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Abstract

Converting low-cost carbon sources into value-added chemicals is essential for an eco-

nomically feasible bioprocess. Acetate seems to be a suitable feedstock as it is present

in high levels in waste streams, hydrolysates of biomass, and further, can be generated

by acetogens via direct fermentation of single-carbon gases. E. coli W is known for its

high stress tolerance and low acetate secretion and therefore often used as production

host for recombinant proteins and several metabolites. However, regulatory mechanisms

prevent simultaneous co-utilisation of glucose and other carbon sources such as acetate.

Another major challenge is growth inhibition caused by acetate which interferes with the

methionine biosynthesis.

The main intention of this work was to allow acetate co-utilisation by E. coli W and

to strengthen acetate tolerance. Therefore, the acetyl-CoA-synthetase, one of the key

enzymes involved in acetate assimilation was successfully modified, assuming to dereg-

ulate its activity which is tightly controlled in connection with glucose. Additionally, an

aggregation-prone enzyme from the methionine biosynthesis was modified aiming to in-

crease its acetate and heat resistance. A vector library of different gene combinations

was created and transformed with host cells to characterise various strains in batch and

fed-batch cultivations.

As a result, the best performing strain showed a 2.7-fold increased specific acetate up-

take rate in a mixed batch cultivation under high acetate and glucose concentrations

(10 g l−1). When acetate was used as the only carbon source, batch duration could sig-

nificantly be decreased. Promising results were obtained on improved acetate resistance

in further strains; however, further analyses are required.
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Zusammenfassung

Die Verwendung von kostengünstigen Kohlenstoffquellen zur Umsetzung hochwertiger

Chemikalien ist für wirtschaftlich rentable Bioprozesse unerlässlich. Essigsäure erweist

sich dabei als hervorragende Rohstoffquelle, da sie in hohen Anteilen in Abfallströmen

und Hydrolysaten von Biomasse vorkommt und zudem von acetogenen Bakterien aus

kohlenstoffhaltigen Gasen erzeugt werden kann. E. coli W ist für seine hohe Stressresis-

tenz und geringe Essigsäuresekretion bekannt und wird daher oft als Produktionsstamm

zur Herstellung rekombinanter Proteine und verschiedenster Metaboliten verwendet. Re-

gulatorische Mechanismen verhindern jedoch die simultane Verwertung von Glucose

und anderen Kohlenstoffquellen wie etwa Essigsäure. Eine weitere große Herausforde-

rung ist eine durch Essigsäure verursachte Hemmung der Mehionine-Biosynthese.

Das Hauptaugenmerk dieser Arbeit war, in E. coli W eine gleichzeitige Essigsäure-

Verwertung zu ermöglichen und die Essigsäure Resistenz zu verstärken. Daher wur-

de die Acetyl-CoA-Synthetase, eines der Schlüsselenzyme, die an der Essigsäure-

Assimilation beteiligt sind, erfolgreich modifiziert um deren Aktivität, welche in Verbin-

dung mit Glucose streng kontrolliert wird zu deregulieren. Zusätzlich wurde ein aggrega-

tionsanfälliges Enzym aus der Methioninbiosynthese modifiziert, um die Essigsäure- und

Hitzebeständigkeit zu erhöhen. Eine Vektorbibliothek verschiedener Genkombinationen

wurde erstellt und mit den Wirtszellen transformiert um diese in Batch- und Fed-Batch-

Kultivierungen zu charakterisieren.

Als Ergebnis stellte sich ein Stamm heraus, welcher in einer gemischten Batch-

Kultivierung bei hohen Essigsäure und Glukose Konzentrationen (10 g l−1) eine 2.7-fach

erhöhte spezifische Essigsäure-Aufnahmerate vorwies. Bei Kultivierungen mit Essigsäu-

re als alleinige Kohlenstoffquelle, konnte zudem die Kultivierungsdauer signifikant ver-

ringert werden. Vielversprechend zeigten sich manche Stämme auch im Bezug auf eine

verbesserte Essigsäure-Resistenz; jedoch sind dafür noch weitere Analysen erforder-

lich.
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1 Introduction

1.1 Echerichia coli as host organism

The prokaryotic model host Escherichia coli is an important pathogen and commensal

and a key organism for biotechnological applications (Archer et al., 2011). It has been

engineered for the synthesis of a wide variety of metabolites which explains the extensive

physiological knowledge, well-known features of its central carbon mechanism and the

availability of genome sequence information (Archer et al., 2011; Pourmir and Johannes,

2012). E. coli was one of the earliest and most commonly used organisms for the pro-

duction of heterologous proteins and was manipulated for the first useful application of

recombinant DNA technology producing human insulin in 1982 (Terpe, 2006; Williams et

al., 1982). Moreover, for the applied production of commodity chemicals such as succinic

acid, lactic acid, ethanol, pyruvate and 1,3-propanediol, E. coli was successfully manip-

ulated by altering fermentative pathway by blocking or introducing crucial branch-point

enzymes (Chotani et al., 2000).

The advantages of the E. coli system include genetic simplicity, rapid growth, rapid ex-

pression of heterologous genes, high product yields, well-understood genetics and its

ease and cost-effective culture. Its genome can be precisely and quickly modified with

the availability of improved genetic tools, promoter control is not difficult, and plasmid

copy number can be readily altered. Apart from that, the E. coli system also has some

drawbacks, like producing unglycosylated proteins and proteins with endotoxins or the

refolding difficulty of proteins with many disulfide bonds and proteins produced as in-

clusion bodies (Lee, 1996; Cornelis, 2000). Another disadvantage occurs in particular

during high cell density cultivations (HCDC) (e.g., greater than 50 g l−1 dry cell weight)

in toxicity due to acetate formation, which is discussed in detail in 1.3.1 (Kleman and W.

Strohl, 1994).

The most commonly used E. coli laboratory strains are derivatives of only five strains,

K-12, B, C, W and Crooks. They are all termed as Risk Group I organisms in biological
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safety guidelines as they are unable to colonise the human gut (A. P. Bauer, Ludwig, and

Schleifer, 2008; Archer et al., 2011).

Particular outstanding is the E. coli W (ATCC 9637), due to its improved properties for

industrial applications. The initial W derives from Selman A. Waksman, who first isolated

this strain in 1943 (Archer et al., 2011). Besides its good tolerance for environmental

stresses such as high ethanol concentrations, acidic conditions, high temperatures and

osmotic stress it also produces low amounts of acetate even without tight sugar control.

The E. coli W is a very fast growing strain and can be grown with ease to HCDC during

fed-batch (Shiloach and S. Bauer, 1975; Nagata, 2001).

