygenic semiaerobic conditions into the culture 

significantly increased glycerol dissimilation rate (i.e. taking ~21 h and ~54 h to consume 30 g/L glycerol 

for semiaerobic and microaerobic cultivations, respectively) and enhanced cultivation performance. With 

a slightly higher PHA yield (i.e. 6.8 g/L for semiaerobic culture vs. 6.4 g/L for microaerobic culture), 

semiaerobic cultivation also dramatically increased the 3HV fraction of the produced PHA (i.e. 7.2 mol% 

for semiaerobic culture vs. 4.7 mol% for microaerobic culture). Note that semiaerobic cultivation resulted 

in a higher level of acidogenesis with the sum of the titers of acetate and propionate accounting for up to 

40% of dissimilated glycerol. Nevertheless, such operational change increased the C3/C2 fermentative 

metabolite ratio (i.e. 0.31 for semiaerobic culture vs. 0.11 for microaerobic culture), implying that the 

Sbm operon remained active under semiaerobic conditions. Further increasing the air-purging rate at 1 

vvm into the bulk culture (i.e. aerobic cultivation conditions), however, impaired P(3HB-co-3HV) 

production with most dissimilated glycerol being directed toward biomass formation (Figure 6.3C). 

Based on these characterization results, it appears that semiaerobic cultivation using glycerol as the major 

carbon source is most suitable for P(3HB-co-3HV) production and, therefore, all subsequent cultivations 

were conducted under this culture condition 

. 



135 

 

Figure 6.3.: Cultivation conditions for enhancing 3HV incorporation in the copolymer.  

Major metabolite titers, total PHA content (% DCW) and 3HV in total polymer (% mol) during (A) microaerobic cultivation of CPC-PHBV using 

glucose as the major carbon source or (B) semiaerobic culitvation of CPC-PHBV using glycerol as the major carbon source. (C) Major metabolite 

titers, total PHA content (% DCW) and 3HV in total polymer (% mol) during aerobic cultivation of CPC-PHBV using glycerol as the major 

carbon source. (D) Major metabolite titers, total PHA content (% DCW) and 3HV in total polymer (% mol) during semiaerobic cultivation of 

CPC-PHBVCon1 using glycerol as the major carbon source. Culture performance (i.e. overall glycerol or glucose consumption and final biomass 

and metabolite concentrations) and time profiles are given in Table S1 and Appendix – B Figure S2. 
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 Note that BktB has been previously shown to have a higher substrate specificity toward C5 

thioesters, compared to PhaA which is a short-chain-specific thiolase (200, 240). Eliminating expression 

of bktb in strain CPC-PHBVCon1 drastically reduced the 3HV monomer fraction in copolymer, 

compared with that obtained in the control strain CPC-PHBV (i.e. 2.0 mol% and 7.2 mol% for CPC-

PHBVCon1 and CPC-PHBV, respectively) under semiaerobic conditions. Thus, simultaneous expression 

the two biosynthetic thiolases of PhaA and BktB was considered synergistically ideal for P(3HB-co-3HV) 

production. 

6.3.3 Metabolic engineering of fermentative pathways to enhance P(3HB-co-3HV) biosynthesis 

While culture performance in P(3HB-co-3HV) production was markedly improved for CPC-PHBV under 

semiaerobic conditions, high-level acidogenesis was observed with an excessive accumulation of acetate 

and propionate in the culture medium. Such acidogenesis can potentially exacerbate carbon spill and 

reduce P(3HB-co-3HV) yield. Accordingly, we blocked acidogenesis by inactivating the 

phosphotransacetylase (Pta)-acetate kinase (AckA) pathway in CPC-PHBV and culture performance of 

the resultant mutant CPC-PHBV∆pta was evaluated (Figures 6.4B, Appendix – B S3B and Appendix – 

B Table S1). While the overall glycerol dissimilation rate for CPC-PHBV∆pta was slightly slower than 

that for CPC-PHBV (i.e. taking ~29 h and ~21 h to consume 30 g/L glycerol for CPC-PHBV∆pta and 

CPC-PHBV, respectively), the level of acidogenesis was significantly reduced with an abolished 

succinate production. In addition, the biomass yield for CPC-PHBV∆pta was 48% higher than that for 

CPC-PHBV with a concomitant increase in total PHA content (i.e. 66% DCW and 57% DCW for CPC-

PHBV∆pta and CPC-PHBV, respectively). Most importantly, the 3HV fraction of the produced PHA was 

increased (i.e. 8.5 mol% and 7.2 mol% for CPC-PHBV∆pta and CPC-PHBV, respectively). These results 

suggest that blocking acidogenesis can potentially lead to more effective production of P(3HB-co-3HV). 

While the level of solventogenesis was not high for CPC-PHBV, the carbon spill associated with 

alcohol formation can potentially limit P(3HB-co-3HV) biosynthesis. Therefore, we blocked 

solventogenesis in CPC-PHBV by inactivating the adhE gene encoding the fermentative bifunctional 

acetaldehyde/alcohol dehydrogenase and culture performance of the resulting mutant CPC-PHBV∆adhE 

was evaluated (Figures 6.4C, Appendix – B S3C, and Appendix – B Table S1). Compared to the 

control strain CPC-PHBV, the overall glycerol dissimilation rate for CPC-PHBV∆adhE was slower (i.e. 

taking ~33 h and ~21 h to consume 30 g/L glycerol for CPC-PHBV∆adhE and CPC-PHBV, respectively), 

whereas the 
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Figure 6.4.: Metabolic engineering strategies enhance copolymer formation.  

Major metabolite titers, total PHA content (% DCW) and 3HV in total polymer (% mol) during semiaerobic cultivations of (A) CPC-PHBV, (B) 

CPC-PHBV∆adhE and (C) CPC-PHBV∆pta using glycerol as the major carbon source. Culture performance (i.e. overall glycerol consumption 

and final biomass and metabolite concentrations) and time profiles are given in Table S1 and Appendix – B Figure S3. 
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biomass yield was 17% higher. The higher biomass yield resulted in a higher PHA yield (i.e. 7.7 g/L and 

6.8 g/L for CPC-PHBV∆adhE and CPC-PHBV, respectively). Most importantly, the 3HV fraction of the 

produced PHA was increased (i.e. 8.8 mol% and 7.2 mol% for CPC-PHBV∆adhE and CPC-PHBV, 

respectively). These results suggest that blocking solventogenesis can lead to more effective production of 

P(3HB-co-3HV) though the carbon spill as secretion of acetate and propionate accounted for 28% of 

dissimilated glycerol.  

