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Abstract 
 
The ever-increasing concern about carbon dioxide emissions has created 
an urgent need to develop alternative methods to cheaply and renewably 
produce materials, chemicals and fuels. The biorefinery is uniquely suited 
to deliver these products from sustainable biomass. However, cheaply 
and efficiently converting the dispersed, heterogenous and recalcitrant 
biomass to useful products requires further technical development. To 
address some of these challenges, the aim of this thesis was to investigate 
methods to improve the economic viability of the microbial biorefinery by 
evaluating short chain carboxylic acids as substrates (volatile fatty acids) 
and products ((R)-3-hydroxybutyrate, 3HB).  

Initially, two renewable and cheap sources of carbon were 
investigated as substrates for E. coli. It was determined that E. coli is a 
suitable microorganism for valorization of volatile fatty acids derived 
from food waste. Also, it was shown that lignocellulosic sugars with a 
composition based on a hydrolysate of wheat straw can be converted to 
3HB in E. coli with similar yields and productivities as from pure glucose. 
To improve the yield of the model product 3HB, and thereby the potential 
gross profit, substrate depletion was used as a strategy throughout the 
thesis to control bioprocesses. Specifically, nutrient depletion was shown 
to decouple growth from 3HB production in nitrogen and phosphorous 
depleted batches, increasing the yield of 3HB. To further improve 3HB 
production, metabolic engineering was used to improve the availability of 
NADPH. Additionally, the bacterial artificial chromosome (BAC) was 
investigated as a robust single-copy vector for metabolic engineering in E. 
coli. The expression of a large operon from the BAC was shown to be 
comparable to chromosomal expression. Then, the specific growth rate, 
productivity and yield of 3HB producing strains was increased by 
expression of the 3HB production pathway from the BAC instead of a 
multi-copy plasmid. Finally, the BAC was shown to be a useful tool for the 
optimization of enzyme expression levels in metabolic pathways. While 
directly beneficial for 3HB production, the methods and strategies 
employed in this thesis are broadly applicable to increase the economic 
viability of microbial biorefineries. 
 
Keywords: metabolic engineering, (R)-3-hydroxybutyrate, volatile fatty 
acids, bioprocess design, Escherichia coli, bacterial artificial chromosome



 

  



 

Sammanfattning 
 
Koldioxidutsläppens påverkan på klimatet utgör en av vår tids största 
utmaningar och det finns ett omedelbart behov av att utveckla 
kostnadseffektiva produktionsmetoder för framställning av förnyelsebara 
material, kemikalier och bränslen från biomassa. Här spelar 
bioraffinaderier en unikt viktig roll. Biomassan är dock geografiskt 
utspridd med heterogena egenskaper och svår att bryta ned. Det krävs 
tekniska framsteg för att utveckla en konkurrenskraftig produktion. Syftet 
med denna avhandling var att undersöka metoder för att öka det 
mikrobiella bioraffinaderiets ekonomiska bärkraft, med fokus på korta 
karboxylsyror som substrat (volatila fettsyror) och produkter ((R)-3-
hydroxybutyrate, 3HB). 

Initialt undersöktes två prismässigt konkurrenskraftiga och 
förnyelsebara kolkällor som substrat för E. coli. Det slogs fast att E. coli är 
lämpad för valorisering av volatila fettsyror framställda från matavfall. 
Dessutom bevisades det att lignocellulosabaserade sockerarter, med en 
sammansättning motsvarande ett vetestråhydrolysat, kan konverteras till 
3HB i E. coli med utbyte och produktivitet motsvarande de från ren 
glukos. För att öka utbytet av modellprodukten 3HB, och den potentiella 
bruttovinsten, användes substratbegränsning för att styra bioprocesser 
genomgående i avhandlingen. Det kunde uttryckligen påvisas att det var 
det möjligt att koppla loss 3HB-produktion från tillväxt i kväve- och 
fosforbegränsade batch-odlingar, och därmed öka 3HB-utbytet. För att 
ytterligare öka 3HB-produktionen användes metabolic engineering för att 
öka tillgången på NADPH. Dessutom undersöktes den bakteriella 
artificiella kromosomen (BAC) för användning i metabolic engineering av 
E. coli, då det är en robust vektor som replikerar med kopietal 1–2. 
Genom att överföra ett stort operon från kromosomen till BAC gick det 
att bevisa att genuttrycket motsvarar kromosomalt integrerade gener. 
Därefter visades det att den specifika tillväxthastigheten, produktiviteten 
och utbytet av en 3HB-producerande stam kunde ökas genom uttryck av 
3HB-gener från BAC istället för en plasmid med medelhögt kopietal. 
Slutligen kunde det fastställas att BAC är ett användbart verktyg för att 
optimera nivåer av enzymuttryck i metabola reaktionsvägar.  Metoderna 
och strategierna som användes i avhandlingen bidrog till förbättrad 3HB 
produktion, men de kan också tillämpas i ett bredare sammanhang och 
därmed öka möjligheten för mikrobiella bioraffinaderier att förbättra den 
ekonomiska bärkraften. 
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Introduction 

1. Biomass as a primary carbon source 

The industrial revolution started in England during the late 18th century 
with efficiency gains in the agricultural and textile sectors. Although early 
advances were powered by a range of energy sources, such as muscle 
power, wood, wind and water, the coal powered steam engine has become 
a symbol for the era, and it drove us into a fossil fuel dependency1. The 
success of the fossil fuels lies in their low cost per energy, stemming from 
the low extraction costs and the substantial amount of energy released 
upon combustion. With the development of the oil refinery, more energy 
and an increasing number of chemicals and materials could be produced 
from fossil sources, allowing further productivity increases and economic 
growth until the present day. 

1.1. The fossil fuel dependent society 

The industrialisation experienced during the past centuries has been 
driven by access to virtually free energy and carbon, eventually leading to 
today’s modern society. Fossil fuels have led to increased farming 
efficiencies, and the ability to transport people and goods across the globe 
at high speeds and low cost. Together, these two phenomena have led to 
urbanization, globalization, and generally improved standards of living2. 

As a further consequence, most goods and services being consumed 
today are at least partially dependent on fossil fuels. Despite the large 
benefits that society has experienced from fossil fuels, there is an ever-
increasing concern regarding their negative effects, and the results that a 
sudden interruption in global supply could have. Already in the early days 
of the industrial revolution, issues such as local air pollution from coal 
combustion were identified3. As the use of fossil fuels increased, 
additional risks, such as oil spills4 and acidification of rain5 gradually 
became clear. During the extraction of certain fossil fuels, local pollution, 
such as water contamination during fracking6, can also occur and 
additionally large areas of arable land are lost during surface mining of 
coal7. 
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However, during the last decades, the release of greenhouse gases 
(mainly CO2 and CH4) has become the main concern with regards to the 
use of fossil fuels. It has repeatedly been shown that the net release of 
these gases will lead to an increased average temperature on our planet, 
rising sea levels, and a higher risk for extreme weather conditions15. In an 
attempt to minimize the impact of climate change, the Paris agreement 
under the United Nations Framework Convention on Climate Change has 
been established to limit the net release of greenhouse gasses to the 
atmosphere, which amongst others will require a drastic reduction of 
fossil-fuel use.  

1.2. Current and future energy sources 

To evaluate the options for transitioning from fossil fuels to sustainable 
alternatives while maintaining societal prosperity, the current situation 
must first be considered in terms of energy and carbon usage (Figure 1). 
The global energy consumption can be subdivided into four main 
categories essential to society: (1) Food production, (2) heat and 
electricity, (3) material production and (4) transport. The majority of the 
energy contained in these products comes from fossil sources, except for 
the food, where the energy is derived from photosynthesis through 
agriculture. However, fossil fuels are still utilized for farming equipment, 
transport and production of the fertilizers employed in today’s 
industrialized agriculture. In Figure 1, these indirect energy costs are 
accounted for in the transport- and material categories. Much of the 
energy produced today is used for heat and electricity, which does not 
necessarily have to come from combustion of fossil fuels, and could thus 
be replaced by energy from other sources. However, materials such as 
polymers and steel are dependent on the excellent properties imbued by 
carbon compounds, and cannot be substituted without providing a 
renewable source of carbon. Also, liquid fuels (i.e. gasoline, diesel and 
kerosene) constitute approximately 30% of today’s energy usage and 
currently, no technology exists that can provide the energy density and 
ease of use of these hydrocarbons. To substitute these products, 
alternative sources of energy-rich carbon compounds, such as biomass, 
must be considered. 

Analysing current biomass utilization (Figure 1, green areas), one can 
observe that about half of the globally available arable land is being 
cultivated, and of the total biomass produced, only about 10% is 
harvested. Most of this energy is used to raise animals rather than feeding 
humans. Though some animal products are required to provide essential 
nutrients to the entire global population, raising animals is energetically 
inefficient, with energy conversions ranging from 3% (beef) to 17% (eggs 
and dairy)16. By reducing consumption of animal products, it has been 
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estimated that it is possible to adequately feed the global population on 
70% of the currently cultivated land12,18. Another example of increasing 
the efficiency of land use is the combustion of agricultural and forestry 
residues for heating. This practice is largely neglected in industrialized 
countries, where forestry residues only add marginally to the total heat 
and electricity produced. In less industrialized regions, a large portion of 
the population instead depend on collecting and burning logs, 
agricultural residues and dried dung for cooking and residential heating. 
Collecting these dispersed materials with low energy density is highly 
time consuming, and their combustion is associated with health risks, 
which explains why biomass is a disfavoured energy source in 
industrialized countries with high labour costs19,20. If heat and electricity 
could be provided from other sources and collection of residues could be 
integrated in the regular farming practices, then the renewable carbon 
would be available for alternate uses. One such use is the production of 
biofuels. Currently, ethanol and biodiesel are mainly produced from 
various crops, though major effort is made to commercialize production 
from residual biomass21. Together, the biofuels contribute approximately 
3 EJ to the transport sector (Figure 1), demonstrating the technical 
feasibility of biofuels. However, a higher market price on fossil fuels is 
required to make biofuels economically viable.  