1.2 Acetogenesis

Apart from low acetate secretion of E. coli W, for most E. coli strains the formation of

by-products such as acetate appears as a main hindrance in the production of specific

metabolites. The reason of E. coli excreting acetate into the environment can either be

oxygen starved conditions or due to carbon flux overflow. In the former anaerobic case,

the tricarboxylic acid cycle (TCA) does not function in the usual manner, which results in

a branched pathway and the excretion of mixed acid fermentation products (ethanol, ac-

etate, formate, lactate, succinate), among which acetate is the most abundant (O’Beirne

and Hamer, 2000).

In the second case, carbon flux exceeds the metabolic capacity of the central path-

way, the system becomes unbalanced resulting in the excretion of acetate (E. El-Mansi

and Holms, 1989). This aerobic acetogenesis has been explained as the "overflow

metabolism" (Shin, Chang, and J. G. Pan, 2009) and there have been many theories

proposed about different possible limitations in metabolism like limitations in the TCA cy-

cle (Majewski and Domach, 1990), respiratory chain (Han, H. C. Lim, and Hong, 1992),

or glyoxylate shunt (GS) activity (Shin, Chang, and J. G. Pan, 2009; Waegeman et al.,

2011) and competition for membrane space (Zhuang, Vemuri, and Mahadevan, 2011).

However, the pivotal cause for E. coli aerobic and anaerobic acetogenesis is due to the

need to regenerate the NAD+ consumed by the glycolysis and to recycle the coenzyme A

(CoASH) required to convert pyruvate to acetyl-CoA. In oxidative acetogenesis, pyruvate

gets first irreversibly decarboxylated into acetyl-CoA under consumption of CoASH and

NAD+ by the pyruvate dehydrogenase complex (PdhC) (Figure 1). In return, it releases

two NADH per glucose which can inhibit in high concentrations the PdhC. Therefore
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this reaction does not operate in conditions that do not favour the reduction of NAD+

to NADH. The built-up acetyl-CoA is subsequently catalysed by the Pta-AckA pathway.

This pathway stands for two reversible reactions:

• phosphate acetyltransferase (Pta), converting acetyl-CoA and inorganic phosphate

to acetyl~P and a regenerating CoASH and

• acetate kinase (AckA), generating acetate and ATP.

Through a second pyruvate-decarboxylating enzyme, pyruvate oxidase (PoxB), which is

non essential for E. coli, pyruvate can be directly converted to acetate by reducing flavin

adenine dinucleotide (FAD) (Wolfe, 2005).

FIGURE 1: Aerobic acetate synthesisis and utilisation pathways . pyruvate dehydrogenase
complex (PdhC), pyruvate oxidase (PoxB), phosphotransacetylase (Pta), acetate kinase (AckA),
AMP-forming acetyl-CoA synthetase (Acs), pyrophosphatase (PPase), tricarboxylic acid cycle
(TCA), glyoxylate bypass/shunt (GB). The dotted arrows denote the proposed PdhC bypass
formed by PoxB and Acs. Reprinted from Wolfe, 2005, Copyright © 2005, American Society

for Microbiology

During anaerobic and microaerophilic conditions, E. coli cells catalyse a non oxidative

reaction via pyruvate formate-lyase (PFL) which converts pyruvate to acetyl-CoA and
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formate (not shown). The acetyl-CoA is thereupon conducted to acetate mainly via the

Pta-AckA pathway (Zelcbuch et al., 2016).

1.3 Relevance of fermentation media

Nutrients, including carbon and nitrogen sources can have an inhibitory effect on E.

coli cell growth when they are present in certain concentrations: glucose 50 g l−1, am-

monia 3 g l−1, iron 1.15 g l−1, magnesium 8.7 g l−1, phosphorous 10 g l−1, zinc 0.038 g l−1

(Riesenberg, 1991).

In a defined medium which is mainly used for HCDC, starting concentrations are below

the inhibitory threshold to maintain a high specific growth rate. Semi-defined or complex

media with nutrients such as peptone and yeast extract however vary in composition and

quality and make fermentations less reproducible. For designing a balanced nutrient

medium, all the necessary components for supporting cell growth must be considered

while inhibitory concentrations should be avoided.

Glucose is preferably implemented in E. coli-based industrial-scale fermentation pro-

cesses as the primary feedstock due to its high uptake rates and the high specific growth

rates associated with glucose. However, an arising imbalance between glucose uptake

and the demands for both, biosynthesis and energy production leads to an increase of

aerobic acetate production especially at higher growth rates. The critical specific growth

rate that leads to acetate formation varies among the strains and the medium used (Lee,

1996).

Usual strategies to prevent acetate accumulation include decreasing the sugar uptake

rate (qs) on a molecular level (Lara et al., 2008) for the batch cultivation or confining the

feed of sugar on a process level (Kleman and W. Strohl, 1994), which is generally applied

for fed-batch and continuous cultivations. On the molecular level, it is feasible to engineer

the transport system in E. coli. In a previous study, the natural system for glucose trans-

port, the phosphotransferase system (PTS) (see more in 1.4.1) has been deleted and

glucose was alternatively internalized through the galactose permease. This transporter

is slower and does not directly produce pyruvate, the main precursor of acetyl-CoA.

Consequently the acetate accumulation could be reduced while the specific growth rate

remained the same and the product production rate increased (De Anda et al., 2006).

Another attempt for reducing the acetate excretion would be to replace glucose. Us-

ing glycerol as carbon source for HCDC can be achieved relatively easily. Because of
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the lower uptake rate, compared to glucose, glycerol leads to a reduced flux of carbon

through glycolysis and hence to a reduced acetate formation. However it should be con-

sidered that cell growth on glycerol is more reduced compared to glucose (Korz et al.,

1995; Lee, 1996). An additional cheap feedstock is sucrose. E. coli W is the only known

E. coli stain to date which can utilise sucrose as fast as glucose (Archer et al., 2011). In

a study with E. coli W, lower acetate accumulation was observed in sucrose compared

to glucose cultures, which makes this combination valuable for industrial applications

(Arifin et al., 2014).

1.3.1 Acetate as potential carbon source

Acetate is the primary by-product produced by E. coli during aerobic fermentations with

concentrations ranging between 1 and 30 g l−1 (Aristidou, San, and Bennett, 1994).

Growth inhibitory concentrations of acetate vary between 5 and 10 g l−1 depending on

the E. coli strain and the media (Gschaedler, Le, and Boudrant, 1994).

Like other weak acids, acetate exists at neutral pH in both dissociated (CH3COO–) and

protonated (CH3COOH) states. The more lipohilic protonated form can easily pass

through the lipid membrane of the cell, where it dissociates at the higher internal pH

(ca.7.5) to CH3COO and H+. The proton acidifies the cytoplasm and the anion increases

the internal osmotic pressure. Additional protonated acid is formed in the medium by the

equilibrium, causing a electroneutral hydrogen ion influx. The external pH rarely changes

due to the large volume of buffered medium. The decrease in intracellular pH however

causes an uncoupling effect. The homeostatic mechanisms of E. coli requires energy

to adjust to this decrease in intracellular pH (Repaske and Adler, 1981; Smirnova and

Oktyabrskii, 1988).