6.3.4 Manipulation of glycerol dissimilation to enhance P(3HB-co-3HV) biosynthesis 

In E. coli, glycerol is dissimilated via two routes to form the glycolytic intermediate dihydroxyacetone 

phosphate (DHAP), i.e. (i) the GldA-DhaK route under fermentative conditions and (ii) the GlpK-

GlpD/GlpABC route under respiratory conditions (206) (Figure 6.1). Manipulation of various genes 

involved in the respiratory and fermentative pathways for glycerol dissimilation appears to be an effective 

method to drive more carbon flux toward the propionyl-CoA node (225). Among these trials, inactivation 

of either the fermentative dihydroxyacetone kinase (∆dhaK) or respiratory glycerol-3-phosphate 

dehydrogenase (∆gldA) pathway almost abolished solventogenesis with more carbon flux being shifted 

toward the C3-fermentative pathway. Accordingly, for better understanding of the effects of glycerol 

dissimilation on P(3HB-co-3HV) biosynthesis, we further engineered CPC-PHBV by inactivating either 

of the two pathways, resulting in the derivation of two mutant strains, i.e. CPC-PHBV∆dhaK and CPC-

PHBV∆glpD containing a single deletion in dhaK and glpD, respectively, and their culture performance 

was evaluated (Figures 6.5B–C, Appendix – B S4B–3C and Appendix – B Table S1). 

 Compared to the control strain CPC-PHBV, inactivation of the fermentative GldA-DhaK route 

slightly reduced glycerol dissimilation rate (i.e. taking 27 h and 21 h to consume 30 g/L glycerol for CPC-

PHBV∆dhaK and CPC-PHBV, respectively) with a slight increase in both biomass yield (i.e. 66% DCW 

and 57% DCW for CPC-PHBV∆dhaK and CPC-PHBV, respectively) and total PHA content (i.e. 8.4 g/L 

and 6.8 g/L for CPC-PHBV∆dhaK and CPC-PHBV, respectively). While the inactivation minimally 

affected metabolite profiling, the 3HV fraction of the produced PHA was significantly increased by 36% 

(i.e. 9.8 mol% and 7.2 mol% for CPC-PHBV∆pta and CPC-PHBV, respectively). 

 On the other hand, compared to the control strain CPC-PHBV, though inactivation of the aerobic 

GlpK-GlpD/GlpABC route significantly hampered glycerol dissimilation (i.e. taking 41 h and 21 h to 

consume 30 g/L glycerol for CPC-PHBV∆glpD and CPC-PHBV, respectively), the biomass yield was 

significantly increased by 58%. The gene inactivation potentially reduced carbon spill by completely 

blocking solventogenesis and significantly reducing acidogenesis. As a result, the total amount of PHA 
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Figure 6.5.: Linking glycerol metabolism to P(3HB-co-3HV) biosynthesis in propanogenic/propionogenic E. coli.  

Major metabolite titers, total PHA content (% DCW) and 3HV in total polymer (% mol) during semiaerobic cultivations of (A) CPC-PHBV, (B) 

CPC-PHBV∆dhaKand (C) CPC-PHBV∆glpD using glycerol as the major carbon source. Culture performance (i.e. overall glycerol consumption 

and final biomass and metabolite concentrations) and time profiles are given in Table S1 and Appendix – B Figure S4. 
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production was significantly increased (i.e. 9.6 g/L and 6.8 g/L for CPC-PHBV∆glpD and CPC-PHBV, 

respectively). Most importantly, the 3HV fraction reached to an extremely high level of 18.5 mol%, 

which, to the best of our knowledge, represents the highest reported level for E. coli-based P(3HB-co-

3HV) biosynthesis using an unrelated carbon source.  

6.4 Discussion  

 Biological synthesis is an attractive option as a renewable method for producing value-added 

chemicals that is in part limited by the availability of natural pathways for molecules of interest. 

Expanding the chemical diversity of whole-cell biocatalysts thus requires the de novo construction of 

novel biosynthetic routes. For instance, implementing carbon-carbon bond forming chemistry via chain 

elongation pathways in tractable hosts such as E. coli provides a unique way to extend the boundaries of 

metabolic engineering for the biosynthesis of a myriad of structurally diverse and industrially important 

chemicals such as unnatural advanced alcohols, methyl ketones and polyesters (208, 212, 213). Herein, 

we further engineered our previously developed propanogenic/propionogenic E. coli by episomally 

expressing a set of promiscuous β-ketothiolases (i.e. PhaA and BktB) from C. necator for CoA-dependent 

Claisen condensation of either two acetyl-CoA moieties or acetyl-CoA and Sbm-derived propionyl-CoA. 

The resulting C4 and C5 biogenic thioesters (i.e. acetoacetyl-CoA and 3-ketovaleryl-CoA, respectively) 

were then channeled via the C. necator PHA synthesis pathway (i.e. PhaB and PhaC) for subsequent 

reduction and polymerization. Note that β-ketothiolases PhaA and BktB can synergistically enhance 

molecular fusion for CoA-dependent chain elongation and therefore, the strains’ polymer-producing 

capacity. These metabolic and genetic strategies led to the development of several 

propanogenic/propionogenic E. coli capable of high-level direct biosynthesis of P(3HB-co-3HV) from 

unrelated carbon sources glucose and glycerol. P(3HB-co-3HV) is far more ductile, flexible, and tougher 

than its homopolymer counterpart P(3HB) and thus considered an attractive substitute to petrochemical-

based polymers and plastics (241, 242). 

 There has been considerable work towards synthesizing P(3HB-co-3HV) from unrelated carbon 

sources in natural and recombinant microbes (13, 226, 241, 243, 244) and even planta (245-247). 

However, most of these metabolic approaches rely on the extended dissimilation of either intracellular 

intermediate citramalate or the α-amino acid L-threonine to generate the required propionyl-CoA pool (i.e. 

the so-called canonical 2-keto-acid biosynthesis pathways). While the 2-keto-acid-based pathways have 

been extensively utilized for high-level production of several important commodity chemicals, such as 

biofuels (134, 248) and organic acids (249, 250), their application for direct P(3HB-co-3HV) synthesis is 
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limited as the 3HV fractions obtained from these strategies are far below levels deemed sufficient for 

industrial adoption. For the production of higher chain compounds, accumulation of key biogenic 

precursors of acetyl-CoA and propionyl-CoA is critical to overcome the large thermodynamic barrier of 

the condensation reactions catalyzed by the β-ketothiolases (i.e. PhaA and BktB) (209). Based on 

evidence presented here, the Sbm pathway seems far more conducive in accumulating propionyl-CoA as 

relatively high levels of 3HV monomer fractions were produced with either glucose or glycerol as sole 

carbon sources. This may in part be explained by the fact that the Sbm pathway serves as a direct route 

toward propionyl-CoA from the glycolytic intermediate PEP, making it potentially more efficient than the 

2-keto-acid-based pathways. The Sbm pathway is also devoid of amino acid biosynthetic intermediates 

and therefore not subjected to complex feedback regulations and extensive crosstalk between different 

metabolic pathway pathways. Perturbing amino acid metabolism by rerouting intracellular flux via amino 

acid intermediates toward propionyl-CoA can also result in growth retardation and low protein production 

(226, 251).  