To limit the temperature increase to 2°C, as established in the Paris 
agreement, the annual CO2 emissions (and fossil fuel combustion) have to 
decrease to half their current value by 204013 and energy production 
patterns must change drastically (Figure 2). Additionally, based on the 
expected population growth and the continued industrialization of the 
world, we should expect that the total energy demand will increase by at 
least 50% until then14. Taken together, these values suggest that 
renewables will have to deliver 400 EJ year-1 before 2040 to replace 50% 
of the fossil fuel consumption. 
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Figure 1.  Current annual energy f luxes towards major products and 
intermediates. Circles and black arrows represent energy sources  and uses 
respect ively ,  where the area and the width is proport ional to the total 
energy per year.  Dashed arrows represent f luxes less than 10 EJ year - 1 .  
Solar inf lux is not to scale since i t  is far larger than any of the other f luxes. 
Purple boxes are main product classes, and they are not to scale. Heavy 
transport includes aviat ion, marine transport,  farming and heavy roa d 
transport,  s ince they require the use of l iquid fuels with high energy 
density.  Light transport includes rai lway and private cars, which can be 
powered by direct - or battery-stored electric i ty.  The picture was inspired by 
Noorman and Heijnen 8 ,  values adjusted to ref lect  20169–12 .  
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Figure 2.  A scenario for annual energy f luxes towards major products and 
intermediates. The scenario assumes a 50% reduct ion of  fossi l  fuel 
consumption and a 50% increase in energy demand, to accommodate 
populat ion growth and increased per capita energy demands. This scenario 
could be achieved before 2040 i f  the instal lat ion of photovoltaics cont inues 
as predicted in Figure 3. Circles and black/red arrows represent energy 
sources and uses respect ively ,  where the area and the width is proport ional 
to the total energy  per year. Dashed arrows represent f luxes less than 10 
EJ year - 1 .  Red arrows are technologies that wi l l  require major development 
and/or economic incentives. Solar inf lux (yel low) is not  to scale since i t  is 
far larger than any of the other f luxes. Purple boxes are main product 
classes, and they are not to scale. The picture was inspired by Noorman 
and Heijnen8 ,  and the values are a scenario based on current consumption 
patterns and the predicted energy demand by 2040 9–1 4 .   
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The beneficial properties of biomass as an energy source do not apply 
to applications related to heat and electricity. Therefore, renewable 
energy sources with a higher efficiency of sunlight to energy conversion 
can be used for this (Figure 2). Of the renewable alternatives available, 
photovoltaics is likely to be the major source of electricity by 2040. The 
deployment of photovoltaics has been growing exponentially during the 
last decades (Figure 3) and is expected to continue. Extrapolating the 
installation of solar power into the future with a doubling time of 2.6 
years, it is estimated that the 400 EJ year-1 of renewable power required 
to reduce fossil fuel consumption by 50% (Figure 2) can be achieved in 
the timespan 2035-2040. 

Despite the promising capacity of solar power, there are two main 
limitations to supplying a majority of the world’s energy from 
photovoltaics. 

1. The intermittent nature of solar irradiation requires either energy 
storage solutions or additional alternative power sources to supply 
power during night, cloudy days and winter seasons. To solve this 
issue, the amount of nuclear power has been increased in the 
suggested scenario (Figure 2), mostly in areas with large seasonal 
variations in solar input. Other renewable sources of electricity, such 
as wind turbines, can also provide load balancing. However, these 
power sources are not expected to grow as rapidly as photovoltaics17, 
and will have a minor contribution to the total energy production. 

2. The current energy system is almost entirely based on the energy 
stored in chemical bonds of carbon-based molecules and there is 
currently no economically feasible method for direct reduction of 
CO2 to hydrocarbons. Thus, a transition away from fossil fuels will 
require large investments in altered infrastructure for power 
distribution and storage (Figure 2, red arrows). In addition, a range 
of new technologies to refine carbon-based compounds will have to 
be developed to supply carbonaceous compounds in products where 
they are indispensable. 
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Figure 3.  Total capacity of instal led photovoltaic systems against t ime. The 
upper panel is on a l inear scale and the lower panel on a logarithmic scale. 
An exponential funct ion has been f i t ted to the data between 2012 and 2018 
and extrapolated to 2040.  The extrapolat ion assumes that t hat the market 
remains in the current state and that the growth rate remains relat ively 
constant.  Similar analysis of wind -, geothermal-,  t idal-,  and hydro-power 
predicts that the majori ty of renewable energy wil l  be from p hotovoltaics in 
2040. Data from IEA and REN219 , 13 , 1 4 , 1 7 .  

There are two product categories which will continue to require 
carbon-based compounds: materials and heavy transport. The materials 
that we consume often require carbon for production, such as steel, 
polymers and paper. Long range transport is especially dependent on 
liquid fuels with high energy density to simplify handling and provide a 
suitably low fuel/payload ratio. At the same time, biomass is not 
abundant enough to provide all energy for all transport. Thus, 
electrification of light transport is also to key fossil-independence (Figure 
2). To supply the carbon for heavy transport and material, biomass must 
be used since it is sufficiently abundant (Figure 2) and there are currently 
no other economically feasible sources of renewable carbon. To achieve 
the increased supply of biomass, two strategies have been employed: 
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1. A more efficient utilization of the land can provide the required 
biomass types. For example, it is possible to collect more agricultural 
residues, cultivate dedicated carbon fixation crops, and transition to 
a diet with a lower fraction of animal products. In the provided 
scenario (Figure 2), this resulted in an additional 20 EJ harvested, 
without expanded land use22. 

2. Cultivating more of the arable land can make more biomass available 
for food, feed, fuels and materials. However, care must be taken to 
protect biodiversity and natural ecosystems. In the provided 
scenario (Figure 2), a conservative estimate has been used to supply 
an additional 100 EJ worth of biomass by creating new farmland. If 
managed correctly, this could come mainly from land currently in 
fallow, and grass- and shrubland, which are expected to release 
minor amounts of CO2 when converted to farmland. Expansion into 
forests, though not protected nature areas, is required if to access the 
remaining 100 EJ worth of arable land22. However, forests are 
majors sinks of CO2 and conversion to agricultural land has been 
shown to be a major contributor to net CO2 release 2,23. 

1.3. Renewable carbon sources 

In order to substitute not only the energy currently derived from fossil 
fuels, but also the carbon, a range of carbon sources must be considered. 
Fossil carbon is highly versatile and during the last century, methods 
have been developed to synthesize a plethora of compounds from oil, 
natural gas and coal. It is thus unlikely that a single carbon source could 
provide all the benefits of fossil carbon. Instead a mix of renewable 
sources will likely be needed. Additionally, the carbon from fossil sources 
has a high degree of reduction (low oxygen content). The high degree of 
reduction is a feature that sets fossil fuels apart from most other carbon 
sources on our planet and it is the main reason why they are so difficult to 
substitute. Carbon compounds can become highly complex because of the 
stable carbon-carbon bonds, and they provide high energy upon 
combustion, lending themselves very well for use as fuels and materials. 
To accommodate these properties based on renewable sources, the 
following paragraphs will consider a range of carbon sources (Table 1) 
that could potentially be used to replace fossil carbon. 
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Table 1.  Examples of avai lable carbon sources  

Carbon source Commercialized products Theoretical areal 
productivity30 

Direct CO2 reduction Methanol31 - 
Starch/sugar Wide range of products21 Low 
Vegetable oil Biodiesel32 Low 
Food residues Biogas and fertilizer33 - 
Residues and energy crops Ethanol34 and pyrolysis oil35 Medium 
Algae Food/supplements36 High 
Steel flue gas Ethanol25 - 

 
The most readily available carbon would perhaps be the CO2 already 

present in the atmosphere at about 400 ppm and rising24. However, this 
is the most oxidized carbon available, requiring a large input of energy to 
synthesize useful compounds. In fact, except for photosynthesis, there is 
currently no efficient method available for extracting and reducing the 
carbon. Nevertheless, intensive research is being conducted to develop 
such technology, including gas fermentation25,26, electrochemical-27, 
photochemical-28, and thermal reduction29. The main drawbacks of these 
methods are that they generally produce small carbon compounds (up to 
5 carbon atoms), and they require high concentrations of CO2 to reach 
adequate efficiencies. This means that they rely on either co-localization 
with sites that produce CO2, or on expensive processes for CO2 extraction 
from the atmosphere. In addition, thermal reduction and gas 
fermentation require a chemical reducing agent (i.e. H2 or CO), which 
would probably have to be produced using electrolysis29, pyrolysis of 
biomass, or obtained by co-localization with industries that have such by-
products (e.g. steel flue gas25)26. 

A common carbon source in for example the food industries is sugar, 
mostly derived from sugary- and starchy crops by simple extraction 
and/or hydrolysis. These crops also provide the main substrates in 
current bioprocessing plants, for example in ethanol and protein 
production. This is mainly due to the ease of use and because the 
processes were established on such substrates originally. The main 
challenges with a dependency on only starch/sugar crops for the 
production of carbon-based compounds are that they cannot be cultivated 
in a wide range of conditions, and the productivity of starch per area is 
relatively low, compared to the total carbon fixation rate in other crops18. 
Avoiding potential future competition with the food industry is additional 
reason to rely on a wider selection of carbon sources. 

Another option that is used for renewable carbon is oil crops, such as 
canola, oil palm and soy. However, the productivity of these crops can be 
even lower than for starchy crops18. The main benefit of oils is the higher 
energy density, which is exploited in the production of biodiesel, where 
biological oils are either transesterified with methanol, or chemically 
converted to diesel32. 
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An option that does not rely on cultivating traditional food crops is to 
utilize residual biomass to supply carbon for our needs. This biomass 
mainly includes agricultural and forestry residues, such as straw, 
branches and leaves, which are seldom collected due to their low value, 
but are highly abundant (Figure 2)11,17. Also, it has been suggested that 
even more of such residues could be produced by cultivation of specific 
energy crops18, or harvesting/cultivating algae, which are known for their 
theoretically high areal productivities30. The main challenge with these 
residue-based carbon sources is that they are recalcitrant, implying that 
the carbon is not biologically accessible in an easy manner, often 
requiring harsh chemical and physical reactions to release the contained 
sugars37.  

Yet another major waste stream today stems from our food. It has 
been estimated that approximately 30% of all the food produced today is 
lost or wasted on its way from the field to the mouth of the consumer38. 
This is also a significant amount of energy and carbon loss that could be 
utilized. Currently, food residues are mostly dumped on landfills while 
some are composted to improve agricultural land, or digested to biogas (a 
mixture of CH4 and CO2), which can be used as a transport fuel, or as a 
direct substitute of natural gas. However, this is a product of very low 
value in the current market, and the production has to be subsidised33,39. 

As illustrated, all renewable and reduced carbon sources available on 
our planet are of photosynthetic origin, and they have a diverse 
composition. Of these, residues make up most of the carbon that can be 
set aside for production of materials and fuels (Figure 2). However, to 
substitute fossil carbon, it is important to use all the available renewable 
carbon as efficiently as possible by implementing processes that can 
valorise these complex mixtures of carbonaceous compounds to products 
demanded by the market.   
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2. The microbial biorefinery 

The biorefinery concept is often defined as the conversion of biomass to 
products demanded on the market9,40–42. This definition covers various 
physical-, chemical- and biological processes that make products as 
diverse as electricity, paper and pulp, baker’s yeast, high fructose corn 
syrup, therapeutic proteins and vegetable oil biodiesel. This thesis will 
focus on bioprocesses, where living microorganisms are used as catalysts 
to carry out the required conversions of biomass to product. Also, 
products such as polymers and fuels are of particular interest, since they 
form the core of our fossil carbon dependency, and bioprocessing may be 
an especially suitable alternative method for their production.  

2.1. The constituents of a bioprocess 

Traditionally, there are three main steps in a bioprocess: Pre-treatment, 
cultivation of a microorganism, and downstream processing (Figure 4). 
Though these steps are sometimes combined to increase profitability 
and/or sustainability, the three-step interdivision still forms the core of 
evaluating and understanding bioprocesses. Therefore, each step will be 
briefly discussed in this section. 