These two main impacts (unbalanced anion concentration and a weakened proton mo-

tive force) and further factors mentioned in 1.5.1, are responsible for growth inhibition

triggered by acetate (Roe, McLaggan, et al., 1998).

However, E. coli can reassimilate excreted acetate which is only partly oxidised, and

serves as carbon and energy source once acetogenic carbon sources, such as glucose

are depleted. This transition from acetate production (dissimilation) to acetate utilisation

(assimilation) (detailed description in 1.4.2) is termed "acetate switch" (Luli and W. R.

Strohl, 1990; Wolfe, 2005).
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Apart from excretion by E. coli, acetate is a promising carbon source as it is a cheap

industrial waste product contained in a broad variety of materials (H. G. Lim et al., 2018).

For example, acetate is produced as intermediate by stepwise degradation of waste

activated sludge under anaerobic conditions (Mao et al., 2015). Various microorganisms

recycle the organic waste into several metabolites, whereas currently acetate is utilised

as a carbon source for methanogens to produce methane (Adekunle and Okolie, 2015).

During lignocellulose pretreatment for biochemical conversion, acetate is formed as by-

product by deacetylation of hemicellulose (Jönsson and Martin, 2016). The hydrolysates

often vary in their acetate concentration which is more than 10 g l−1, however its not

properly utilised as acetate inhibits microbial cell growth (Mills, Sandoval, and Gill, 2009).

Acetate can be as well produced by acetogens via direct fermentation of industrial syn-

gas including CO, CO2, and H2. Several microbes such as Acetobacterium and Clostrid-

ium use the Wood-Ljungdahl pathway which converts CO2 in two different branches into

CO and formate which are condensed to acetyl-CoA (Straub et al., 2014; Schuchmann

and Müller, 2014).

Furthermore, current studies demonstrated CO2 fixation aided by electricity. In this pro-

cess called microbial electrosynthesis, unique microorganisms (e.g., Sporomusa ovata)

accept electrons directly from a graphite electrode through a biofilm to produce acetate,

from CO2 and electricity. Acetate concentrations of 10.5 g l−1 over 20 days have been

reached so far with this process (Marshall et al., 2012).

Processes like this, have a huge potential in the reduction of greenhouse gases and pro-

vide acetate as an attractive feedstock for the conversion into more value-added chemi-

cals. Biochemical production with acetate as the sole carbon source have already been

reported for organic acids for E. coli W (Li et al., 2016; Noh et al., 2018). Fatty acid pro-

duction was as well tested in E. coli and even the production of a single chain monellin

protein was demonstrated in a E. coli BL21 strain (Xiao et al., 2013; Leone et al., 2015).

Whereas, acetate as a co-substrate is highly promising to increase the carbon yield for

the production of biochemicals whose main precursor is acetyl-CoA. The conversion of

pyruvate to acetyl-CoA involves an inevitable carbon loss in form of carbon dioxide, while

produced from acetate there is no carbon loss (Figure 3).

However, there are still some drawbacks like insufficient acetate tolerance and hampered

acetate utilisation in mixed fermentations which need to be improved.

6



1.4. Substrate utilisation

1.4 Substrate utilisation

1.4.1 Carbon catabolite repression

In mixed substrate fermentations of E. coli, preferentially carbon sources are used which

are most easily accessible and allow fastest growth. Consequently, sugars such as glu-

cose are utilised first instead of co-metabolising secondary carbon sources like acetate.

This regulatory phenomenon has been called glucose repression or more generally, car-

bon catabolite repression (CCR). Another term which is often used in this context is

diauxie. Diauxic growth is defined as the sequential use of carbon sources in a mixture

of different substrates. The preferred sugar is consumed first, followed by a lag phase

before the use of the less preferred substrate (Görke and Stülke, 2008).

The main CCR mechanisms of E. coli are mediated via a multiprotein phosphory-

lase system called Pts (phosphoenolpyruvate-carbohydrate phosphotransferase sys-

tem). The Pts is the main glucose transport system in E. coli transporting carbohydrates

across the cytoplasmic membrane via simultaneous phosphorylation. The phosphory-

lation of the carbohydrate should therefore prevent the transporter from recognizing the

substrate again and enables a one-way gradient for primary carbon sources like glucose

(Figure 2). The Pts composes at least three distinct proteins: enzyme I (EI), histidine or

heat-stable protein (HPr) and enzyme II (EII).

In the process of sugar transport, 2-phosphoenolpyruvate (Pep) autophosphorylates a

histidine residue in the EI which in succession transfers the phosphoryl group to the

His15 residue of HPr. The HPr again transmits the phosphoryl group to a histidine

residue in the A domains of EII. Further on, the phosphoryl group is transferred to a

cysteine residue in the EIIB domain and from there to the carbohydrate during its uptake

through the transmembrane domain EIIC. The phosphoryl transfer reactions between

Pts proteins are all reversible and are determined by two factors, the Pts transport ac-

tivity and the Pep to pyruvate ratio, which reflects the flux through glycolysis (Görke and

Stülke, 2008).

The glucose specific EIIAGlc is the central regulator of carbon metabolism in E. coli. At

high glucose concentrations and during high fluxes of glycolysis, the A domain of EIIAGlc

is predominantly dephosphorylated. In this state, it binds and inactivates metabolic en-

zymes and transporters of secondary carbon sources (not shown).
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FIGURE 2: The phosphoenolpyruvate–carbohydrate phosphotransferase system (Pts). 2-
phosphoenolpyruvate (Pep), enzyme I (EI), histidine protein(HPr), enzyme II (EII). The dashed
arrows show phosphate transfer. Reprinted by permission from Springer Customer Service Cen-
tre GmbH: on behalf of Cancer Research UK: : Springer Nature, Nature Reviews Microbiology,

Görke and Stülke, 2008

Conversely, when the glucose level is low, EIIAGlc gets phosphorylated and subsequently

binds and activates the membrane-bound adenylate cyclase (Ac) (not shown). The ac-

tivated Ac consequently transforms ATP to cyclic AMP (cAMP) which triggers a com-

plex formation with the transcription activator Crp (cAMP receptor protein). This acti-

vated cAMP-Crp complexes bind and activate the promoters of many catabolic genes

and operons such as the acs gene, encoding acetyl-CoA synthetase (Acs) (EC 6.2.1.1),

transforming acetate to acetyl-CoA (Deutscher, 2008; Görke and Stülke, 2008; Kumari,

Beatty, et al., 2000; Valgepea et al., 2010; Castaño-Cerezo, Bernal, Blanco-Catalá, et

al., 2011).