 Although economic production of P(3HB-co-3HV) becomes feasible as exogenous 

supplementation of expensive related carbon sources (i.e. propionate or valerate) is no longer required, 

the physiochemical and mechanical properties of P(3HB-co-3HV) are highly contingent on the 3HV 

monomer fraction in the copolymer (13, 252). Therefore, it is often crucial to control the copolymer 

composition to produce P(3HB-co-3HV) suitable for a wide spectrum of applications. In most examples, 

producing P(3HB-co-3HV) with different compositions in engineered E. coli have used the same strategy 

as that used with C. necator; that is, varying the propionate or valerate concentration in the feed to 

modulate the 3HV fraction. While copolymer composition can easily be fine-tuned by adjusting the ratio 

of these related carbon sources (253), this is often difficult when P(3HB-co-3HV) is made from a single 

unrelated carbon source (e.g. glucose or glycerol). Previously, Keasling and colleagues described a “dial-

a-composition” system whereby copolymer composition was altered and to some extent controlled at a 

fixed carbon concentration by varying the level of induction of critical pathway genes in polymer-

accumulating recombinant Salmonella (13, 254). A notable finding of this work was the observation that 

a similar dial-a-composition strategy is possible with propanogenic/propionogenic CPC-PHBV cultures. 

For instance, by varying the aeration regime of the batch fermentation (i.e. microaereobic, semiaerobic or 

aerobic cultivation conditions) at fixed glucose or glycerol concentrations, copolymers with 3HV 

fractions ranging from ~3 mol% to ~7.5 mol% can be obtained. Moreover, in mutant host strains CPC-

PHBV∆adhE, CPC-PHBV∆pta, CPC-PHBV∆glpD, the platform P(3HB-co-3HV) pathway developed 
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herein also has the flexibility to produce copolymers with even higher 3HV fractions ranging from ~8 

mol% to ~19 mol% under semiaerobic cultivation conditions using glycerol as the sole carbon source. 

 The 3HV incorporation is highly dependent on the oxygenic level of the culture since various 

intracellular reactions associated with P(3HB-co-3HV) biosynthesis have different preferences in 

aerobicity. For example, while polymerization is growth-associated and therefore can be favored by 

aerobiosis, the derivation of reduced propionyl-CoA precursor for 3HV production requires more 

anaerobic growth conditions (255-258). Nevertheless, anaerobic conditions tend to exacerbate carbon 

spill as fermentative metabolites, negatively affecting P(3HB-co-3HV) biosynthesis. Also, activation of 

the Sbm operon introduces an intracellular competition in carbon flux between the C2-fermentative 

pathway (with acetyl-CoA as a local hub) and the C3-fermentative one (with propionyl-CoA as a local 

hub). With glycerol as the major carbon source, it was shown that its dissimilation can be critical for such 

flux competition (225). Although glycerol is a favorable carbon source supporting biosynthesis via the 

activated Sbm pathway (225), is it considered as a recalcitrant feedstock for E. coli cultivation, 

particularly under limited oxygenic conditions (199). Accordingly, to take advantage of the high degree of 

reduction of glycerol, we used well-defined microaerobic and semiaerobic conditions, in which oxygen 

acts as a terminal electron acceptor, to convert glycerol into P(3HB-co-3HV) while preserving cell growth 

and minimizing formation of fermentative end-products. Our results suggest that incorporation of 3HV 

monomer fraction into the copolymer was optimal under semiaerobic conditions.  

 Further enhancement of 3HV monomer fraction in the copolymer was achieved by metabolic 

inactivation of host pathways that may potentially compete with copolymer-formation for acetyl-CoA, 

propionyl-CoA and NADH. Knocking out the adhE gene encoding alcohol dehydrogenase in strain CPC-

PHBV∆adhE completely abolished alcohol formation but only slightly improved 3HV formation with 

minimal increase in biomass and total polymer production. On the hand, inactivating the 

phosphotransacetylase (Pta)-acetate kinase (AckA) pathway in CPC-PHBV∆pta significantly reduced 

acidogeneiss and alcohologenesis and increased 3HV formation and total biomass formation by 1.2-fold 

and 1.5-fold, respectively. However, the glycerol dissimilation rate for the pta mutant was slightly slower 

than that for CPC-PHBV. Although the reason is not clear, this observation appears to be due to 

decreased carbon flux towards acetyl phosphate, an intermediate in the Pta-AckA pathway that serves as 

an important regulator in E. coli affecting global gene expression and metabolism (211). Excreted acetate 

and propionate serve as carbon sources for precursors for acetyl-CoA and propionyl-CoA, and therefore 

can also be converted via parallel assimilating pathways into the cell to minimize carbon loss and redox 
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imbalance. In most examples of pathway design for recycling of acetyl-CoA, acetate consumption is 

enhanced either by episomally expressing the ATP-dependent Acs (acetyl-CoA synthetase) pathway 

(259) or the ATP-independent AldB–MhpF (two acetaldehyde dehydrogenases) pathway (260). Note E. 

coli also possess several genes involved in propionyl-CoA degradation such as prpC encoding 2-

methylcitrate synthase and the Sbm-operon gene ygfH encoding propionyl-CoA:succinate CoA 

transferase (226, 261, 262). However, attempts to further engineer host metabolism by inactivation of 

either prpC or ygfH genes have generally resulted in markedly slower growth rates accompanied by an 

overall decrease in PHA content (226). 

 Our results suggest while both GldA-DhaK and GlpK-GlpD/GlpABC pathways were active 

under respiro-fermentative culture conditions to enhance glycerol dissimilation, the physiological 

scenario was not optimal for biomass formation and P(3HB-co-3HV) biosynthesis. Note during aerobic 

glycerol metabolism, quinones serve as electron acceptors, whereas in the absence of oxygen, glycerol is 

oxidized into dihydroxyacetone using NAD
+ 

as the electron acceptor (Figure 6.1) (219). It was previously 

established that for production of reduced metabolites, the cell preferentially utilizes the GldA-DhaK 

fermentative route as higher energy NADH is generated when glycerol is consumed via GldA rather than 

though the reduced quinone GlpD/GlpABC route (263, 264). Indeed, metabolic manipulation to direct 

initial glycerol dissimilation through the respiratory GldA-DhaK pathway significantly enhanced both 

biomass formation and incorporation of 3HV monomer fraction into the copolymer. These results are also 

especially encouraging as inactivating glpD concomitantly reduced acidogenesis and completely 

abolished alcohologenesis. The exact metabolic mechanism involved in the increased biomass and 

decreased acido- and alcohologenic flux is not clear, and contrasts that of an earlier observation in which 

disruption of the genes glpK or glpD prevented cell growth under respiro-fermentative conditions (206). 