Pre-treatment involves ensuring that the cultivation medium is 
suitable to grow microorganisms in. In a residue-based biorefinery, 
various physical, chemical and enzymatic steps may be used to for 
example break down biomass to make the constituent sugars more 
accessible to the microorganism in the upcoming cultivation step43–46.  

Cultivation involves growth and/or product formation by (a) chosen 
microorganism(s) in the medium under a carefully chosen set of 
operating conditions in a bioreactor. In the ideal case, the bioprocess 
should be designed so that growth can be decoupled from production, 
thereby minimizing the amount of cell mass produced as a by-product 
whilst maintaining high productivity. There are two specific operating 
modes for a bioreactor that are relevant for upcoming discussions: 
Aerobic and anaerobic conditions. In anaerobic conditions, oxidizing 
agents are usually excluded, causing fermentation to occur. This 
preserves all the electrons from the substrate in the fermentation 
products. Aerobic conditions are used when respiratory processes are 
desired. This releases the energy from the substrate by oxidation, and 
makes some of it available for the synthesis of compounds with higher 
energy costs47. 

Downstream processing is the last step in the biorefinery, where the 
product is extracted from the cultivation medium, concentrated, and 
purified to the demanded quality. Depending on the product, this step 
can require a number of so called unit operations, and many of them are  
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Figure 4 .  Schematic representat ion of a bioprocess divided into the three 
steps: Pre-treatment, cult ivat ion and downstream processing.  

well established in the chemical industry, such as distillation, 
precipitation, solvent extraction, chromatography, filtration, 
centrifugation, crystallization or drying45,48–50.  

Since each unit operation contributes to the cost and environmental 
footprint of the product, attempts are made to integrate different steps 
and thereby potentially reducing cost and increasing sustainability51–53. A 
brief discussion on this strategy will be provided in section 2.3. 

2.2. Evaluating a bioprocess 

To determine if it is viable to invest in the construction of a 
microorganism-based biorefinery, or to alter a current process, a techno-
economic assessment must be made. Such an assessment investigates the 
costs and incomes from the bioprocess by integrating information about 
the technical requirements and expected performance of the process with 
prices of products, raw materials, labour, utilities, and overhead costs etc. 
Such an assessment can be a black-box calculation for an early feasibility 
estimation, or involve advanced modelling and optimization of the entire 
facility to determine the most profitable path. In either case, there are five 
interdependent concepts that form the basis of a techno-economic 
assessment: Titre, rate, yield, quality and robustness54–56, which will be 
described briefly in the following paragraphs. 
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1. The titer is the concentration of the product in the bioreactor. A higher 
titer will make the downstream processing easier and reduce the 
amount of waste generated. However, the titer can be limited by a range 
of factors, including thermodynamics, kinetics and the toxicity of the 
product to the microorganism57.  

2. The rate, or productivity, is the speed at which the product is produced. 
Often, the volumetric productivity of the bioprocess is reported, since it 
will reflect the amount of time that the bioreactor must be occupied to 
produce a given amount of product. Since the bioreactor can be a 
substantial part of the investment cost for a biorefinery, the rate is a 
strong cost driver, both for high- and low-value products56,58. 

3. The yield is the amount of product produced per substrate used. 
Combined with the cost of the substrate and the selling price of the 
product, this metric will give the gross profit for the process. The yield 
should of course be calculated over the entire biorefinery, including pre-
treatment and downstream processing. It is also important to realize 
that the yield is often at a tradeoff with other criteria, such as quality 
and rate. In general, low-value/high-volume products are considered 
more yield sensitive than high-value/low-volume products, since the 
cost of the substrate is a higher fraction of the total cost in the former 
case59.  

4. Quality is more difficult to define as it is highly dependent on the 
chosen product and its specific application, though purity is commonly 
used. Oftentimes, the downstream process is the step that has the 
highest effect on the quality of the final product60. However, choosing 
“dirty” substrates or bioprocesses with many by-products may make the 
downstream processing exceedingly expensive to reach the desired 
quality61,62. Obtaining a certain quality or purity is often a prerequisite 
to being able to sell the product, and it may be possible to sell products 
of higher quality at significantly elevated prices. The quality criteria are 
often more important in high-value/low-volume products due to their 
applications in food and pharma, where contaminants can be harmful. 
However, low-value/high-volume products such as polymer precursors 
can require very high purity to avoid defects such as discoloration and 
fragility61. 

5. Robustness is an overarching concept that considers the variation over 
time of important parameters, such as titer, rate, yield and quality. In 
addition, the risk of process failure must be factored in by careful 
evaluation of each processing step. As such, robustness may be difficult 
to evaluate, especially without prior experience, though there are 
strategies that can aid in designing a robust bioprocesses from 
scratch63–67. 
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To make a bioprocess profitable, these five criteria must be met to a 
sufficient degree, based on the envisioned substrate, product and process. 
As has been indicated for some of the criteria, they are highly 
interdependent and there are tradeoffs to be had when designing the 
bioprocess. Thus, by accounting for the interactions between rate, yield, 
titer, quality and robustness, the expected profit can be maximized, 
thereby increasing the chances of commercializing the bioprocess. 
Measures taken to increase these metrics are often referred to as process 
intensification and are vital for commercial operation of bioprocesses. 
This has already been achieved for a large number of bio-based products, 
such as pharmaceuticals68,69, food- and feed additives70–72, pigments73, 
fragrances74, and more recently small molecules for the fuel, chemical and 
polymer industries (e.g. ethanol, lactic acid61,75,76, 1,4-butane diol77 and 
propane diol78,79). 

2.3. Strategies for economical biorefining 

Although there are examples of successful biorefineries21,80–83, competing 
with the oil refinery presents a substantial challenge, especially when 
attempting to utilize biomass residues. There are three main difficulties 
surrounding the residues. (1) Residual biomass has a low energy density 
since it contains a large fraction of water (or air) and the carbon 
compounds contained are more oxidized than those found in fossil fuels. 
This means that large volumes of material need to be processed. The high 
water content also makes biomass susceptible to undesired rotting during 
transportation or storage. (2) Much of the residual biomass is considered 
recalcitrant. This means that many of the molecular structures have 
evolved to be difficult to degrade, as a defence against the environment 
and other organisms, which often gives high energy costs to release the 
useful carbon. (3) Biomass is more difficult to process than crude oil since 
it is heterogenous (placing extra demands on robustness of the process in 
face of variations in the substrates used), and it is often solid (pumps and 
pipes cannot be used easily)41,84. To mitigate these challenges, a range of 
(sometimes conflicting) solutions have been proposed8,41,42,80,85–97. 

To cope with the low energy content of residual biomass, it is 
important to reduce the transport distance, and the energy used to 
transport the residues. Thus, the type of biomass used in each bioprocess 
will likely be dependent on local factors, such as the crops commonly 
grown, and carbon-rich residues generated by industries in the region 
(Figure 5). Additional strategies, such as initial pre-processing in the 
field, may be used to increase the energy density of the biomass85,98. 
These strategies aim to minimize the cost attributed to transport, since it 
can otherwise be a major cost driver for attempting to use residual 
biomass as a carbon source.  
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After collecting the biomass, it must be pre-processed, to make the 
carbon rich compounds accessible to the microorganisms. Also, to 
achieve flexibility in the choice of substrate and product for bioprocesses, 
it is possible to convert all incoming substrates to the same platform 
intermediate compound (or range of compounds) (Figure 5). Depending 
on the substrate uptake capabilities of the processing organisms, these 
can range from finely ground lignocellulosic biomass to simple sugars, or 
pyrolysis products (CO, H2, CO2, H2O)41,99–101. In designing a bioprocess, 
it is possible to choose between spending time and resources on the 
development of microorganisms that require little pre-treatment of the 
biomass, or accepting a higher operating cost (and probably lower yield) 
for the energy intensive pre-treatment so that a more conventional 
organism can be used for production102,103. 
 
 
 

 

Figure 5.  Strategies for a competit ive bioref inery involves sourci ng a 
variety of cheap and local carbon, derived from residual  streams of food -,  
agricultural - and forestry act iv i t ies. These can be homogenized to a 
platform intermediate, which can be further processed to mult iple products 
of various value. Although this Figure focussed on carbon- and energy, 
valuable streams of nitrogen, phosphate a nd/or protein can also be 
obtained from bioref ineries.  
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The benefit of producing a single platform intermediate lies in being 
able to produce a range of products from the same substrate (Figure 5), 
without having to dedicate specific substrates to specific products. Thus, 
multiple products could be produced in the same biorefinery, either in 
different production campaigns or on separate production lines. Having 
the capacity to adapt the product portfolio to the demands of the market 
will increase profit, by producing the product that is most demanded. A 
closely related concept is to make use of all the streams exiting the 
biorefinery and selling them towards the markets where they are most 
suited, instead of disposing of them as waste (with associated costs). 
Earnings are increased by adopting a larger profit margin on the low-
volume/high-value products, while selling the high-volume/low-value 
products closer to the break-even point. This strategy is also widely 
employed in oil refineries to increase profits41,84,104.  

To maximize the production rate, continuous processes can be 
considered, since they minimize down time compared to batch processes. 
However, a malfunction at any stage may affect the whole process, unless 
overcapacity and redundancy are built in. In bioprocesses, contamination 
and heterogeneity may constitute the highest risks in a continuous setup. 
Thus, the demands on robustness are very high in a continuous process, 
and they may not be compatible with the flexibility required if multiple 
products are to be produced from a varied substrate inflow8. 

Another commonly proposed strategy is process integration, where 
the number of processing steps is minimized and the transitions between 
them are optimized. This involves choosing the conditions in each 
processing step so that the route from substrate to purified product is 
shortened53,89. An example of this could be the use of cultivation 
conditions that allow in situ recovery of a product from a bioreactor, 
rather than applying those conditions in a separate downstream 
processing step. Process integration is likely to entail unconventional 
processing conditions and novel combinations of processing steps, which 
in turn may require the discovery and engineering of microorganisms 
that can handle the required conditions8. 

Though this set of strategies may be useful to design an economically 
viable bioprocess, the value of the chosen product ultimately determines 
the type of optimization required. In general, high value/low volume 
products (such as those in pharma and food industries) are often subject 
to stricter demands on quality and robustness, requiring process designs 
that meet such requirement. While low value/high volume products 
require processes that are more focused on optimizing yields and titers. A 
wide-range of products on the value/volume spectrum are available from 
biorefineries and contribute extensively to the prosperity of our 
society21,80–83. 
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2.4. Carboxylic acids as biorefinery product examples 

To exemplify some products already available from microbial 
biorefineries, a set of compounds with various applications will be 
discussed in the following section. Since this thesis is focused on 
carboxylic acids, the selection has been limited to small molecules 
containing carboxyl groups with a span of applications. 