1.4.2 Acetate utilising pathways

There are only two pathways found in E. coli that catalyse acetate assimilation. They

both consist of two reactions and consume ATP for generating acetyl-CoA for further

conversion. The first pathway, which was already described in the reverse direction in

1.2, is the reversible AckA-Pta pathway which proceeds through a high-energy acetyl

phosphate intermediate. It is a low-affinity pathway and assimilates acetate in relatively
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large concentrations. The enzymes posses Km values for acetate in the 7 to 10 mM range

(Kumari, Tishel, et al., 1995; Enjalbert et al., 2017).

The second one is the irreversible Acs pathway which also consists of two reactions.

In the first reaction, Acs converts acetate and ATP to the (enzyme-bound) intermediate

acetyl-AMP while producing pyrophosphate (Figure 1). In vivo, an intracellular pyrophos-

phatase removes this critical pathway intermediate and hence makes the Acs pathway

therefore irreversible. In the second reaction, acetyl-AMP is converted together with

CoASH to acetyl-CoA, releasing AMP. The Acs pathway is in contrast to the AckA-Pta

pathway a high-affinity for its substrate with a Km value of 200 µM for acetate and uses

one ATP more for the conversion to acetyl-CoA (Wolfe, 2005).

Acetyl-CoA is a major branching point in central metabolism and precursor for several

pathways, whereas one important role is its oxidation in the TCA cycle to produce en-

ergy and reducing cofactors (Wendisch et al., 2000). Provided that acetate is the sole

carbon source, the acetyl-CoA from the AckA-Pta or Acs pathway needs to be further

transformed into the cellular building blocks with longer carbon chains (C2 → CX), like

pyruvate. Some autotrophic bacteria (see 1.3.1) are able to form pyruvate via the con-

densation of acetyl-CoA and carbon dioxide (Furdui and Ragsdale, 2000). Those mi-

croorganisms which are not capable of CO2 fixation utilise alternative routes like the gly-

oxylate cycle, which is known as a bypass (glyoxylate shunt) of the TCA cycle (Kornberg

and Krebs, 1957; M. El-Mansi et al., 2006).

1.4.3 Glyoxylate shunt and gluconeogenesis

The glyoxylate shunt (GS) is a variant of the TCA cycle and shares five of the eight

enzymes (Figure 3). It bypasses its carbon dioxide producing steps (Idh and Kgdh) and

shortcuts the generation of reduced electron carriers (NADH and FADH2, not shown

in Figure 3). Consequently, it conserves the carbon atoms for gluconeogenesis while

simultaneously diminishing the flux of electrons into respiration (Ahn et al., 2016).

The GS is mediated by two unique enzymes, isocitrate lyase (Icl) (encoded by aceA) and

malate synthase (Mas) (encoded by aceB). Isocitrate is cleaved by Icl to glyoxylate and

succinate; glyoxylate is condensed with additional acetyl-CoA to yield malate. Either

succinate or malate are converted into oxalacetate, the precursor of another round of

the glyoxylate cycle. The remaining molecule (malate or succinate) can be converted to

pyruvate for gluconeogenesis by malic enzymes (Ahn et al., 2016).
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FIGURE 3: The central metabolism pathways: The glycolysis is only outlined in some in-
termediates and enzymes. phosphofuctokinase (Pfk), triosephosphate isomerase (Tpia),
glyceraldehyde-3-phosphate dehydrogenase (Gapdh), pyruvate dehydrogenase complex

(PdhC).
For acetate metabolism: pyruvate oxidase (PoxB), phosphotransacetylase-acetate kinase
pathway (Pta-AckA), AMP-forming acetyl-CoA synthetase (Acs). The dotted arrows denote
the proposed PdhC bypass formed by PoxB and AMP-Acs. citrate synthase (Cs), aconitase
(Acn), isocitrate dehydrogenase (Idh), alpha-ketoglutarate (2-KG), alpha-ketoglutarate de-
hydrogenase (Kgdh), succinyl-CoA synthetase complex (Scsc), succinate dehydrogenase
(Sdh), fumarase (Fuma), malate dehydrogenase (Mdh), oxaloacetate (OAA), fumarate re-

ductase (Frd), expressed under anaerobic conditions, bypasses Sdh.
For the glyoxylate bypass: isocitrate lyase (Icl), malate synthase (Mas), isocitrate dehydro-
genase kinase/phosphatase (Idhk/p). Underlines and dashed arrows denote enzymes and

steps unique to the glyoxylate bypass.
For gluconeogenesis: Pep synthase (PpsA), pyruvate carboxykinase (PckA), malic enzymes
(MaeB and SfcA). Boxes and double-lined arrows denote enzymes and steps unique to glu-
coneogenesis. Reprinted from Wolfe, 2005, Copyright © 2005, American Society for Micro-

biology10
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In presence of sugars, transcription of GS related genes (aceBAK ) are negatively con-

trolled by isocitrate lyase repressor (IclR/iclR) and consequently the GS is inactive. To

improve acetate assimilation of E. coli, the transcriptional regulator on aceBAK can be

removed by deletion of iclR to activate GS (Liu et al., 2017). This approach leads to a

higher growth rate and acetate consumption, for both, glucose cultivations with excreted

acetate and cultivations with acetate as the sole carbon source (Wang et al., 2006; Noh

et al., 2018). However, co-utilisation of acetate and glucose is already previously regu-

lated, through conversion of acetate to acetyl-CoA by Acs.

1.4.4 Acs regulation

As mentioned above (1.4.1), acs is up-regulated at an increasing intracellular cAMP level

which is caused by glucose limitation. Generally, acs is co-transcribed together with two

other genes, putative inner membrane protein yjcH and acetate permease actP. The

acs-yjcH-actP transcript is activated by cAMP-CRP. The exact function of yjcH is not

yet clear, whereas actP has previously been described as a cation/acetate symporter

responsible for acetate transport. Knock-out strains lacking actP activity poorly grow on

acetate as the sole source of carbon (Gimenez et al., 2003).

Additional to transcriptional control, via CCR, activity of Acs is also controlled by post-

translationally modifications, in detail by acetylation of lysine-609. This acetylation blocks

the conversion of acetate to Ac-AMP which is the first of two reactions. The second,

the thioester-forming step remains unaffected. For activating and deactivating the Acs

enzyme it requires the sirtuin-dependent protein acetylation/deacetylation system (SD-

PADS) (Figure 4). Protein acetyltransferase, patZ /Pat, uses acetyl-CoA as a substrate to

acetylate Acs at K609, inactivating its acetyl-CoA synthase activity (AcsAc). The NAD+-

dependent Sir2 ortholog protein CobB deacetylates Acs, activating its function and gen-

erates 2‘-O-acetyl-ADP-ribose and nicotinamide (Starai, Celic, et al., 2002; Starai and

Escalante-Semerena, 2004; Wolfe, 2005).