Nevertheless, these results highlight the importance not only of this gene manipulation strategy but also 

the respiratory pathway of glycerol metabolism for enhancing 3HV formation. Alternatively, channeling 

initial glycerol metabolism through the aerobic GlpK-GlpD/GlpABC arm moderately increases 3HV 

monomer fraction in P(3HB-co-3HV), although the fermentation still appears to lean toward 

acidogenesis. Nonetheless, CPC- CPC-PHBV∆dhaK indeed produced higher levels of C3 metabolites 

(i.e. propionate and 1-propanol) compared to that of CPC-PHBV. The GldA-DhaK pathway requires 

phosphoenolpyruvate (PEP) as a cofactor and therefore serves as an important mediator in the 

interconversion of PEP and pyruvate (206, 219). Eliminating such need for PEP in CPC-PHBV∆dhaK 

increases the intracellular PEP pool, potentially diverting more flux toward propionyl-CoA by way of 

oxaloacetate (OAA) via the reductive TCA arm. Accordingly, an effective way to fully harness the GlpK-
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GlpD/GlpABC route and generate higher levels of propionyl-CoA can be to overexpress 

phosphoenolpyruvate carboxylase (encoded by ppc) to create an efficient glycolytic node for the 

conversion of PEP to OAA (265, 266).  
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Chapter 7 

Original contributions and recommendations 

7.1 Original contributions 

7.1.1 Activation of the Sbm operon for the production of 1-propanol 

The endogenous Sbm operon genes were episomally activated in engineered E. coli to demonstrate in vivo 

production of 1-propanol. In addition to the Sbm operon genes, the triple-plasmid expression system also 

consisted of the genes encoding bifunctional aldehyde/alcohol dehydrogenases (ADHs) from several 

microbial sources, and the native sucCD gene encoding succinyl-CoA synthetase. In this initial study, 

other parameters (e.g. effect of cyanocobalamin concentration on 1-propanol production and optimal cell-

density for shaker-based 1-propanol production) were also investigated. In summary, we demonstrated 

that the Sbm pathway in engineered E. coli is indeed functional and can be used as a novel route towards 

propionyl-CoA biosynthesis. Using these engineered E. coli strains under anaerobic conditions, 

production titers up to 150 mg/L of 1-propanol were obtained in lab-scale shake-flask growths. 

7.1.2 Identification of glycerol as an efficient carbon source for the production of 1-propanol and 

the development of a plasmid-free propanogenic E. coli strain 

From our initial report in Chapter 3, we further enhanced 1-propanol production via various biochemical, 

genetic and metabolic engineering strategies. Most importantly, 1-propanol production was significantly 

enhanced in a bioreactor under anaerobic conditions by using glycerol as a carbon source using a single-

plasmid system solely expressing the Sbm operon genes. Also, plasmid-induced metabolic burden was 

alleviated in the engineered strain by activating the Sbm operon on the genome. This plasmid-free 

propanogenic E. coli strain showed high levels of solventogenesis accounting for up to 85 % of 

dissimilated carbon. Anaerobic fed-batch cultivation of CPC-PrOH3 with glycerol as the major carbon 

source produced high titers of nearly 7 g/L 1-propanol. This host strain was the basis of our work for the 

development of other engineered E. coli strains capable of producing high-level propionate (225), 

butanone, and P(3HB-co-3HV). 
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7.1.3 Extending the Sbm pathway in engineered E. coli for the production of butanone 

In this portion of our study we further extended the utility of our developed propanogenic E. coli strain 

for co-production of acetone and butanone. For microbial production of butanone, the following synthetic 

biology strategies were applied: First, a set of novel microbial β-ketothiolases were expressed for 

intracellular fusion of propionyl-CoA and acetyl-CoA to form 3-ketovaleryl-CoA. The nascent 3-

ketovaleryl-CoA was then channeled via the canonical clostridia acetone-formation pathway for 

subsequent thioester hydrolysis and decarboxylation. It was also identified that channeling glycerol 

metabolism via GlpK-GlpD/GlpABC glycerol dissimilation pathway greatly enhanced ketogenesis while 

minimizing by-product formation (i.e. acidogenesis/alcohologenesis). Using the GlpK-GlpD/GlpABC 

glycerol dissimilation pathway, we demonstrated that up to 42% of spent carbon source of glycerol can be 

utilized toward ketone biosynthesis. 

7.1.4 Extending the Sbm pathway in engineered E. coli for direct biosynthesis of poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) 

In the last major chapter of this thesis, we demonstrated the direct biosynthesis of poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) from non-related carbon sources glycerol and glucose. For 

P(3HB-co-3HV) biosynthesis, we first generated C4 and C5 precursors 3-hydroxybutyryl-CoA and 3-

ketovaleryl-CoA using the CoA thioester-dependent chain elongation system was previously employed in 

chapter 5 (i.e. by functionally expressing a set of β-ketothiolases from C. necator). Next, the resulting C4 

and C5 intermediates were channeled into the C. necator PHA biosynthetic pathway (i.e. PhaB and PhaC) 

for thioester reduction and polymerization. Using various aeration regimes and host-gene deletions, 

copolymer with 3HV fractions ranging from ~3 mol% to ~19 mol% can be obtained using glycerol as the 

sole carbon source. In contrast to butanone production, metabolic manipulation to direct glycerol 

metabolism via the GldA-DhaK pathway significantly enhanced both biomass formation and 

incorporation of 3HV monomer fraction into the copolymer. 

7.2 Recommendations and future prospects 

As documented in this thesis, modulating propionyl-CoA metabolism in E. coli has opened an avenue for 

novel biomanufacturing, including odd-chain alcohols and organic acids, ketones and PHA-based 

copolymers. Future research efforts should focus on identification and integration of metabolic pathways 

not only for propionyl-CoA biogenesis but also subsequent novel biosynthesis of other products of 

industrial relevance (Figure 7.1). Because propionyl-CoA is a key precursor to all these products, the 
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engineered E. coli strain with its genomic Sbm operon being activated (199, 225) can be effective for 

such production purposes. 

It has been shown that the alcohol O-acyltransferase (ATF) class of enzymes can be used for 

heterologous fusion of acyl-CoA and alcohols to form low-molecular-weight volatile esters (267, 268). 