Beta-lactam antibiotics are perhaps the compounds that have 
contributed most to the improved health of humankind during the last 80 
years. Part of the success of the penicillin derivatives lies in the 
identification of the core structure, 6-aminopenicillinic acid, which 
allowed synthesis of a large range of related compounds with various 
properties (i.e. efficacy, specificity, pharmacokinetics, side effects etc.), 
though sharing the ability to disrupt bacterial cell walls by interfering 
with peptidoglycan synthesis. 6-aminopenicillanic acid is obtained by 
hydrolysis of penicillin produced aerobically by filamentous fungi from 
the Penicillium genus. Various side groups can then be added to give 
desirable pharmaceutical properties. Since the discovery, penicillin 
production has been improved by many rounds of random mutagenesis 
and strain selection, coupled with process design. This resulted in a 
dramatic increase in production and reduction in price since the first 
fungal producers were discovered. The inability to efficiently synthesize 
the core structure by chemistry from fossil feedstock forced production of 
6-aminopenicillanic acid by bioprocessing, and the large benefits of the 
compound allowed high prices in the early development phase, providing 
capital for investments in process development69. 

Another traditional biotechnology product is glutamic acid, produced 
as monosodium glutamate by the gram-positive Corynebacterium 
glutamicum. As in the case of penicillin production, strain development 
by selection and process engineering have been the main methods used to 
improve on production of monosodium glutamate, while the rational 
metabolic engineering tools have become available in the last decades, 
further accelerating strain optimization. In addition, early engineering 
efforts with C. glutamicum enabled production of lysine producing 
strains, which were quickly commercialized. Both amino acids found 
strong markets in the food and feed segments, becoming established as 
the two top amino acids produced (by mass)71,72.  

Lactic acid is one of the earliest purified and identified organic acids. 
The compound itself and lactic-acid bacteria that produce it have been 
utilized for centuries in food preservation (by natural/spontaneous 
fermentation). Nowadays, the pure compound is often added directly to 
processed food as an acidulant, providing some preservative properties. 
Additionally, its application as a monomer in polymer production is 
growing rapidly76. Although production of PLA (polylactic acid) was 
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patented as early as 1954, it has gained attention and market shares only 
recently for four reasons. (1) Lactic acid and PLA can be made entirely 
renewable from various sources of biomass, reducing the reliance on oil 
for polymer production. (2) The biodegradability of the final products is 
being perceived as a strong added value, since legislation and public 
opinion is acting against the accumulation of non-biodegradable 
polymers in the environment. Also, the hydrolysis product, lactic acid, is 
readily degraded in the body, which allows PLA to be utilized for implants 
and sutures in surgery. (3) The ability to alter the physical properties of 
the polymer has allowed development of variants that compete with 
conventional plastics in terms of quality61,75,105,106. It has even been shown 
that PLA can be tailored and blended to satisfactorily replace popular 
fossil-based plastics such as polystyrene and polycarbonate107. (4) 
Development of new, cheaper production processes has made the price 
level low enough to compete with conventional plastics. Specifically, 
performing the cultivation at a pH that allows direct precipitation of the 
product in the cultivation medium has greatly simplified the downstream 
processes by almost completely removing the need for calcium hydroxide 
and sulfuric acid while reducing the amount of waste gypsum produced. 
However, this improvement had not been possible without rational 
metabolic engineering to introduce the production pathway in a novel 
acid-tolerant host108. 
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3. Concepts and tools in metabolic engineering 

The path from concept to large scale production of a compound from 
biomass is long and expensive. Investments on the order of at least $50 
million over 6-8 years have traditionally been required109. At the core of 
this development lies metabolic engineering, the optimization of the 
strain and pathway employed in the synthesis of the desired product. This 
is a rapidly developing field that relies on a range of concepts and tools to 
enhance the performance of the selected strain110–112. The most important 
of these will be discussed in the following sections. 

3.1. Choice of product, substrate and pathway 

The first consideration to be made when attempting to valorise biomass is 
to identify a valuable product that is expected to be possible to produce. 
Here, knowledge about both the market for various compounds, and a 
profound understanding of metabolism are important. In order to realize 
a commercial process, the envisioned compound must of course be 
demanded on the market, either because it can be produced more cheaply 
than the product currently on the market, or because it provides added 
value compared to other compounds on the market, such as being made 
from renewable sources, or having new, superior characteristics8. 

To aid in assessing the possibility of producing a target compound by 
metabolic engineering, genome-scale metabolic models are often applied. 
These describe the stoichiometry of all known reactions occurring in a 
certain organism and can be extended to cover reactions that could 
potentially occur, or that are known to occur in other organisms. This 
includes components such as transport reactions, cofactor regeneration 
(by respiration or fermentation), maintenance-, and growth requirements 
(Figure 6). Based on such models, the yield of product from various 
substrates through a range of potential pathways can be determined113–116. 
Each pathway yield can then be compared to the theoretical yield, which 
is derived from the balanced reaction that transfers all the degree of 
reduction from the substrate(s) to the product. As described previously, 
fermentative processes that conserve the degree of reduction are thus 
favourable, given that sufficient energy remains available for the growth 
and maintenance requirements of the microorganism117,118. 
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Figure 6.  Schematic representat ion of important components and p rocesses 
to consider in metabolic engineering.  

In general, a higher yield is of course desirable, though it is important 
to consider additional constraints on both the overall reaction and the 
individual steps. The three main factors are the thermodynamics of the 
reactions, the efficiency of each included enzyme, and the regulation of 
the pathway. A limitation in either of these factors will require careful 
reconsideration of the chosen reactions or perhaps the product itself has 
to be disregarded as infeasible due to prohibitive constraints on the 
metabolism. 

By determining the Gibb’s free energy change of each reaction, and 
for the entire pathway, it is possible to determine the thermodynamic 
feasibility of carrying out the desired production. Here, it may be required 
to account for the concentrations of intermediates and cofactors to make 
a fair assessment. If any step has a too high Gibb’s free energy, it must be 
circumvented by additional steps (with the input of energy, e.g. ATP), or a 
completely different pathway must be considered117,119–123. 

If a hypothetical pathway passes the thermodynamic constraints, then 
the kinetics have to be investigated. Kinetic limitation is often the 
primary concern when engineering enzymes towards novel activities, and 
the search for suitable enzymes may constitute a majority of the pathway 
engineering effort. If the activity of an enzyme is low, it will likely control 
the flux through the desired pathway and a higher expression is then 
required to achieve sufficient productivity, reducing the intracellular 
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resources available for other tasks, such as maintenance, growth and 
production118,124. In a similar manner, a pathway that requires expression 
of many enzymes is probably going to demand more intracellular 
resources than a pathway that only requires a few steps.  

The final concern in metabolic engineering is the regulation of the 
pathway. In general, anabolic reactions are negatively feedback inhibited 
to conserve energy, while catabolism is regulated based on available 
substrates. There are numerous methods available to circumvent 
regulation on the transcriptional-, translational- and metabolic levels. 
However, it is important to consider the effects that altering regulation 
has on the overall metabolism of the production organism125. 

3.2. Choice of cultivation conditions 

Although the pathway from substrate to product is at the core of 
designing an industrial bioprocess, the conditions in which the process is 
performed will have a strong influence on the outcome. Thus, there are 
several aspects surrounding the cultivation conditions that should be 
assessed. A primary concern is often to ensure that environmental 
conditions, such as pH and temperature are suitable for recovering the 
product. If it is possible to utilize cultivation conditions where the 
product is already separated from the broth by precipitation, extraction, 
evaporation or similar processes, the downstream processing can often be 
greatly simplified. This will however put requirements on the production 
organism employed. It should produce, and preferably grow, in the 
desired operating conditions. However, if no such organism can be found 
(or engineered), then it may be possible to settle for less optimal 
conditions for product recovery8.  

Another issue of major importance is to provide all the required 
substrates to the production organism. If they are completely soluble at 
the required concentrations, this is of no concern, but in cases where the 
solubility is low, or where there are mass transfer boundaries, this may be 
one of the major rate limiting steps. Examples of “problematic” substrates 
include gases (O2, CO2, CO, H2) which need bioreactors designed for high 
gas-liquid mass transfer, hydrophobic compounds which need to be 
solubilized (or accessible by the microorganism on the water-oil 
interface), and solids which need to be ground to increase the accessible 
surface area. By ensuring access to the required substrates, the uptake 
rates can be maximized, and the process becomes limited mainly by the 
enzymatic steps and trans-membrane transport8.  

In other cases, the rate of substrate supply can be used to steer the 
bioconversion, affecting intracellular properties such as growth rate, 
cofactor availability, by-product distribution, and energy balance 
(ATP/ADP), which eventually contribute to the economic viability of the 
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bioprocess. For example, limiting the supply of ammonia to E. coli will 
certainly result in a reduced growth rate due to lack of nitrogen. 
Simultaneously, transcriptional regulation will activate nitrogen 
assimilation systems to scavenge amino acids and other nitrogenous 
compounds. Knowledge about such effects can be highly useful when 
conducting metabolic engineering, as they can be leveraged for 
production of the desired compound126–128. 

3.3. Choice of organism 

Closely connected to the choice of production conditions is the choice of 
production organism. Since early bioprocesses relied on natural 
producers of desired compounds, the production conditions have 
traditionally selected to match the optimum growth conditions for the 
production organism. However, with the refinement of gene editing 
techniques, it has become increasingly viable to focus on finding 
organisms that thrive in the conditions that are most optimal for the 
entire process and then incorporate the desired production pathway from 
another source. Such organisms can often grow well in conditions that 
simplify downstream processing, utilize cheap carbon sources (such as 
residual biomass) and/or tolerate high concentrations of products and 
toxins potentially present in the medium. In general, robust organisms 
that thrive in habitats similar to those found in the envisioned processes 
are prime candidates129. 

Having identified potential production organisms, the challenge then 
becomes to introduce the desired production pathway to achieve 
economically viable rate, yields and titres. In some cases, this is a simple 
matter of improving or activating an already present pathway, while other 
organisms require the introduction of a several heterologous genes. In 
either case, rational genetic manipulation requires access to, or 
development of, genetic tools for the specific organism of interest to 
enable pathway engineering109,129. 

3.4. Expression of enzymes 

Enzyme expression requires a basic understanding of the mechanisms of 
replication, transcription and translation, collectively referred to as the 
central dogma of molecular biology130 (Figure 7). Our ability to express 
enzymes is essential to the endeavour of metabolic engineering, and the 
choices made in the expression systems are highly relevant to the efficient 
functioning of the desired metabolic pathway. In general, it is important 
to express sufficient amounts of each enzyme, allowing the desired 
pathway to proceed efficiently, without incurring a too high metabolic 
burden. This burden is often quantified by the organism’s specific growth 
rate, but it can manifest in several ways. In many cases, a high metabolic  



Concepts and tools in metabolic engineering | 23 

 

Figure 7.  The central dogma of molecular biology.  

burden is caused by the choice of multi-copy systems and strong 
promoters designed for high level protein production instead of methods 
geared towards metabolic engineering, where the enzymes only need to 
be present in sufficient amounts to catalyse the desired reactions118. To 
achieve a good trade-off between enzyme expression and overhead costs, 
it may be necessary to create combinatorial libraries with various 
expression levels for each enzyme in the pathway to arrive at an optimal 
operating point. Until recently, this type of combinatorial approach has 
been very difficult to achieve due to the sheer number of strains that need 
to be constructed and assayed. However, a range of high throughput 
and/or automated methods have been developed for molecular biology, 
cultivation and analysis, greatly speeding up the effort131–133.  