Mutated Acs

To improve acetate utilisation, redesigning Acs regulation seems to be a potential ap-

proach to avoid its inhibition. In 2005, a specific residue on Acs in Salmonella enter-

ica serovar Typhimurium LT2 was identified, which is a critical amino acid (aa) for the

acetylation of Acs by Pat. This critical aa, the Leu-641 is located in an α-helix (residue
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FIGURE 4: Posttranslational control of Acs by the SDPADS: Acs proteins are acetylated along
with acetly-CoA by the protein acetyltransferase (Pat). These acetylated Acs protein is inactiv
for the adenylation of acetate. CobB deacetylates Acs along with NAD+, releasing 2‘-O-acetyl-
ADP-ribose and nicotineamide. The unacetylated Acs is enable for converting acetate to acetyl-
AMP and acetyl-CoA. Reprinted from Starai, Gardner, and Escalante-Semerena, 2005, Copyright

© 2005, American Society for Microbiology

637–645). It is the last α-helix in the Acs protein and lies close to the site of acetyla-

tion of Acs (K609). In an experiment a S. enterica strain JE6668 (derivate of serovar

Typhimurium LT2) deficient in Acs, Pta and CobB was successfully grown on 10 mM

acetate as sole carbon source, carrying plasmids of acs, substituted at L641 with either

glutamine (AcsL641Q), alanine (AcsL641A) or proline (AcsL641P). That proves that mutation

at Leu-641 prevents the acetylation of Acs, and maintains the Acs enzyme in its active

state. In this way, it bypasses the need for sirtuin deacetylase activity during growth on

acetate (Starai, Gardner, and Escalante-Semerena, 2005). Analysis of acs from E. coli

W revealed same residues at position 609 and 641 as for Salmonella enterica serovar

Typhimurium LT2, and the two enzymes show an overall amino acid identity of 95 %.
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That suggests that mutation at position 609 might also make it insensitive to acetylation

by Pat.

It was further reported that during exponential growth phase on glucose, patZ is up-

regulated and that a patZ -deficient E. coli BL21 strain allowed more efficient growth,

both for glucose and for acetate as the sole source of carbon (Castaño-Cerezo, Bernal,

Röhrig, et al., 2015). However, more information on acetylation and activity of Acs is

scarcely available, especially in the context of co-utilisation of glucose and acetate.

1.5 Acetate tolerance

Treatment of E.coli cells with weak acids like acetate results in growth inhibition, as

described in 1.3.1. There are global effects of altered gene expression observed during

weak acid treatment. In case of exposure to acetic acid, it affects the expression of 86

genes in E. coli O157:H7 and induces a signal causing the cells to enter stationary phase

(Arnold et al., 2001). It has also been shown that weak acids reduce the intracellular

concentrations of some aa, including glutamate, aspartate, lysine, arginine, glutamine,

and methionine (Roe, O Byrne, et al., 2002).

In order for use of acetate as sole carbon source or co-substrate, the fermenting E. coli

must be able to tolerate high concentrations of acetate. Therefore, adaptive evolution

studies have been conducted at concentrations of 5 g l−1 acetate to identify beneficial

mutations for acetate tolerance and rapid growth. After 450 generations of cultivations

the growth rate of the most tolerant strain was 1.24-fold increased, compared to initial

strain (Rajaraman et al., 2016). This method appears to be effective, but identifica-

tion of beneficial mutations are difficult, since the frequency of total mutations within the

genome after such a selection is often low. The same applies for transcriptional profiling;

phenotypes are caused by physiological alteration which do not involve changes in the

expression of relevant genes (Sandoval et al., 2011). Another approach is the use of

a plasmid-based genomic library selection for homologous overexpression (Lynch, War-

necke, and Gill, 2007). Cells harbouring the plasmid library were cultivated under selec-

tion pressure of 1.75 g l−1 acetate for enrichment during 72 h. Enriched inserts could offer

potential genes which expression leads to acetate tolerance. For instance, genes for cell

wall synthesis (murC and murG), transportation (yjdL and cadA), amino acid synthesis

(argA), and acetate assimilation (acs) were selected (Sandoval et al., 2011). Notably

with the observation of argA overexpression is, that simple addition of aa such as me-

thionine or glycine could recover cell growth of acetate affected cells (Han, Hong, and
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H. C. Lim, 1993). A major cause is attributed to a malfunction of methionine biosynthesis

in non-ideal growth conditions (Hondorp and Matthews, 2004).

1.5.1 Methionine biosynthetic pathway

Former studies of the methionine biosynthetic pathway in E. coli revealed that environ-

mental stresses like higher temperatures lead to a reduced growth rate, which is caused

by partial L-methionine auxotrophy. In that way, the growth of E. coli cells in minimal

medium at temperatures above 40 ◦C is inhibited unless the growth medium is supple-

mented with L-methionine (Ron and Davis, 1971). This observation can be explained by

the heat sensitivity of the MetA enzyme. The MetA is the first out of four enzymes con-

verting L-homoserine to L-methionine (Figure 5) and is proposed as a "metabolic fuse".

It senses stress conditions that destabilise cellular proteins, and consequently blocks

protein synthesis via its inherent instability (Mordukhova and J.-G. Pan, 2013). Mapping

mutations conferring defective heat-shock responses received further explanations. As

a result, the glyA gene was detected which encodes for an enzyme that regenerates

essential compounds for the final step of the pathway (Gage and Neidhardt, 1993).

Roe, O Byrne, et al. (2002) investigated the interaction of environmental stress inhibitions

correlated to methionine biosynthetic pathway. They found out, that within this pathway,

the accumulation of toxic intermediate L-homocysteine is one of the major influencer of

acetate inhibition since enzymes below L-homocysteine are directly affected during weak

acid stress.

In E. coli the substrate for L-homocysteine is the cobalamin-independent methionine

synthase (MetE) (EC 2.1.1.14) under aerobic conditions. Under anaerobic conditions,

the MetH enzyme, a cobalamin-dependent methionine synthase (EC 2.1.1.13) converts

the L-homocysteine. Both enzymes transfer a methyl group to L-homocysteine form-

ing L-methionine. MetH uses 5-methyltetrahydrofolate (CH3-THF) as methyl donor while

the enzyme MetE uses 5-methyltetrahydropteroyl-tri-L-glutamate. The MetE is approxi-

mately 50 times less active than the MetH. As a result MetH is quite abundant in E. coli,

growing aerobically in glucose minimal medium and taking around 3 to 5 % of the cellular

protein content into account (Mordukhova and J.-G. Pan, 2013).