Volatile esters are currently produced through traditional chemical-based acid-catalyzed esterification of 

organic acids and alcohols for their extensive use as flavor and fragrance products in the food, beverage, 

and cosmetics industries (269). Nevertheless, the presence of different acyl-CoA and alcohol formation 

pathways enables biosynthesis of a wide variety of short- and long-chain esters using whole-cell 

biocatalysts. Similar to acetyl-CoA as the starter molecular for microbial production of small volatile 

esters (260), propionyl-CoA and its biogenic C5 counterpart valeryl-CoA can be potentially used to 

generate propionate and valerate esters (Figure 7.1A). Likewise, C2-C4 alk(a/e)nes (Figure 7.1B) and 

advanced ketones (Figure 7.1C) can be potentially derived with propionyl-CoA or its biogenic C5/C7 

counterparts as precursors. Short-chain alk(a/e)nes are attractive hydrocarbon fuels due to facile phase 

separation, which not only enables effective recovery of fuels from the bulk culture but also minimizes 

product toxicity and inhibition on producing cells (270). Several cyanobacteria of the genera 

Synechococcus and Synechocystis can convert CoA-derived aldehydes into long- and short-chain (C1-

C17) alk(a/e)nes via endogenous aldehyde decarbonylases (271, 272). While the biological role of 

alk(a/e)ne production and the catalytic mechanism of the cryptic aldehyde decarbonylases in these 

cyanobacteria remain largely unknown, the production of gaseous olefins appears to result from cleavage 

of non-cognate substrates (273). Such a method for alkane production was recently adopted for 

biosynthesis of propane from acetyl-CoA-derived butyraldehyde in engineered E. coli (274). Presumably, 

the same chemistry can be extended to larger CoA thioesters, such as propionyl-CoA and valeryl-CoA for 

the production of eth(a/e)ne and but(a/e)ne, respectively (Figure 7.1B). As mentioned in chapter 5, the 

production of advanced aliphatic commodity ketones in engineered microbial systems has gained 

significant attention recently (197, 275, 276). 
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Figure 7.1: Putative metabolic pathways for the production of small chain volatile esters, C2-C4 

alk(a/e)nes, and advanced ketones using propionyl-CoA as a key precursor. 

(A) Propionyl-CoA or its five-carbon biogenic counterpart, valery-CoA can be fused with a linear or 

branched alcohol (e.g. 1-propanol or isobutanol) via ATF, an alcohol-O-acetyl transferase from 

Saccharomyces cerevisiae for the production of various volatile esters. (B) Similarly, using the acid-

formation pathway (i.e. Pta-AckA, phosphotransacetylase-acetate kinase) of E. coli, propionyl-CoA or 3-

ketovalery-CoA can also converted into non-activated organic acids propionate or valerate, respectively. 

Next, through the action of a carboxylic acid reductase (CAR) from Mycobacterium marinum and a 

cryptic aldehyde reductase (AD) from Synechocystis sp, propionate and valerate can be reduced into their 

respective aldehydes and alk(a/n)es. (C) Lastly, propionyl-CoA derived C5 and C7 biogenic precursors 3-

ketovaleryl-CoA and 3-ketoheptanoyl-CoA, respectively, can also be channeled into the canonical 

clostridial acetone-formation pathway (i.e. CtfAB-Adc, acetoacetyl-CoA: acetate/butyrate: CoA 

transferase and acetoacetate decarboxylase from C. acetobutylicum) for thioester hydrolysis and 

decarboxylation to form the advanced ketones. Heterologous enzymes are represented in blue, whereas 

native E. coli enzymes are represented in green. 
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Larger-chain ketones, such as butanone, are widely used as general solvents in the printing and textile 

industries and components of synthetic rubber (194). In the canonical clostridial-acetone pathway, the C4 

thioester acetoacetyl-CoA (formed via the homo-fusion of two acetyl-CoA moieties) is converted to 

acetone via acetoacetyl-CoA:acetate/butyrate:CoA transferase (CtfAB) and acetoacetate decarboxylase 

(Adc) (201). In vitro studies suggest that CtfAB has a wide range of substrate specificities to various 

short- and long-chain CoA derivatives and organic acids (210). Accordingly, this pathway can be 

potentially applied not only for butanone production (as demonstrated in chapter 5) but also for other 

high-chain ketones such as 2-hexanone using long-chain CoA derived from propionyl-CoA (e.g. 3-

ketoheptanoyl-CoA) as a substrate (Figure 7.1C).  

 On a final note, the implementation of auxiliary CoA-dependent chain elongation pathways for 

hetero-fusion of propionyl-CoA (or longer CoA moieties) and acetyl-CoA is critical in mediating the 

production of these longer-chain products. Despite the success presented in this thesis in implementing 

these recursive elongation pathways for butanone formation and P(3HB-co-3HV) biosynthesis, these 

applications have yet to be fully realized due to a major challenge of striking a flux balance between the 

C2 and C3 fermentative pathways with acetyl-CoA and propionyl-CoA as the major metabolic hubs. 

Other potential challenges include utilization of unrelated carbon sources, cofactor engineering, effective 

supply of metabolic energy for biosynthetic pathways, and identification of latent metabolic bottlenecks. 

For instance, targeted gene knockdown and/or knockout studies are still required to improve the 

productivity of products derived from propionyl-CoA whilst minimizing carbon flux toward the acetyl-

CoA (i.e. the C2 metabolic node)-derived pathways (i.e. the ethanogenic and acetate-forming pathways).  
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Appendix A 

Chapter 5 supplementary materials 

 

Supplementary Table 1: Nucleotide sequence of the oligonucleotides used in Chapter 5 

 

Supplementary Table 2: Growth and metabolic parameters of CPC-MEK and its control 

counterparts in a bioreactor under microaerobic or semi-aerobic cultivation conditions. The 

metabolite distribution (i.e. the fraction of dissimilated glycerol to form a metabolite) is defined as the 

ratio of the glycerol equivalent titer of the metabolite (calculated based on the stoichiometric mass ratio of 

metabolite/substrate, i.e.: 1.28 g succinate/ g glycerol, 0.65 g acetate/ g glycerol, 0.80 g propionate/ g 

glycerol, 0.32 g acetone/ g glycerol, 0.5 g ethanol/ g glycerol, 0.39 g butanone/ g glycerol, 0.65 g 1-

propanol/ g glycerol) to the total consumed glycerol. The glycerol efficiency toward metabolite synthesis 

is calculated as the sum of all metabolite distributions. All of the strains were induced at the start of the 

batch cultivation with 0.1 mM IPTG (except the control cultivation of CPC-MEK presented in the final 

column). Error bars represent s.d. (n = 2).  