3.5. Deletion and modification of native genes 

Expressing the enzymes required for a pathway to proceed may 
sometimes be sufficient to detect the targeted compound, but rarely at the 
titres, rates and yields required for commercialization. Instead, to 
approach an optimal process, the production organism must be altered 
further. In essence, millions of years of evolution have optimized life 
towards reproduction, where pathways leading to growth often have 
redundancies and are tightly regulated to maintain homeostasis. This is 
often in competition with production of the desired product, and the 
native regulation has to be removed. This regulation can be altered by 
deleting regulatory genes, or altering allosteric mechanisms in specific 
enzymes. Pathways competing with the intended product are also often 
removed, though care must be taken to not interfere excessively with 
pathways that contribute to growth and robustness of the production 
strain. Also, it may be necessary to alter the enzymes present in the 
production pathway, in order to achieve better specificity, stability or 
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activity. In such cases, it is common to express the enzyme variants 
separately and assay them in vitro before carrying out the best 
modification in the production strain134.  

Although the concepts of these methodologies have been known for a 
long time, the speed and efficacy of the required molecular biology for a 
wide range of organisms has dramatically increased over the past years. 
Contributing to this efficiency gain is the use of methods such as those 
relying on CRISPR Cas9, which has been used to carry out deletions, 
insertions and mutations at any PAM (protospacer adjacent motif) 
sequence in various genomes135–137. Additionally, the specificity of 
CRISPR has allowed development of custom regulatory patterns based on 
CRISPR interference138–140 and CRISPR activation141,142. As such, the 
molecular biology toolbox is ever expanding and allowing increasingly 
complex designs to be tested. 

3.6. Laboratory evolution 

One of the most successful applications of combining pathway design 
with cultivation conditions is in laboratory evolution. In this method, the 
cultivation conditions are chosen to select for organisms with certain 
traits. For example, if organisms with higher tolerance to a compound are 
sought, they can be cultivated in progressively higher concentrations of 
the target compound, enriching for mutations that confer resistance. By 
then sequencing the genomes of the resultant strains, it may be possible 
to identify the causative mutations, and use them to guide the design of 
production strains with higher resistance.  

Laboratory evolution can also be used to search for mutations that 
improve the pathway performance by designing the cultivation conditions 
and metabolic pathway to select for improved flux. Cases of such 
strategies include introduction of foreign substrate assimilation 
pathways, where the organism’s requirement for carbon is the driving 
force behind improved assimilation of the substrate. Or fermentation 
processes can be designed, where the end product acts as an internal 
electron acceptor, ensuring that growth can occur while no external 
electron acceptor is available. In this case, the pathway and cultivation 
conditions have to be designed so that the fermentation product is the 
only viable way of regenerating cofactors143–148. 

Although the concepts discussed in this section are generally 
applicable to metabolic engineering of any organism, much of the original 
research has been performed in a small group of model organisms, and 
thereafter applied to a variety of species. Thus, the next section will be 
devoted to one of these model organisms. 
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4. Escherichia coli 

Escherichia coli is a gram-negative bacterium first isolated and used as 
an indicator for contamination of surface water by sewage in the late 19th 
century. It is a common inhabitant of the gut of animals and is mostly 
harmless, though there are various pathogenic strains. Due to its ease of 
cultivation and rapid growth, E. coli quickly became one of the most 
studied microorganisms and a model organism for investigating various 
fundamental aspects of biology149,150. The following sections will provide 
an overview of E. coli and some of its applications.  

4.1. A generalist 

In bioprocessing, E. coli has a number of strengths, mainly relating to its 
adaptability to different environments (processing conditions). One of the 
prominent features is the facultatively anaerobic growth on a large variety 
of substrates. This allows E. coli to utilize a wide range of carbon sources 
that could be useful in a bioeconomy, from pentose sugars (common in 
hydrolysates of lignocellulose) to carboxylic acids (e.g. from anaerobic 
digestion)151,152. In addition, the E. coli metabolism is well characterized 
and there are a number of enzymatic reactions and pathways that confer 
redundancy and flexibility to the redox factors that can be generated, the 
metabolites that can be produced, and the transport systems used153. This 
flexibility is extended further by the ability to survive and grow in a 
relatively wide range of pH values and temperatures, with a high specific 
growth rate in optimal conditions. However, as a generalist, there are few 
niches where E. coli excels when compared to a specialized organism. 
Thus, E. coli is an organism highly suited for research on bioprocesses 
and strategies applied therein, even if it is not always the best strain 
depending on desirable product- or process parameters. 

4.2. A model organism 

As a model organism, the flexibility of E. coli in bioprocesses has been 
extended further by engineering. Traditionally, E. coli has been one of the 
easiest organisms to engineer because of the extensive knowledge already 
present on its metabolism and genetics109. This knowledge stems from 
extensive use of E. coli in the basic research performed on central 
metabolism, replication, transcription and translation149. Although a lot 
of this basic knowledge is applicable to a wide range of other organisms, 
the methods used and the exact workings are specific for E. coli. Thus, 
there are few other organisms where knowledge is as abundant in the 
fields of: Replication, transcription and its regulation, protein translation 
and folding, enzyme kinetics and regulation, metabolic pathways, and 
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modification and introduction of foreign genes. Knowing these details is 
highly useful when engineering an organism, since it becomes possible to 
rely more on rational design than trial and error. Furthermore, the 
establishment of E. coli as a model organism has spurred the 
development of specific datasets containing information on growth 
phenotypes151,152, gene deletions154–157, standard promoters158,159, 
ribosomal binding sites160,161 and protein expression systems159,162.  

4.3. A preferred protein factory 

In addition to research, one of the early uses of E. coli was in the 
recombinant production of proteins. This was a natural transition since 
E. coli was one of the few early organisms that could be transformed with 
plasmids, carrying genes of interest. With the discovery of restriction 
enzymes and the development of the polymerase chain reaction, it 
became possible to introduce any gene in E. coli and attempt production 
of the corresponding protein. Methods were developed to provide 
extremely high intracellular expression of proteins, giving recombinant 
protein production equivalent to 50% of the total protein mass in a few 
hours163. Such efficient protein synthesis, coupled with rapid growth in 
simple conditions, has led to E. coli becoming a popular host for 
recombinant protein production. However, there are three characteristics 
of E. coli that are important to take into consideration when engineering 
it for protein production. (1) E. coli is not capable of performing post-
translational modifications (e.g. glycosylation), requiring the selection of 
an alternate host where these modifications are essential for the proper 
function of the protein. (2) The protein secretion pathway in E. coli is 
inefficient compared to other organisms such as Bacillus and Aspergillus, 
which can produce exceptionally high extracellular titres of industrially 
relevant proteins. (3) The high translation rate can cause proteins to 
misfold or form inclusion bodies, which often are inactive. For proteins 
that can be refolded after purification of the inclusion bodies, this allows 
very high productivity, yield and simplified purification. Where needed, 
the formation of inclusion bodies can be alleviated by reducing the 
production rate. Additionally, various engineered strains are available 
that at least partially circumvent the traditional limitations in post-
translational and secretory capacities of E. coli164. Thus, E. coli remains a 
popular microorganism when producing recombinant protein in research 
and industry. 
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4.4. In proof of concept production of metabolites 

Because of the successful application of E. coli in protein production, it 
also became a preferred organism to reconstitute recombinant metabolic 
pathways. This is exemplified by the large number of research articles 
published on proof-of-concept pathways in E. coli, where several have 
been developed all the way to commercial production165. For example, in 
one study, novel pathways were constructed to produce C4-, C5- and C6- 
lactams from glucose in E. coli, providing opportunities to produce 
various polyesters166. One of the success stories is Genomatica’s 
development of commercial 1,4-butanediol production in E. coli. This 
compound had never been observed as a product of microbial metabolism 
previously, and it was therefore necessary to combine and modify several 
enzymes from various organisms to a functioning pathway. One step of 
the synthesis even required the engineering of an enzyme to catalyse a 
reaction not previously observed in nature77. In another example, E. coli 
has been engineered to overproduce tyrosine by using the detailed 
knowledge about metabolism and access to tools for genetic 
manipulation167,168. 

E. coli clearly has a wide range of applications in the biotechnology 
field, from basic research to commercial production of small molecules 
and therapeutic proteins. As such, it has been applied in the present 
investigation of this thesis to investigate questions in the field of 
metabolic engineering.
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5. Present investigation 

5.1. Aim 

The aim of this thesis was to explore short-chain carboxylic acids as 
products ((R)-3-hydroxybutyrate, 3HB) and substrates (volatile fatty 
acids, VFAs) in Escherichia coli, with an overarching goal to increase 
economic viability of the biorefinery concept.  

Three strategies to increase the economic potential of biorefineries 
were investigates in this thesis. First, the use of the two residual, cheaper, 
sustainable substrates for E. coli was investigated. E. coli tolerance, 
growth, co-consumption and/or product formation was quantified on 
VFAs from an anaerobic digest of food waste and on a mixture of sugars 
representing lignocellulosic hydrolysates (paper I and II). Second, the 
use of nutrient limitation for uncoupling of growth and product formation 
and thereby aiming to achieve increased product yields was studied. 
Specifically, production of 3HB by E. coli was investigated in nitrogen- 
and phosphorous limiting conditions (paper III). Third, the option to 
improve the economic viability of biorefineries through metabolic 
engineering approaches for strain improvement was studied. In 
particular, cofactor- and enzyme balancing (paper IV and V), as well as 
the low-copy bacterial artificial chromosome (BAC) were investigated 
(paper V). 

5.2.  Summary of materials and methods  

5.2.1. Cheaper renewable substrates 

To increase the scale of implementation of biorefineries, utilization of 
various residual biomass sources is necessary for both price reduction 
and increased total production volumes. Thus, two renewable residue-
based substrates have been investigated in this thesis. In paper I, a mix 
of lignocellulosic sugars (glucose, xylose and arabinose) was investigated 
as a substrate for E. coli for production of 3HB. To isolate the effect of 
carbon and energy source on 3HB production, a minimal medium with 
defined composition of lignocellulosic sugars was used, instead of a real 
lignocellulose hydrolysate. Thus, complications with batch variation and 
growth inhibitors introduced by real hydrolysates could be eliminated 
from this study. The sugar composition was based on a previously 
published wheat straw hydrolysate169, as it is representative of various 
agricultural wastes that could theoretically be collected in 
Sweden/Europe for use in bioprocessing.  
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In paper II, a VFA-rich anaerobic digest of food waste was 
investigated as a potential platform intermediate for bioprocessing with 
E. coli. VFAs are short carboxylic acids (2 to 6 carbon atoms) and suitable 
platform intermediates that can be formed robustly during anaerobic 
digestion of a wide range of organic matter by mixed microbial 
populations under non-aseptic, and thereby cheaper, conditions. By 
selecting appropriate processing conditions, organisms that use VFAs to 
produce biogas are disfavoured, making acidogenesis favourable and 
allowing a high recovery of degree of reduction in the VFAs. To extract 
the VFAs from the sludge, several techniques can be used, such as 
extraction, sedimentation or distillation101,170,171. In paper II, a VFA-rich 
digest produced by acidic digestion of food waste in an immersed 
membrane reactor was provided by prof. Taherzadeh (Borås University, 
Sweden)172. The provided digest was used as a carbon- and electron 
source for E. coli in batch culture to assess tolerance and its ability to 
consume the contained VFAs. To culture E. coli in chemostat on the 
VFAs, a minimal medium with the same distribution of VFAs was used, 
due to limited availability of the original digest. 