It was also found that MetE is a major aggregation-prone enzyme in E. coli at elevated

temperatures (45 ◦C) (Mogk et al., 1999). The MetE protein, therefore, could limit the

methionine availability under stress conditions such as heat, acid, and oxidation, which

leads to a slow down of cellular biosynthesis.
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1.5. Acetate tolerance

FIGURE 5: Methionine biosynthetic pathway of E. coli. Gene names are shown in
italics. S-adenosylmethionine (SAM), tetrahydrofolate (THF), 5,10-methylenetetrahydrofolate
(CH2=THF), 5-methyltetrahydrofolate (CH3-THF). Reprinted with permission of Microbiology So-
ciety, from Roe, O Byrne, et al., 2002; Copyright © 1994; permission conveyed through Copyright

Clearance Center, Inc.

Mutated MetE

In Mordukhova and J.-G. Pan (2013), the MetE enzyme in the E. coli K-12 WE strain,

was randomly mutated to isolate a mutant enzyme which improves the acetate and tem-

perature resistance of E. coli. For creating the mutant library (870 clones), the metE

gene and its promoter were amplified from genomic DNA of E. coli strain W3110 and

inserted into the chromosome of E. coli WE∆metE ::kan strain. Cultivated on acetate-

enriched media (8 mM acetate) and elevated temperatures (44 and 45 ◦C) revealed, that

the mutant MetE-214 (V39A, R46C, T106I, and K713E) grew fastest and possesses an

enhanced in vivo stability.

Additionally, MetE-214 was modified with a substitution of MetE-C645A which was as-

sumed to completely eliminate methionine auxotrophy in oxidatively stressed cells (Hon-

dorp and Matthews, 2009). This mutant showed further improvements for in vivo thermal

stability with half-lives of 100 min (at 45 ◦C, pH 7.0) compared to MetE-214 (73 min) and

was labelled as MetE-214A. Further, MetE-214A performed best growth in M9 glucose

medium at pH 6 and 20 mM sodium acetate (µ= +6 % to +20 % among the metE mutants

15



Chapter 1. Introduction

and wild type, respectively). It was suggested that mutated MetE proteins changed there

conformation to an extent which prevents them from unfolding and being inactive in an

oxidizing environment (Mordukhova and J.-G. Pan, 2013). However, test on overexpres-

sion of metE in E. coli Frag 1 gained no further improvement in acetate resistance (Roe,

O Byrne, et al., 2002).

For all those priorly cited studies, plasmid-based overexpression of genes was the prin-

cipal strategy of engineering E. coli for an improved acetate tolerance and acetate

(co-)assimilation. In order to test the modified genes individually or in combination with

each other in the preferred host strain E. coli W, a method called Golden Gate cloning

can be used for rapid plasmid library construction.

1.6 Basics of Golden Gate cloning

The Golden Gate (GG) cloning is an efficient cloning approach which was first described

by Engler, Kandzia, and Marillonnet (2008) as a "one pot, one step" process referred

to the restriction and ligation. This is achieved by the use of type IIS restriction en-

zymes, cleaving DNA outside their recognition site, resulting in 5’ or 3’ DNA overhangs

(sticky ends) consisting of any nucleotide (depending on the restriction enzyme). The

enzyme self-eliminates its recognition sequence whereby the ligated DNA fragments

are no longer recognized by the restriction enzyme and the desired product during

restriction-ligation cycles increases. Re-ligated DNA reconstitutes restriction sites and

gets digested again. Unlike conventional techniques, there are no extra aa in the final

protein which are typically expressed from the restriction site sequence. Furthermore,

GG cloning allows the simultaneous assembly of multiple DNA inserts into an expres-

sion vector. It offers the advantage of a modular design allowing rapid and simultaneous

cloning of several genes in combination with variable promoters and terminators for each

gene of interest (GOI) (Engler, Kandzia, and Marillonnet, 2008; Weber et al., 2011).

1.6.1 GoldenMOCS

An adopted version of the GG cloning system is the GoldenMOCS, standing for golden

gate derived multiple organism cloning system (Sarkari et al., 2017). It consists of three

main construct levels, so-called backbones (BB), and the type IIS restriction enzymes

BsaI and Bpil (Bbsl) (Figure 6).
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1.6. Basics of Golden Gate cloning

FIGURE 6: Hierachical scheme for GoldenMOCS cloning strategy. The respective plasmids are
referred to as backbones (BB). A) BB1 is a high copy plasmid with fusion sites (FSs) (1-2|2-3|3-4)
for the proper direction of functional elements like promoters, gene of interest (GOI), terminator
in the BB2. Kan depicts the resistance marker for kanamycin. B) Empty recipient vector for BB2.
High copy plasmid with four FSs (A-B|B-C|D-C|C-D) (also called linker) seperating the location of
each expression cassette in the final vector BB3. Amp depicts the resistance marker for ampi-
cillin. C) Formation of expression vector BB2 by simultaneous restriction-ligation with BpiI (BbsI)
and T4 DNA ligase. D) Completed BB2 including one entire expression cassette. E) Empty re-
cipient vector for BB3. R* depicts the resistant marker which can be freely chosen, although a
different resistant marker than ampicillin is to be preferred to increase cloning efficiency. F) For-
mation of expression vector BB3 with BsaI and T4 DNA ligase. G) Final expression vector BB3
with three individual expression cassetts for further transformation to the target host cell. Cutting
directions are implied as black arrows above the restriction sites. Reprinted from Sarkari et al.,

2017, Copyright © 2017, Elsevier

In the first cloning level, the individual functional elements, promoter, GOI and terminator

are incorporated into BB1 plasmids. The selection of specific fusion sites (FSs) within

these backbones are pivotal for the correct position in the expression cassette. Then

these desired functional elements are subsequently assembled to a transcription unit

in the BB2 plasmid which comprises the distinct linkers. On the third level, multiple

expression cassettes can be combined with BB3 containing the complementary linkers.

The produced expression vector BB3 has now a defined gene cluster without the original

restriction sites and can be transformed into E. coli or another suitable organism.
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1.7 Aim of work

As the literature survey shows, hardly any analysis towards acetate co-utilisation at

higher acetate-glucose concentrations (>10 g l−1) are known so far for E. coli. However

there are some promising approaches in regulatory engineering which potentially turns

out as highly suitable for E. coli W as acetate utilising cellular factory.

The first objective of this work was to prove that acetate co-utilization in presence of

glucose is possible in an aerobic batch cultivation of glucose-acetate concentrations up

to 10 g l−1.

The second objective was to prevent extended lag phases and inhibited growth initiated

by toxic effects of acetate.