 

Supplementary Table 3: Summary of cultivation of CPC-Sbm, CPC-Sbm∆glpD, CPC-Sbm∆dhaK, 

and various mutants of CPC-MEK in a bioreactor under microaerobic or semi-aerobic cultivation 

conditions. The metabolite distribution (i.e. the fraction of supplemented glycerol to form a metabolite) is 

defined as the ratio of the glycerol equivalent titer of the metabolite (calculated based on the 

stoichiometric mass ratio of metabolite/substrate, i.e.: 1.28 g succinate/ g glycerol, 0.65 g acetate/ g 

glycerol, 0.80 g propionate/ g glycerol, 0.32 g acetone/ g glycerol, 0.5 g ethanol/ g glycerol, 0.39 g 

butanone/ g glycerol, 0.65 g 1-propanol/ g glycerol) to the total consumed glycerol. The glycerol 

efficiency toward metabolite synthesis is calculated as the sum of all metabolite distributions. All of the 

strains were induced at the start of the batch cultivation with 0.1 mM IPTG. Error bars represent s.d. (n = 

2). 
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Supplementary Table 1 Nucleotide sequence of the oligonucleotides  

 

Primer name Sequence  (5’ to 3’) Reference 

 

v-ldhA 

 

GATAACGGAGATCGGGAATGATTAA; GGTTTAAAAGCGTCGATGTCCAGTA 

 

Srirangan et al. (173) 

v-adhE ATCAGGTGTCCTGAACTGTGCG; TTGACCAGCGCAAATAACCCGATGA This study 

v-pta GGCATGAGCGTTGACGCAATCA; CAGCTGTACGCGGTGATACTCAGG This study 

v-dhaK CATCGAGGATAAACAGCGCA; ATCTGATAAAGCTCTTCCAGTGT This study 

v-glpD CGTCAATGCTATAGACCACATC; TATTATTGAAGTTTGTAATATCCTTATCAC This study 

c-frt 
AGATTGCAGCATTACACGTCTTGAG; 

CCAGCTGCATTAATGAATCGGGCCATGGTCCATATGAATATCCTCC 
This study 

c-ptrc CCGATTCATTAATGCAGCTGG; GGTCTGTTTCCTGTGTGAAATTGTTA This study 

r-frt:ptrc 
CTCGATTATGGTCACAAAGTCCTTCGTCAGGATTAAAGATTGCAGCATTACACGTCTTGA;  

GTTGGCAAGCTGTTGCCACTCCTGCACGTTAGACATGGTCTGTTTCCTGTGTGAAATTGT 
This study 

v-frt:ptrc GCGCTCGACTATCTGTTCGTCAGCTC; TCGACAGTTTTCTCCCGACGGCTCA This study 

c-phaA1 
ACACAGGAAACAGCTATGACATGACTGACGTTGTCATCGTATCC; 

GAGCTCGAATTCGTAATCATTTATTTGCGCTCGACTGCCA 
This study 

c-bktb1 
ACACAGGAAACAGCTATGACATGACGCGTGAAGTGGTAGTG 

GAGCTCGAATTCGTAATCATTCAGATACGCTCGAAGATGG 
This study 

c-pK184 GTCATAGCTGTTTCCTGTGTG; ATGATTACGAATTCGAGCTC This study 



 

152 

 

Notation for primers: v- verification primer, c- cloning primer, and r- recombineering. Restriction recognition sequences are underlined and 

recombination homology arms for in vivo or in vitro recombination are in bold print 
 

 

 

 

 

 

 

 

 

 

 

c-phaA2 
CATGATTACGAATTCGATGACTGACGTTGTCATCGTATCCGCCGCC; 

TACCACTTCACGCGTCATGGTATATCTCCTTTATTTGCGCTCGACTGCCAGCGCC                                        
This study 

c-bktb2 
AGGAGATATACCATGACGCGTGAAGTGGTAGTGGTGA;  

TACCGAGCTCGAATTCTCAGATGCGTTCGAAGATAGCGGCAA 
This study 

c-ctf 
CGCGTTGGTGCGGATATCGGTCGACTGTGGATGGAGTTAAGTC; 

TACCGAGCTCGAATTCCACACAGGAAACAGCTATGACCATG 
This study 

c-ctf-c3 
GTTGGTGCGGATATCTTCGACTTTTTAACAAAATATATTG; 

TACCGAGCTCGAATTCCTAAACAGCCATGGGTCTAAG 
This study 

c-adc-c4A 
GTTGGTGCGGATATCTTATTGAATAAAAGATATGAGAGATTTATC; 

CCTTTAACATTTAATCCCTCCTTTTAAATTC 
This study 

c-adc-c4B 
GGGATTAAATGTTAAAGGATGAAGTAATTAAAC; 

TACCGAGCTCGAATTCTTACTTAAGATAATCATATATAACTTCAGC; 
This study 
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Supplementary Table 2 Summary of cultivation of CPC-MEK and its control counterparts 

 

Strain 
Aerobicity  

(Cultivation time
a
)  

Glycerol
b
 Biomass

c
 Succinate

d
 Acetate

d
 Propionate

d
 Acetone

d
 Ethanol

d
 Butanone

d
 1-Propanol

d
 

CPC- 

MEKCon1
 

Microaerobic 

(21) 

29.66 ± 0.14 3.40 1.27 ± 0.44 6.50 ± 0.43 3.50 ± 0.33 0.33± 0.02 1.08 ± 0.14 0.02 ± 0.01 1.07± 0.21 

(68.9%) - (3.4%) (34.2%) (14.9%) (3.4%) (7.3%) (0.2%) (5.6%) 

CPC- 

MEKCon2
 

Microaerobic 

(69) 

29.40 ± 1.23 3.90 2.01 ± 0.05 4.53 ± 0.27 0.66 ± 0.37 0.09± 0.01 5.07 ± 0.13 0.03 ± 0.01 1.13 ± 0.09 

(76.5%) - (5.5%) (24.9%) (2.9%) (1.0%) (35.7%) (0.3%) (6.1%) 

CPC-MEK 

Microaerobic 

(45) 

29.75 ± 1.11 5.51 1.09 ± 0.02 6.21 ± 0.04 2.61 ± 0.02 0.43 ± 0.03 2.03 ± 0.04 0.33 ± 0.03 1.49 ± 0.05 

(75.3%) - 2.9% (32.6%) (11.0%) (4.5%) (13.6%) (2.9%) (7.7%) 

Semi-aerobic 

(19) 

29.98 ± 0.15 9.24 ND 5.27 ± 0.18 2.79 ± 0.06 1.53 ± 0.03 0.77 ± 0.03 0.82 ± 0.01 0.75 ± 0.02 

(71.1%) - - (27.5%) (11.8%) (15.9%) (5.1%) (7.0%) (3.8%) 