5.2.2. Strains and pathways 

Most of the papers (I, III-V) in the present investigation have aimed at 
producing (R)-3-hydroxybutyrate (3HB) by metabolically engineered E. 
coli. 3HB was chosen as a model product since it is a chiral carboxylic 
acid with potential applications in polymers, pharmaceuticals, food 
supplements and medical devices173–177. In all experiments with 3HB 
production, the two heterogolous enzymes acetoacetyl-CoA thiolase (t3) 
and acetoacetyl-CoA reductase (rx) have been expressed sequentially in 
the same operon. The gene sequences were taken from the halophile 
Halomonas boliviensis due to its ability to produce large amounts of 
polyhydroxybutyrate178, the polymerized form of 3HB. The resulting 
recombinant pathway to 3HB (Figure 8) requires two mol of acetyl-CoA 
and one mol of NADPH to yield one mol of 3HB-CoA. Several native E. 
coli thioesterases have been shown to contribute to the subsequent 
hydrolysis of the 3HB-CoA to 3HB179 (Figure 8). 
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Figure 8.  Simpli f ied pathway for 3-hydroxybutyrate (3HB) product ion in E. 
col i .  The genes t3  and rx  were cloned from Halomonas bol iv iensis 178 .  The 
gene yciA  is nat ively expressed in E. col i ,  and has been shown to be the 
main thioesterase contribut ing to hydrolysis of 3 -hydroxybutyryl -CoA to 3HB 
in the AF1000 strain background 17 9 .  

E. coli AF1000 and E. coli W3110 have been used as parental strains 
in the present investigation. They are both derived from E. coli K-12, 
though with slightly different lineages180,181. AF1000 was selected for 3HB 
production because of its high acetic acid production, likely indicating a 
high acetyl-CoA availability, the main precursor for the 3HB pathway 
(Figure 8)182. Additionally, the AF1000 derivative PPA652ara had 
previously been shown to co-consume glucose, xylose and arabinose183, 
providing an opportunity to study 3HB production from lignocellulosic 
sugars. 

The strain PPA652ara is an AF1000 strain with a ptsG deletion that 
has also been adapted to growth on arabinose. PtsG is the main glucose 
uptake mechanism in E. coli, and simultaneously transfers a phosphate 
group from phosphoenolpyruvate to glucose (Figure 9A). Additionally, 
PtsG is responsible for inducer exclusion and catabolite repression by 
glucose184–186. Deletion of ptsG thus de-represses the other sugar 
transport operons despite the presence of glucose, allowing simultaneous 
expression of glucose-, arabinose- and xylose uptake systems. Although 
strain PPA652ara has previously been shown to grow slower than the 
parental AF1000 on glucose alone183, the added benefit of co-consuming 
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glucose, xylose and arabinose potentially allows for an overall faster and 
more robust bioprocess. 

The investigation of VFA uptake in E. coli (paper II) also relied on a 
strain engineered for improved substrate co-consumption. In this case, 
fadR was deleted in the W3110 background to improve VFA 
consumption. FadR would normally repress beta oxidation at low 
intracellular concentrations of long chain acyl-CoA (Figure 9B)187–191. 
Since no long chain fatty acids were detected in the anaerobic digest used, 
a deletion mutant was used to achieve better consumption of the 
contained VFAs. 
 
 

 

Figure 9.  Overview of regulat ion in uptake of l ignocel lulosic sugars (A) and 
volat i le fatty acids (VFAs) (B) in E. col i .  Red arrows with a bar arrowhead 
indicate repression and green arrows with a plus arrowhead indicate 
act ivat ion. (A) In the presence of gluc ose, the carbohydrate 
phosphotransferase system transfers a phosphate group from 
phophoenolpyruvate (PEP) to PtsI,  forming pyruvate (Pyr).  The phosphate 
group is then transferred on to PtsG (via the intermediate proteins HPr and 
Crr),  which carries out the concomitant uptake and phosphorylat ion of 
glucose (Glc) to glucose-6-phosphate (Glc-6-P). This chain of events 
ensures that Crr remains in a non -phosphorylated state, causing cataboli te 
repression of the genes involved in xylose (Xyl) and arabinose (Ara) uptake. 
Addit ional ly,  the presence of  intracel lular Xyl and Ara act ivates the 
respect ive transport and degradation genes, while Ara also represses the 
genes for Xyl catabolism. (B) The enzymes involved in aerobic beta 
oxidat ion of fatty acids also act on most of the VFAs. However, these genes 
are repressed by FadR. In the presence of long chain fatty acids, beta 
oxidat ion genes are de-repressed by the interac t ion between long-chain 
acyl-CoAs and FadR.  
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5.2.3. Cultivation techniques 

Throughout the present investigation, various cultivation techniques, 
such as batch, fed-batch, and chemostat, have been used to characterize 
or improve substrate consumption, growth and product formation in 
different E. coli strains. The following paragraphs will briefly explain 
these techniques. 

In a batch process, the bioreactor or shake flask is filled with the 
cultivation medium, and then the production strain is inoculated. Growth 
proceeds at an exponential rate until a limitation is reached, such as 
exhaustion of a medium component, the accumulation of a toxic product, 
or an insufficient mass transfer rate from the gas phase, in which case 
growth slows down or stops. If the culture becomes restricted by the 
depletion of an essential nutrient, growth will often come to a complete 
halt after a transitionary period where storage compounds are consumed 
while the composition of the cell is altered to optimally use the remaining 
intracellular resources192. The term “depleted” is used in contexts where 
the medium has been designed to halt growth due to the complete 
consumption of a specific nutrient. 

The batch concept can be extended by pulse-wise addition of 
concentrated substrate to the bioreactor before that nutrients runs out. 
This is sometimes referred to as a repeated batch in this thesis since the 
growth conditions are physiologically identical to the batch insofar that 
the cells experience high substrate concentrations and thus grow at their 
maximum specific growth rate if no inhibition or mass-transfer 
limitations occur.  

In a fed-batch, a limiting substrate is pumped into the reactor at a 
rate that is lower than the maximum uptake rate of the microorganism. 
By controlling the rate of feeding, the specific substrate uptake rate of the 
cells is controlled. This in turn enables control over for instance uptake-
dependent variations in metabolism and product formation and oxygen 
consumption rate to avoid oxygen limitation in aerobic processes. The 
fed-batch technique is favoured for products such as proteins and cells 
(e.g. baker’s yeast) since high cell densities can be achieved without 
oxygen limitation, and the growth rate (tightly coupled to metabolic-, 
translation- and protein folding rates) can be controlled. 

To increase the productivity of bioprocesses, and to study physiology, 
various continuous cultivation techniques have been developed. The most 
common of these is the chemostat, where the volume is kept constant in a 
bioreactor with continuous in- and out-flows. Continuous processes 
minimize downtime since the cells can grow uninterrupted for extended 
periods of time, and in chemostat, a steady state can be reached, 
providing a constant product stream of defined composition for extended 
periods of time. Such setups are highly valued in research since 
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physiology can be studied in steady state at defined growth rates, and it is 
possible to use the technique for laboratory evolution. However, 
evolutionary pressure away from product formation is undesirable in a 
production setting, making them unsuitable for products with a high 
metabolic cost. As in any cultivation concept, the maximum obtainable 
cell concentration in the reactor is limited by factors such as the ingoing 
substrate concentration, cellular maintenance requirement and mass 
transfer rates. 

5.3. Substrate choice in bioprocessing 

There are numerous considerations when designing a process around 
novel substrates, connected to factors such as pre-treatment, 
consumption by the production organism and feasibility to purify the 
chosen product from the matrix of the substrate. However, the present 
investigation focused on four main areas: (1) complete utilization of the 
substrate by E. coli, (2) the rates of growth, consumption and product 
formation on the substrate, (3) simultaneous consumption of all 
components, and (4) possible substrate inhibition. Some of these factors 
were covered in both paper I and II, while others are specifically 
covered in one of these papers.  

In paper I, the use of lignocellulosic sugars as substrate for 
production of 3HB was investigated. The two E. coli strains AF1000 and 
PPA652ara were transformed with a 3HB production plasmid and 
compared for their ability to produce 3HB from lignocellulosic sugars in 
batch, nitrogen depletion and nitrogen limited fed-batch (Table 2). In 
batch culture, PPA652ara was outperformed by AF1000 in terms of 
specific production rate and yield of 3HB. This is mainly explained by the 
low sugar consumption rate, which stems from the deletion of the main 
glucose transporter (Figure 9A). However, PPA652ara consumed glucose, 
xylose and arabinose simultaneously, while AF1000 preferentially 
consumed glucose in all cultivation conditions. In the cultivations where a 
depletion or limitation of nitrogen was applied, the sugar transporter was 
not the main bottleneck for growth and substrate uptake in PPA652ara 
(qsugar in Table 2). Instead, regulation of metabolism due to low nitrogen 
concentrations appears to play a bigger role. Thus, the co-consuming 
strain PPA652ara matched the productivity of the wild type under 
nitrogen depletion, whilst the (lower) yields were identical in nitrogen- 
limiting conditions. However, the yield of 3HB in AF1000 was more than 
50% higher than in PPA652ara in nitrogen depletion. This can potentially 
be explained by the more efficient repression of sugar uptake in AF1000 
during nitrogen depletion due to the presence of a fully functional 
phosphotransferase system. 
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Table 2. Comparison of 3HB product ion by AF1000 and PPA652a ra in varied 
cult ivat ion techniques. The presented values are averages across the 
indicated cult ivat ion phases, based on step-wise calculat ions across three 
sequential data points (paper I ).  

Cultivation 
technique 

Strain qsugar 
(g g-1 h-1) 

q3HB 
(mg g-1 h-1) 

Y3HB/sugar 
(mg g-1) 

Batch AF1000 1.0 68 60 
Batch PPA652 0.7 25 30 
N-depletion AF1000 0.2 29 230 
N-depletion PPA652 0.3 31 140 
N-fedbatch AF1000 0.6 45 50 
N-fedbatch PPA652 0.6 38 50 

qs ug a r :  Total specif ic sugar consumption rate  
q3HB :  Specif ic 3HB product ion rate  
Y3HB / s ug a r :  Yield of 3HB per total sugar consumed 

 

To further characterize the uptake of the lignocellulosic sugars in the 
two strains, AF1000 and PPA652ara were grown in aerobic carbon-
limited chemostat cultures at varying dilution rates (paper I). In both 
strains, the residual sugar concentrations, as well as acetic acid 
production, decreased with decreasing dilution rate. Both strains 
achieved near complete consumption of all sugars at dilutions rates below 
0.4 h-1, while acetic acid dropped towards the detection limit (Figure 10). 
At dilution rates between 0.5-0.7 h-1, the residual sugar concentrations 
were higher for both strains. In the chemostat of AF1000, the residual 
xylose concentration was 2.8-5.2 g L-1 higher than the residual glucose 
concentration, which can mainly be explained by repression of xylose 
uptake by the presence of glucose. Conversely, in the chemostat 
cultivation of PPA652ara, the residual glucose concentration exceeded the 
xylose concentration by 2.1-3.7 g L-1. This is best explained by the limited 
glucose transport capacity caused by the PtsG deletion, and correlates 
well with the preferences displayed in the batch and fed-batch 
experiments. 