The third and final objective was to achieve a highly effective (continuous) high cell den-

sity cultivation provided with a combined glucose-acetate substrate feed where no in-

hibiting effects of acetate and a constantly high utilisation of acetate is observed.
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2 Materials and methods

2.1 Strains and plasmids

2.1.1 E. coli strains

Two E. coli strains shown in Table 1 were used for all experiments. Escherichia coli BL21

(DE3) was obtained from New England Biolabs (MA, USA) and used as host for plasmid

assembly and propagation. Escherichia coli W (ATCC 9637) was obtained from DSMZ

(Leibnitz Institute DSMZ, Braunschweig, Germany) and used for all cultivations in this

study as well as donor organism, providing the gDNA (genomic DNA)for acs, metE, and

cobB genes.

TABLE 1: Used E. coli strains

Strain Genotype / Designation Source

BL21 (DE3) E. coli B F- dcm ompT hsdS(rB
- mB

-) gal λ(DE3) NEB
W (ATCC 9637) E. coli W / DSM 1116 = NCIMB 8666 DSMZ

2.1.2 Plasmids

The empty vectors modified for GG cloning were retrieved from Sarkari et al. (2017). All

generated and used plasmids in this work are listed in Table 2.

pIDTSmart vector

This vector is denoted as pIDT which stands for plasmid integrated DNA Technologies

(IDT) (Coralfille/IA, USA) where it originates from. It is a high copy vector which lacks

most common restriction sites and promoters found in traditional vectors. Additionally
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it possesses a kanamycin resistance gene and it was modified and engaged as BB1 in

this work.

TABLE 2: List of all generated plasmids in this work

Designation Source

BB1_pIDTSmart(KanR)_
_FS1_114p_FS2 Sarkari et al. (2017)
_FS2_amilCP_FS3 Sarkari et al. (2017)
_FS2_acs_FS3 This work
_FS2_acs_L641P_FS3 This work
_FS2_metE_FS3 This work
_FS2_metE_mut_FS3 Laboratory collection
_FS2_cobB_FS3 This work

BB2_pUC(AmpR)_
_LinkerA_FS1_FS4_LinkerB Sarkari et al. (2017)
_LinkerB_FS1_FS4_LinkerC Sarkari et al. (2017)
_LinkerC_FS1_FS4_LinkerD Sarkari et al. (2017)
_LinkerA_114p_acs_LinkerB This work
_LinkerA_114p_acs_L641P_LinkerB This work
_LinkerB_114p_metE_LinkerC This work
_LinkerB_114p_metE_mut_LinkerC Laboratory collection
_LinkerC_114p_cobB_LinkerD This work

BB3_pUC(KanR)_
_LinkerAB Sarkari et al. (2017)
_LinkerAC Sarkari et al. (2017)
_LinkerAD Sarkari et al. (2017)
_LinkerA_SpacerAB_LinkerB This work

_LinkerA_114p_
_acs_BBa_B1001_LinkerB This work
_acs_L641P_BBa_B1001_LinkerB This work
_SpacerAB_metE_BBa_B1001_LinkerC This work
_SpacerAB_metE_mut_BBa_B1001_LinkerC Laboratory collection
_acs_metE_BBa_B1001_LinkerC This work
_acs_metE_mut_BBa_B1001_LinkerC This work
_acs_metE_cobB_BBa_B1001_LinkerD This work
_acs_metE_mut_cobB_BBa_B1001_LinkerD This work
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2.1. Strains and plasmids

pUC19 vector

The pUC19 vector is a frequently used model plasmid in research and extensively used

as cloning vector. It provides innately many restriction sites for endonucleases in the

multiple cloning site (MCS) region such as HindIII, SphI, PstI, SaII, XbaI, BamHi, SmaI,

KpnI, SacI and EcoRI which was availed for restriction digest and cloning and construct

assembling. With a size of 2686 bp, the circular DNA double stranded vector pUC19

is rather small, but has a high copy number. There is also a N-terminal fragment of

β-galactosidase (lacZ ) gene of E. coli and it encodes for an ampicillin resistance gene

(Yanisch-Perron, Vieira, and Messing, 1985). In this work BB2 and BB3 derived from the

pUC19 vector.

Backbone 1

This plasmid was derived from the pIDTSmart vector. It provides a kanamycin resistance

gene and an amilCP gene that expresses a blue chromoprotein (Figure 7). The latter

is used as an screening marker to verify the successful insertion of the GOI. By the

implementation of the GOI into the vector, the amilCP gene is removed, hence all blue

clones on the transformation plate can be excluded as they lack of GOI. The fusion sites

FS2 and FS3 are generated when BB1 is cut with BsaI.

FIGURE 7: Empty BB1 plasmid with selection marker amilCP, resistance gene for kanamycin
(not shown) and two BsaI restriction sites.
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Backbone 2

This plasmid derived from the pUC19 vector provides an ampicillin resistance gene and

a pUC ori. Digestion with BpiI generates the fusion sites FS1, FS2, FS3 or FS4 and adds

the specific linkers A, B, C, or D (Table 3) to either side of the gene cassette depending

on the BB2 and the defined final gene order in the BB3 vector.

FIGURE 8: Empty BB2 plasmid with resistance gene for ampicilin, two restriction sites for BpiI
and linker AB

Backbone 3

The BB3 plasmid derived as well from pUC19 vector with a kanamycin resistance gene

and a pUC ori. The linkers (in Figure 9 A and B) are released after BsaI digestion and

assembled with the expression cassette from BB2.

Promoter and terminator

The promoter and terminator sequences are defined in BB1 on FS1/FS2 and FS3/FS4,

respectively and were provided in form of a pIDTSmart and a pSTBLUE vector by Sarkari

et al. (2017).
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TABLE 3: Fusion sites and linker for GG cloning.

BB1 Fusion sites Restriction enzyme Recognitions site

1 5’. . . GGAG. . . 3’

BpiI (BbsI)
2 CATG 5’. . . GAA GAC (N)2

H. . . 3’
3 GCTT 3’. . . CTT CTG (N)6N. . . 5’
4 CGCT

BB2 Linker Restriction enzyme Recognitions site

A 5’. . . GATC. . . 3’

BsaI-HFv2
B CCGG 5’. . . GGT CTC (N)1

H. . . 3’
C AATT 3’. . . CCA GAG (N)5N. . . 5’
D AGCT

BB3 Fusion sites Restriction enzyme Recognitions site

α 5’. . . GGAG. . . 3’

BpiI (BbsI)
β CATG 5’. . . GAA GAC (N)2

H. . . 3’
γ GCTT 3’. . . CTT CTG (N)6N. . . 5’
δ CGCT

FIGURE 9: Empty BB3 plasmid with resistance gene for kanmycin, two restriction sites for BsaI
and linker A and B

The promoter was descended from the Anderson promoter library and is denoted as

BBa_L23114 or p114. As terminator BBa_B1001 was used.
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2.1.3 Primer

Sense and antisense primers (Table 4) for the amplification of acs, metE and cobB from

Escherichia coli W ATCC 9637, were ordered from IDT (Coralfille/IA, USA). Modifying

primers for creating acs_L641P and for metE_mut were ordered as well by IDT whereby

metE_mut as obtained as gBlocks© Gene Fragments.