CPC- 

MEKCon3 

Semi-aerobic 

(21) 

29.98 ± 0.66 8.85 0.62 ± 0.04 7.49 ± 0.16 2.14 ± 0.40 ND 0.90 ± 0.02 ND 0.59 ± 0.11 

(59.8%) - (1.6%) (39.8%) (9.2%) - (6.1%) - (3.1%) 

CPC- 

MEKCon4 

Semi-aerobic 

(22) 

28.82 ± 0.17 7.86 1.01 ± 0.03 8.66 ± 0.06 1.14 ± 0.66 ND 1.16 ± 0.67 ND 0.51± 0.03 

(69.0%) - (2.7%) (46.9%) (5.0%) - (8.1%) - (2.7%) 

CPC-MEK
e
 

Semi-aerobic 

(17) 

0 8.75 ND ND ND ND ND ND ND 

- - - - - - - - - 

CPC-MEK 
Semi-aerobic 

(13) 

15.01 ± 0.30 6.33 ND 4.11 ± 0.26 1.12 ± 0.05 0.23 ± 0.01 0.17 ± 0.11 0.08 ± 0.02 0.30 ± 0.02 

(63.6%) - - (42.2%) (9.4%) (4.8%) (2.3%) (1.4%) (3.1%) 

CPC-MEK
f
 

Semi-aerobic 

(22) 

29.81 ± 0.06 8.44 Trace 7.76 ± 0.06 2.05 ± 0.02 ND 1.05 ± 0.22 ND 0.81 ± 0.04 

(63.1%) - - (41.2%) (9.4%) - (7.2%) - (4.5%) 
a cultivation time of batch fermentation (h) 
b glycerol consumption (g), glycerol efficiency is presented in parentheses under the carbon source consumption value 
c biomass accumulation (g-DCW l-1) 
d metabolite titers (g l-1), the metabolite distribution is presented in parentheses under each titer 
e cultivation performed without glycerol supplementation  
f cultivation performed without IPTG induction 

ND not detected 
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Supplementary Table 3 Summary of cultivation of various mutants of CPC-MEK and CPC-Sbm  

 

Strain 
Aerobicity 

(Cultivation time
a
) 

Glycerol
b
 Biomass

c
 Succinate

d
 Acetate

d
 Propionate

d
 Acetone

d
 Ethanol

d
 Butanone

d
 1-Propanol

d
 

CPC-

MEK∆adhE 

Microaerobic 

(68) 

29.90 ± 0.54 3.8 1.06 ± 0.05 4.85 ± 0.07 3.15 ± 0.06 0.84 ± 0.01 ND 0.94 ± 0.03 ND 

(58.0%) - (2.6%) (25.3%) (13.3%) (8.7%) - (8.0%) - 

Semi-aerobic 

(22) 

30.62 ± 0.07 9.7 ND 3.91 ± 0.04 2.87 ± 0.04 0.97 ± 0.01 ND 1.06 ± 0.01 ND 

(50.6%) - - (20.0%) (11.8%) (9.9%) - (8.9%) - 

CPC-

MEK∆pta
 

Semi-aerobic 

(31) 

29.96 ± 0.07 7.6 ND 0.20 ± 0.01 0.14 ± 0.01 2.01 ± 0.03 ND 0.94 ± 0.01 ND 

(30.8%) - - (1.1%) (0.6%) (21%) - (8.1%) - 

CPC-Sbm 
Microaerobic 

(27) 

30.45 ± 3.01 4.20 0.46 ± 0.09 3.68 ± 0.33 1.84 ± 0.24 ND 2.25 ± 0.05 ND 2.05 ± 0.11 

(53.1%) - (1.2%) (19.0%) (7.7%) - (14.8%) - (10.4%) 

CPC-

Sbm∆glpD 

Microaerobic 

(38) 

30.14± 0.12 6.70 0.49± 0.10 7.88± 0.15 5.22± 0.04 ND 1.03± 0.10 ND 0.98± 0.04 

(75.73%) - (1.27%) (40.80%) (21.82%) - (6.84%) - 5.00% 

CPC-

Sbm∆dhaK 

Microaerobic 

(38) 

30.03± 0.05 6.56 0.48± 0.09 4.44± 0.16 11.83± 0.09 ND ND ND ND 

(73.94%) - (1.24%) (23.04%) (49.66%) - - - - 

CPC-

MEK∆glpD 

Semi-aerobic 

(25) 

30.2 ± 0.40 11.8 ND 0.34 ± 0.04 2.4 ± 0.09 0.60 ± 0.01 ND 0.64 ± 0.01 ND 

(23.7%) - - (1.8%) (10.2%) (6.2%) - (5.5%) - 

CPC-

MEK∆dhaK
 

Semi-aerobic 

(22) 

29.45 ± 0.04 6.56 ND 2.9 ± 0.08 0.81 ± 0.01 3.0 ± 0.06 ND 1.30 ± 0.07 ND 

(61.9%) - - (15.3%) (3.5%) (31.8%) - (11.3%) - 
a cultivation time of batch fermentation (h) 
b glycerol consumption (g), glycerol efficiency is presented in parentheses under the carbon source consumption value 
c biomass accumulation (g-DCW l-1) 
d metabolite titers (g l-1), the metabolite distribution is presented in parentheses under each titer 

ND not detected 
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Appendix A - Supplementary Figures  

 

Supplementary Fig. 1 DNA microarray transcriptomic analysis of strain CPC-Sbm using glycerol or 

glucose as the major carbon source. Numerical values represent the ratios of the transcript levels of 

central metabolic pathway genes of the glycerol culture to those of the glucose culture (i.e. in fold). Green 

boxes represent up-regulation of genes during glycerol cultivation whereas red boxes represent down-

regulation. The sleeping beauty mutase pathway is shown in blue. 