From the presented data, it was concluded that production of 3HB 
from lignocellulosic sugars is possible and can compete with production 
from pure glucose. However, the strain designed for co-consumption of 
sugars requires further engineering to optimize consumption of all the 
supplied lignocellulosic sugars. This could be achieved through methods 
such as laboratory evolution or expression of additional sugar 
transporters. Additionally, factors such as pre-treatment, product 
recovery and toxicity of real hydrolysates must be investigated. 
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Figure 10.  Growth of E. col i  AF1000 (A) and PPA652ara (B) in aerobic 
carbon l imited chemostat at 37°C, pH 7.0, with a mix of 8.2 g/L glucose 
(Glc),  5.95 g/L xylose (Xyl) and 0.85 g/L arabinose (Ara) as carbon source. 
Steady state concentrat ion of the sugars, cel l  dry weight (CDW) and acet ic 
acid (HAc) was determined at the indicated di lut ion r ates in dupl icate, 
separated by at least 3 volume changes. The dashed l ine indicates the 
mean of the two individual measurements  (paper I ).  

To further expand the substrate scope of E. coli, an anaerobic digest 
of food residues172 was investigated as an alternative carbon- and energy 
source (paper II). VFAs are the main constituents of this digest, and 
growth of E. coli in such a mixture has not previously been studied. Since 
E. coli is known to consume most of the individual acids detected in an 
anaerobic digest, such as acetic-, propionic-, butyric-, valeric-, and 
hexanoic acid, characterization of the growth on, and tolerance to, a VFA 
mixture was considered a prime starting point for further valorisation of 
food residue-derived carbon.  

Initial tests were carried out to evaluate the toxicity of the provided 
anaerobic digest. The growth of two E. coli strains, W3110 and W3110 
ΔFadR, was compared in various concentrations of the digest to assess 
the ability of each to consume and tolerate the contained VFAs. Both 
strains grew well in all concentrations tested, without any noticeable 
effect of VFA concentration on growth rate, indicating that the tolerance 
is sufficient for the VFA concentrations that can be expected from current 
generation VFA production by membrane-bioreactor based anaerobic 
digestion172. However, strain W3110 ΔFadR, with de-repressed fatty acid  
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Figure 11.  Shake f lask cult ivat ion of E. col i           f     d       ΔF dR  
(r ight) on a VFA-r ich anaerobic digest of food residues supplemented with 
minimal medium salts (MM) at pH 7.0, 37°C. To assess the tolerance o f the 
strains, the anaerobic digest was supplied in concentrat ion increments 
between 10-90 % (v/v) di luted with water,  with constant MM concentrat ion. 
A repl icate experiment was performed at 50% (v/v) digest concentrat ion. a) 
Growth curves for the two stra ins at various di lut ions, supplemented with 
minimal salts medium (+MM) or MOPS buffer (+MOPS). b and c) Residual 
acid concentrat ions in the medium supplemented with 90%  (v/v) anaerobic 
digest (paper I I ).  
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degradation, consumed more of the VFAs, maintained growth for a longer 
period of time and had a higher yield of cells per carbon compared to the 
parental W3110 (Figure 11). This indicated that the mutation was 
beneficial and that VFAs from anaerobic digestion of food waste are 
suitable substrates for growth of E. coli. 

Since not all the VFAs had been consumed during batch culture, 
chemostats were used to further characterize the VFA preferences of 
W3110 ΔFadR. Due to the low volumes of anaerobic digest available, the 
cultures were carried out on a defined medium with the same VFA profile 
as determined for the digest. Two dilution rates, aimed at 0.1 h-1 and 0.o5 
h-1, were investigated to evaluate consumption of the various acids.  

Consumption of the VFAs improved as the dilution rate decreased 
(Figure 12), which agrees well with the cultivations in paper I and 
previous results from chemostats on mixed substrates193. This effect is 
commonly explained by Monod kinetics, which cause relatively high 
residual concentrations of the preferred substrate(s) at high dilution 
rates, repressing uptake of the other substrate(s). As the dilution rate is 
reduced, the residual concentration(s) decrease and repression ceases. In 
the case of W3110 ΔFadR, acetic-, propionic- and caproic acid are the 
preferred substrates, being consumed at both the investigated dilution 
rates. Though at 0.05 h-1, a much higher fraction of caproic acid was  

 

 

Figure 12.  Residual substrate concentrat ions in aerobic chemostat cultures 
 f       ΔF dR    m   m   s   s m d  m w          d     d m x  f VF s 
( l ight grey) as carbon source at pH 7.0 and 37°C. The bars show average 
concentrat ions with standard deviat ions (n = 6, bi ological tr ipl icates each 
sampled at two dif ferent t ime points separated by at least one volume 
change) at two dif ferent di lut ion rates, compared to the init ial  concentrat ion 
in the medium. * below the detect ion l imit  (10 mg L - 1) (paper I I ).  
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consumed, and valeric acid was consumed to below the detection limit. 
Also, partial but significant uptake of the butyric-, and isovaleric acids 
was observed. As a result, the cell concentration increased from 0.66 g L-1 
to 2.06 g L-1. In total, 80% of the carbon supplied from the VFAs was 
consumed, which means there is still room for improvement, especially 
for the consumption of the butyric- and isovaleric acids. 

The carbon-limited chemostat experiments from paper I and II 
describe how the consumption of renewable (mixed) substrates can be 
studied and improved. In both cases, limiting the substrate supply 
increased (co)-consumption, exemplifying the use of nutrient limitation 
for bioprocess control. In the next section of this thesis, nutrient 
limitations other than carbon will be investigated. 

5.4. Nutrient depletion or limitation for bioprocess control 

Substrate limitation is one of the most powerful techniques available to 
control bioprocesses, due to the high impact that it has on the growth and 
metabolism in general. Thus, fed-batch and depleted batch cultures have 
been used with the intent of uncoupling growth from 3HB production in 
papers I, III, IV and V. To illustrate the uncoupling mechanism, and 
how it depends on the cultivation conditions applied, the results of paper 
III will first be considered. 

The aim of paper III was to investigate the effect of nitrogen and 
phosphorous restriction on the production of 3HB by recombinant E. coli. 
The hypothesis was that the yield of 3HB could be increased by restricting 
growth, diverting carbon to product instead. Initial experiments were 
conducted by designing the medium so that either the nitrogen or the 
phosphorous would deplete before any of the other components. At this 
point, growth slowed down considerably and sugar uptake continued at a 
reduced rate (Figure 13). In the case of phosphate depletion, the 
metabolic activity remained relatively high, and 3HB production 
continued until the glucose depleted. The productivity under nitrogen 
depletion was lower, though the yield improved markedly in this case as 
well. The main explanation for this difference is that E. coli has specific 
responses depending on the type of limitation encountered. When E. coli 
encounters nitrogen depletion, the sigma factor σ54 triggers a change in 
metabolism to scavenge nitrogen, activating various transporters and 
altering the cellular composition to free up nitrogen. Also, the stringent 
response is activated and the cells eventually enter a dormant state194. 
Regulation upon phosphate depletion is much less pronounced, and the 
response is mainly to activate uptake systems for phosphate-containing 
compounds195. There is no evidence that metabolism becomes 
transcriptionally down regulated, which is reflected in the relatively high 
substrate uptake rate in the phosphate depleted batch (Figure 13). 
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Figure 13.  Batch cult ivat ions of E. col i  AF1000 transformed with a 3HB 
product ion plasmid, in minimal medium at pH 7.0 and 37°C, with deplet ion 
of either ammonium (A) or phosphate (B). The l imit ing substrates, 3HB, cel l  
dry weight (CDW), glucose (Glc) and acet ic acid (HAc) were monitored over 
t ime and polynomials of f i rst  or second order were f i t ted to the data in the 
deplet ion phase. The apparent specif ic growth rate (µ) and the specif ic 
rates (q) of glucose consumption, 3HB- and HAc formation were calculated 
analyt ical ly as funct ions of t ime from the f i t ted polynomials ( paper I I I ).  

Substrate limitation, where a limiting substrate is provided in a 
controlled and defined way, can also be used to steer the growth and/or 
metabolism, avoiding other process limitations that have other, more 
detrimental effects. This was also explored in paper III, in a set of fed-
batch cultivations. In these experiments, the goal was to increase the 
volumetric productivity by increasing the cell concentration compared to 
the nutrient depletion experiments. To avoid oxygen limitation, and 
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associated fermentation products, carbon limited fed batches are 
commonly used. However, in paper I, it had been shown that carbon 
limited chemostats produced very low concentrations of 3HB (10-20 mg 
L-1). To avoid carbon limitation, nitrogen- or phosphate-limited fed batch 
strategies were instead designed with an exponential feed followed by a 
constant feed. When nitrogen or phosphorous was fed in this manner, 
respiration was restricted, and it was possible to achieve a higher cell 
mass than in pure batch cultures. As a result, the volumetric productivity 
was improved in both cases, and in the case of nitrogen limitation, also 
the specific productivity increased approximately two-fold compared to 
depleted conditions. However, the yield of 3HB per cell was reduced to 
less than a third of the values observed in depleted cultivations due to the 
continued growth.  

In another example, a method for screening a set of 3HB producing E. 
coli strains in shake flask culture was sought (paper V). Since the flasks 
lack the titration capabilities of bioreactors, and protons are produced 
during growth and 3HB production, a strategy to avoid growth inhibition 
by low pH was required. In this case, the buffering capacity of the medium 
was increased, while also restricting the supply of nitrogen. This effectively 
created a depleted batch in each shake flask, at a cell concentration where 
the pH would still be close to neutral. The shake flask cultures can be 
viewed as a scale down of the previously conducted nitrogen depleted batch 
experiments in bioreactors (Figure 13A). Although the culture pH 
eventually dropped, there was enough time at neutral pH for product 
formation to mainly depend on the various plasmid constructs evaluated. 

This section has exemplified the use of substrate limitation and 
depletion as strategies for bioprocess control, illustrating its utility in 
research and production. With additional knowledge about the 
mechanisms behind various depletion responses, it becomes possible to 
alter them, and further improve strain performance.  

5.5. Metabolic engineering 

Metabolic engineering is essential for introducing recombinant pathways 
and optimizing them in host organisms. The present investigation has 
already touched on the engineering of substrate uptake (paper I and II, 
discussed in section 5.3), and expression of the recombinant pathway for 
3HB production (paper III, discussed in section 5.2). To expand this 
discussion, the following paragraphs will focus on balancing of enzyme 
and cofactor availability as methods in metabolic engineering. 

In paper IV, it was hypothesised that the 3HB production pathway 
utilized in papers I and III was limited by cofactor availability, 
specifically in the reductase step (Figure 8). However, the cofactor 
specificity of this enzyme was not known. By assaying the purified  
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Figure 14.  I l lustrat ions of the benefi ts provided by the bacterial art i f ic ial 
chromosome as a vector for metabolic engineering.  

enzyme, it was determined that the reductase could accept both NADPH 
and NADH as substrates, though with a preference for the former. To 
improve the NADPH supply in AF1000, the first committed step of the 
pentose phosphate pathway, glucose-6-phosphate dehydrogenase (zwf), 
was over expressed. In nitrogen depleted batch, this strategy increased 
the 3HB yield on glucose by 70%, confirming that NADPH availability 
was a major limiting factor for 3HB production in AF1000 (paper IV).  

Up to this point, all recombinant gene expression had been carried 
out from multi-copy plasmids (papers I, III, IV and V). However, it 
was hypothesized that single copy expression would provide sufficient 
protein expression for metabolic engineering purposes in addition to 
increased genetic stability and reduced overhead cost of plasmid 
maintenance (Figure 14). The bacterial artificial chromosome (BAC) was 
chosen since it has a copy number of 1-2 compared to the chromosome, it 
can carry very large DNA inserts (up to 300 kb) and it is stably 
maintained in the cell even without selective pressure from antibiotics.To 
verify that the BAC mimics chromosomal expression, and to evaluate its 
capacity for expression of large operons for metabolic engineering 
purposes, the glycolic acid utilization operon (glcC-A, 9.5 kb) was 
expressed from a BAC in a glcC-A deletion mutant of W3110. When 
grown in minimal medium with glycolic acid as the sole carbon source, 
the BAC variant displayed a growth rate and substrate uptake rate of 94% 
± 2% and 89% ± 3% compared to the wild type W3110 respectively. This 
confirmed that expression from BAC could mimic chromosomal 
integration, and it was show that cloning large metabolically functional 
operons was feasible (paper V). This motivated further exploration of 
the BAC as a vector for metabolic engineering.  

To evaluate the effect of copy number on metabolite production and 
metabolic burden, 3HB production (by expression of t3 and rx) was 
compared between a multi-copy plasmid and the BAC from two different 
promoters (Figure 15). It was shown that the reduction in copy number 
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increased the specific growth rate without much loss in productivity, and 
when a stronger promoter was used, the productivity exceeded that 
observed for the multi-copy plasmid by 18% while maintaining a 5% 
higher specific growth rate. Taken together, these results indicated that 
reducing overhead costs of plasmid maintenance can be beneficial in 
metabolic engineering, allowing more resources to be allocated to 
production of the desired metabolite.  

To determine if the properties of the BAC could simplify pathway 
design and optimisation, a factorial design strategy was conceived to 
investigate the effect of gene expression on 3HB production. The strategy 
focused on reducing the number of uncontrolled and independent 
variables generally present in pathway optimization, with an aim of 
improving robustness and ease of use. For example, the low and stable 
copy number of BAC reduced variability between experiments due to copy 
number effects. Further, by expressing all proteins from a single 
promoter, crosstalk and terminator choices could be eliminated as design 
factors. The challenge then became to regulate the individual expression 
levels of the pathway proteins. This was solved by altering the individual 
ribosomal binding sites (RBS) for each protein. The main benefit of this 

 

 

Figure 15.  Comparison of pathway performance between mult i -copy 
plasmids and the bacter ial art i f ic ial chromosome (BAC) , at two dif ferent 
promoter strengths. The strains were evaluated in  batch culture with 
glucose as carbon source, at pH 7.0 and 37°C, with respect to specif ic 
   w         μ   f        B          B       d  f     s         s  (YX / G lc),  y ield 
of 3HB on glucose (Y 3 HB / G lc),  and the specif ic 3HB product ion rate (q 3HB ).  
Bars represent the average of dupl icate bioreactor exper iments with mean 
deviat ions. *  denotes a signi f icant dif ference from the reference mult i -copy 
plasmid with a weak promoter (T-test,  p < 0.05, n=2) (paper V ).  
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Figure 16.  Pathway balancing of three genes in a single operon by 
modulat ion of r ibosomal binding sites (RBS) on the bacterial a rt i f ic ial 
chromosome (BAC). (A) Schematic representat ion of the BAC used in the 
factorial design, with three genes translated from either a strong (90%) or a 
weak (25%) RBS. (B) Strain performance screening of BAC variants with 
combinat ions of either high or low RBS strength, for each of the three 
genes in the 3HB product ion pathway. The original repressed T7  BAC 
(pR_T7BACT3RX, t3 RBS=90%, rx RBS=80%) was used as a reference. The 
yields of 3HB (Y3HB/Glc),  acet ic acid (YHAc/Glc) and cel ls (YX/Glc) on 
glucose were calculated after 24 h of incubation. The bars indicate the 
mean of three or four shake f lask cultures, with standard deviat ions of the 
mean. (C) A model was f i t ted to the  Y3HB/Glc data presented in B, 
excluding the reference pR_T7BACT3RX, using the s oftware MODDE 
(Umetrics, Umeå, Sweden) to evaluate the dependence of Y3HB/Glc  on the 
RBS strength for each of the three genes zwf, t3 and rx (model detai ls and 
stat ist ics in Supplement) .  To visual ize the design space and the model 
response, a contour plot of the yield has been projected onto the faces of a 
cube. Each corner, indicated by the black dots, is the posit ion of an 
experiment. (D) Predicted values plotted against experimental values for 
the model of Y3HB/Glc. The sol id l ine indicates a perfect  cor relat ion, while 
the dashed l ine indicates the area of two residual  standard deviat ions 
above and below the l ine. *:  Removed out l ier.  Gene abbreviat ions: lacI 
(encoding the nat ive E. col i  lac repressor),  t7 (encoding a single subunit  T7  
polymerase), zwf (encoding the nat ive E. col i  glucose-6-phosphate 
dehydrogenase), t3 (encoding a H. bol iv iensis  acetoacetyl -CoA thiolase), rx 
(encoding a H. bol iv iensis  acetoacetyl -CoA reductase) (paper V ).  
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approach is that the relative effect of RBS sequence on protein is much 
more predictable than for example changing promotor sequences for each 
protein. Again, 3HB was chosen as a model product, though the 
expression cassette with t3 and rx was expanded by introducing the gene 
zwf (previously investigated in paper IV). 

The simplified BAC-based pathway optimization strategy was 
evaluated by investigating the combinatorial effects of RBS strengths of 
the three genes t3, rx and zwf on 3HB production in a full factorial 
experiment. Eight plasmids were constructed with all combinations of 
either weak or strong RBS sequences for each gene (Figure 16A), and the 
resultant strains were screened in shake flask culture using the method 
outlined in section 5.4. Then, a model was fitted to the data to elucidate 
the individual- and combination effects of each RBS strength. Based on 
the model, it was concluded that enzyme expression was the main factor 
limiting 3HB production in the screening system, specifically expression 
of Rx and Zwf, whose increased expression contributed most to 
improving 3HB production (Figure 16B). Overall, paper V showed that 
the BAC is a tool that can simplify metabolic engineering and improve 
robustness of pathway design and optimization by providing control over 
variables such as plasmid copy number and stability. 
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6. Conclusions and future outlook 

The aim of this thesis was to contribute knowledge to the field of 
metabolic engineering and bioprocessing to increase the economic 
viability of the biorefinery concept, specifically by evaluating carboxylic 
acids as substrates and products in E. coli.  

A primary cost driver in the production of low value/high volume 
products is the substrate. In paper I and II, this problem was addressed 
by showing that lignocellulosic sugars and volatile fatty acids are viable 
substrates for cheaper and more renewable bioprocesses. E. coli strains 
capable of co-consuming all lignocellulosic sugars and several of the VFAs 
in batch were constructed. Consumption of the supplied carbon 
compounds was further characterized and improved by carbon limited 
chemostats. Additionally, 3HB production from lignocellulosic sugars was 
demonstrated in nitrogen depleted- and limited conditions. To further 
improve consumption of these substrates, the two strains used need 
further development, either by overexpressing and/or engineering 
transport- and catabolic genes, or by laboratory evolution. E. coli appears 
suitable for valorisation of VFAs since the tolerance is sufficient for the 
substrate used, and the consumption rate was relatively high. This may in 
part be due to the presence of VFAs in the natural environment of E. coli. 
Although it was possible to produce 3HB from lignocellulosic sugars, pre-
treatment is required to access them from residual biomass, contributing 
to the cost and complexity of any process depending on lignocellulose. If 
the energy intensive pre-treatment step could be circumvented by using a 
microorganism capable of degrading lignocellulose directly, the 
associated costs could be greatly reduced. 

In papers I and III-V, nutrient limitation and depletion was used as 
a strategy for uncoupling 3HB production from growth. In phosphate- 
and ammonia depleted batches the yield of 3HB per cell increased 
significantly (paper III). Additionally, limitation due to accumulation of 
extracellular protons (paper V) and oxygen limitation (paper III) could 
be avoided using nutrient depletion and limitation respectively. Since 
nutrient limitation is a versatile strategy that is easy to apply, an 
increased use in metabolic engineering research is encouraged. In 
general, an increased awareness of the effect of medium composition on 
bioprocess performance would greatly contribute to the field, since the 
product yield can be greatly increased if competition with growth and 
undesired limitations can be avoided. Additionally, there is great 
potential for engineering regulatory systems that affect metabolism 
during depleted and limiting conditions. 

In paper IV and V, metabolic engineering strategies for improved 
cofactor- and enzyme availability were investigated. It was shown that 
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NADPH was the preferred redox cofactor for 3HB production in the 
strain used, and over expression of the first committed step of pentose 
phosphate pathway was therefore used to improve 3HB production 
(paper IV). In paper V, the BAC was investigated as a platform for 
robust and simple pathway design and optimization. It was established 
that the BAC provides a lower overhead cost compared to a multi-copy 
plasmid, using 3HB as a model product. Additionally, a large pathway 
expressed on the BAC had similar performance to its chromosomally 
integrated counterpart, indicating BAC could be used as an intermediate 
between plasmid-based expression and chromosomal integration. Thus, 
the BAC was determined to be a vector suitable for metabolic engineering 
and that it can simplify design- and optimization of metabolic pathways. 
For these reasons, low copy expression is an interesting addition to the 
metabolic engineering toolbox. Additionally, the strategy presented for 
pathway optimization in paper V can be further extended by using 
selection or high throughput screening to optimize enzyme expression 
levels, or enzyme variants.  

The strategies presented in this thesis have been used mostly to 
increase 3HB production in the model organism E. coli. In general, these 
strategies are applicable and useful in a variety of microorganisms, for 
production of a range of useful compounds. However, microbial 
physiology varies greatly, and therefore, the particular responses to e.g. 
nutrient limitation or presence of VFAs will be dependent on the 
microorganism chosen. Thus, main challenges of the metabolic 
engineering field lie in the identification, characterization and 
engineering of suitable processes and microorganisms to create valuable 
products for use in our society.  
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