 

Supplementary Fig. 2 Time profiles of CPC-MEK and select control counterparts. Time profiles of 

glycerol, biomass, and major metabolites during (A) microaerobic batch cultivation of CPC-MEKCon1 

(B) microaerobic batch cultivation of CPC-MEKCon2 (C) microaerobic batch cultivation of CPC-MEK 

and (D) semi-aerobic batch cultivation of CPC-MEK. All of the strains were induced at the start of the 

batch cultivation with 0.1 mM IPTG. Error bars represent s.d. (n = 2) 

 

Supplementary Fig. 3 Time profiles of glycerol, biomass, and major metabolites during (A) 

microaerobic batch cultivation of CPC-MEK∆adhE (B) semi-aerobic batch cultivation of CPC-

MEK∆adhE (C) semi-aerobic batch cultivation of CPC-MEK∆pta. All of the strains were induced at the 

start of the batch cultivation with 0.1 mM IPTG. Error bars represent s.d. (n = 2) 

 

Supplementary Fig. 4 Time profiles of glycerol, biomass, and major metabolites during microaerobic 

batch cultivation of (A) CPC-Sbm (B) CPC-Sbm∆glpD and (C) CPC-Sbm∆dhaK. (D) Metabolic 

distribution ratios of C3:C2 fermentative products (i.e.: propionate + 1-propanol: acetate + ethanol), 

overall acid: alcohol production (i.e.: propionate + acetate: 1-propanol + ethanol) as well as propionate: 

acetate production for each of the batch cultivations, ratios are calculated from the fractions of 

dissimilated glycerol. All of the strains were induced at the start of the batch cultivation with 0.1 mM 

IPTG. Error bars represent s.d. (n = 2) 

 

Supplementary Fig. 5 Time profiles of glycerol, biomass, and major metabolites during semi-aerobic 

batch cultivation of (A) CPC-MEK∆glpD and (B) CPC-MEK∆dhaK. All of the strains were induced at 

the start of the batch cultivation with 0.1 mM IPTG. Error bars represent s.d. (n = 2) 
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Supplementary Figure 1 
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Supplementary Figure 2 
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Supplementary Figure 3 
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Supplementary Figure 4 
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Supplementary Figure 5 
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Appendix B 

Chapter 6 supplementary materials 

 

Supplementary Table 1: Culture performance (i.e. overall glycerol or glucose consumption and final 

biomass and excereted metabolite concentrations) of CPC-PHB, CPC-PHBV and its control and mutant 

counterparts) in a bioreactor under microaerobic or semiaerobic cultivation conditions. All of the strains 

were induced at the start of the batch cultivation with 0.1 mM IPTG. Error bars represent s.d. (n = 2) 
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Supplementary Table 1 

 

Strain Aerobicity Glucose
a
 Glycerol

a
 Biomass

b
 Lactate

c
 Succinate

c
 Acetate

c
 Propionate

c
 Ethanol

c
 1-Propanol

c
 

CPC-PHB
 

Microaerobic 
- 29.01 ± 0.29 16.99 ± 0.27 ND 2.91 ± 0.02 3.45 ± 0.16 ND 1.27 ± 0.45 ND 

-         

CPC-PHBV
 

Microaerobic 
- 29.67 ± 0.44 9.87 ± 0.07 ND 1.82 ± 0.22 5.17 ± 0.13 1.48 ± 0.08 1.96 ± 0.22 1.87 ± 0.07 

-         

Microaerobic 
33.61 ± 0.32 - 7.49 ± 0.16 1.72 ± 0.11 1.87 ± 0.12 5.62 ± 0.11 0.36 ± 0.06 2.41 ± 0.03 0.53 ± 0.44 

         

Semiaerobic 
- 30.12 ± 0.44 11.80 ± 1.68 ND 0.87 ± 0.02 6.37 ± 0.10 1.92 ± 0.17 0.92 ± 0.01 0.78 ± 0.04 

         

Aerobic  
- 29.45 ± 0.25 34.2 ± 0.28 ND 0.15 ± 0.04 3.76 ± 0.08 1.14 ± 0.06 0.62 ± 0.06 0.46 ± 0.06 

         

CPC-PHBVCon1 Semiaerobic 
- 30.05 ± 0.84 15.04 ± 0.03 ND 1.19 ± 0.04 5.13 ± 0.11 2.19 ± 0.22 0.88 ± 0.45 0.74± 0.36 

-         

CPC-PHBV∆pta 

 

Semiaerobic 

 

- 29.66 ±0.07 17.41 ± 0.97 ND ND 1.05 ± 0.03 0.62 ± 0.02 0.91 ± 0.03 0.62 ± 0.01 

-         

CPC-PHBV∆adhE Semiaerobic 
- 29.5 ± 0.02 13.76 ± 1.31 ND ND 3.91 ± 0.05 1.85 ± 0.01 ND ND 

-         

CPC-PHBV∆dhaK Semiaerobic 
- 30.14 ± 0.04 13.26 ± 1.22 0.13 ± 0.06 1.45 ± 0.06 4.97 ± 0.21 2.12 ± 0.02 0.56 ± 0.02 0.86 ± 0.05 

-         

CPC-PHBV∆glpD Semiaerobic 
- 29.67 ± 0.44  18.61 ± 0.83 ND ND 2.67 ± 0.12 1.5 ± 0.02 ND  ND 

-         
a glycerol/glucose consumption (g l-1) 
b biomass accumulation (g-DCW l-1) 
c metabolite concentrations (g l-1) 

ND not detected 
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Appendix B – Supplementary Figure Legends 

 

Supplementary Fig. 1 Time profiles of glycerol, biomass, and major metabolites during (A) 

microaerobic batch cultivation of CPC-PHB and (B) CPC-PHBV using glycerol as the major carbon 

source.  All of the strains were induced at the start of the batch cultivation with 0.1 mM IPTG. Error bars 

represent s.d. (n = 2) 
 

Supplementary Fig. 2 (A) Time profiles of glucose, biomass, and major metabolites during microaerobic 

batch cultivation of CPC-PHBV using glucose as the major carbon source. Time profiles of glycerol, 

biomass, and major metabolites during (B) semiaerobic and (C) aerobic batch cultivation of CPC-PHBV. 

(D) Time profiles of glycerol, biomass, and major metabolites during semiaerobic batch cultivation of 

CPC-PHBVCon1 using glycerol as the major carbon source. All of the strains were induced at the start of 

the batch cultivation with 0.1 mM IPTG. Error bars represent s.d. (n = 2) 

 

Supplementary Fig. 3 Time profiles of glycerol, biomass, and major metabolites during semiaerobic 

batch cultivation of (A) CPC-PHBV, (B) CPC-PHBV∆adhE and (C) CPC-PHBV∆pta using glycerol as 

the major carbon source. All of the strains were induced at the start of the batch cultivation with 0.1 mM 

IPTG. Error bars represent s.d. (n = 2) 

 

Supplementary Fig. 4Time profiles of glycerol, biomass, and major metabolites during semiaerobic 

batch cultivation of (A) CPC-PHBV, (B) CPC-PHBV∆dhaK and (C) CPC-PHBV∆glpD using glycerol as 

the major carbon source. All of the strains were induced at the start of the batch cultivation with 0.1 mM 

IPTG. Error bars represent s.d. (n = 2) 
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Supplementary Fig. 1 
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Supplementary Fig. 2 
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Supplementary Fig. 3 
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Supplementary Fig. 4 
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