For the GG assembly reaction the type IIs restriction enzymes BsaI-HFv2 and BpiI (BbsI)

(Table 3) were used. Therefore, the amplification primers were designed to produce a

BsaI restriction site and FS2 and 3 at the amplified DNA fragments. seq_FW, seq_BW

and seq_in primers were used for sequencing the target gene in the recipient plasmids.

TABLE 4: Primer list: fusion sites (bold), restriction sites (underlined), in-
serted mutations ( framed )

Nr. Designation 5’-Nucleotide sequence-3’

se
ns

e

1 acs_FW ATGAGCCAAATTCACAAACAC
2 FS2_acs_FW GATCGGTCTCACATGAGCCAAATTCACAAACAC
3 FS2_met_out_FW GATCGGTCTCACATGACAATTCTTAATCACACCC
4 FS2_cobB_out_FW GATCGGTCTCACATGCTGTCGCGTCG
5 seq_FW GCAGTCCAGTTACGCTG
6 acs_seq_in_FW GCAGTATTCCGCTGAAG
7 metE_seq_in_FW GCCTTCTGACTGGTTGC

an
tis

en
se

11 FS3_acs_BW GATCGGTCTCAAAGCTTACGATGGCATCGCG
12 acs_L641P_BW CTTCAAGC G GCTTCTC
13 FS3_acs_L641P GATCGGTCTCAAAGCTTACGATGGCATCGCGATA

GCCTGCTTCTCTTCAAGC G GCTTCTC
14 FS3_metE_out_BW GATCGGTCTCAAAGCTTACCCCAGACGCAAATTC
15 FS3_cobB_out_BW GATCGGTCTCAAAGCTTATAATCCCTT
16 seq_BW CGTGGACCGATCATACG
17 acs_seq_in_BW GGTAGCGCCTTCCAG

2.2 Media preparation and composition

Unless stated otherwise all media and solutions were prepared using desalted water and

were heat-sterilized by autoclaving at 121 ◦C and 2 bar for at least 20 min.
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Lysogeny broth

The lysogeny broth (LB) (Table 5) is a coplex media and provides rich nutrients for bacte-

rial growth. LB was used for all molecular applications like preparation of plasmid DNA,

transformants and streaking them on LB agar plates. For precultures the double amount

of soy peptone and yeast extract was used (2 x LB) to provide higher cell density.

TABLE 5: Composition of Lysogeny broth

Component Concentration

Soy peptone 10 g l−1

NaCl 10 g l−1

Yeast extract 5 g l−1

Agar-Agara 15 g l−1

a added only for LB agar plates

DeLisa medium

The defined minimal medium used for all cultivations was prepared according to DeLisa

et al. (1999) (Table 6). To prevent precipitation the initial medium was prepared according

to a particular protocol.

Acetate and glucose solution (100 g l−1) were optionally added for a final batch concen-

tration of 10 g l−1 each. For preparation, sodium acetate, KH2PO4, (NH4)2HPO4 and citric

acid were dissolved in dH2O, and the pH was adjusted to pH 7 with solid NaOH. The so-

lution was filled up with dH2O to its final volume minus the stock and glucose solution

and subsequently autoclaved. The trace metal stock solutions (Table 7) were composed

separately and subsequently added via sterile-filtration. The priorly autoclaved glucose

solution was added at room temperature.

Preparation of feeding solution was practically the same as described above, excluding

KH2PO4, (NH4)2HPO4, and citric acid. Final concentrations for glucose and acetate in

the feeding solutions were 250 and 101.27 g l−1, respectively.
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TABLE 6: Composition of DeLisa medium

Compound Batch medium, l−1 Feeding solution, l−1

Glucose ·H2O 11 g a 275 g
Sodium acetate ·3 H2O 13.9 g a 140.77 g
KH2PO4 13.3 g –
(NH4)2HPO4 4 g –
Citric acid 1.7 g –
MgSO4 · 7 H2O 1.2 g 12.5 g
Fe(III)-citrate 100 mg 25 mg
EDTA 8.4 mg 8.13 mg
Zn(CH3COO)2 · 2 H2O 13 mg 10 mg
TE 5 ml 5 ml

a optionally added

TABLE 7: Trace metal stock solution of DeLisa medium

Stock solution Component Stock concentration

500 x MgSO4 MgSO4 · 7 H2O 300 g l−1 aca

100 x Fe(III)-citrate Fe(III)-citrate ·H2O 10 g l−1 ac
100 x EDTA EDTA 0.84 g l−1 ac
200 x Zn(CH3COO)2 Zn(CH3COO)2 · 2 H2O 2.69 g l−1 ac
200 x trace elements CoCl2 · 6 H2O 0.50 g l−1 sfb

MnCl2 · 4 H2O 3.00 g l−1 sf
CuCl2 · 2 H2O 0.24 g l−1 sf
H3BO3 0.60 g l−1 sf
Na2MoO4 · 2 H2O 0.50 g l−1 sf

a autoclaved
b sterile filtrated

Antibiotics

Two antibiotics were used for selection during cloning and cultivation processes.

Kanamycin for BB1 and BB3 constructs, and ampicillin for BB2 constructs. The sub-

stances (Table 8) were weighed in each on an analytical scale (Mettler Toledo, Colum-

bus/OH, USA) and dissolved in MQ-H2O of a 25 ml volumetric flask. The stock solutions

were filter sterilized, aliquoted in microfuge tubes and stored at -18 ◦C.
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TABLE 8: Used antibiotics

Antibiotic Dilution factor Stock concentration Working concentration

Ampicillin 1000 100 mg ml−1 100 µg ml−1

Kanamycin A 1000 50 mg ml−1 50 µg ml−1

2.2.1 Buffer solution

To receive a 100 x TRIS-HCl stock solution (1 M), 121.14 g TRIS was dissolved in 800 ml

MQ-H2O, and the pH was set to 8.0 with the appropriate volume of concentrated HCl.

The solution was autoclaved and stored at room temperature.

TABLE 9: Buffer solutions

Buffer Component

TFB1a 30 mM potassium acetate
10 mM CaCl2
50 mM MnCl2

100 mM RbCl
15 % glycerol

pH set to 5.8 with 1 M acetic acid

TFB2a 100 mM MOPS
75 mM CaCl2
10 mM RbCl
15 % glycerol

pH set to 6.8 with 1 M KOH

TRIS-HCl buffer 10 mM (HOCH2)CNH2 (TRIS)

TAE-buffer 242 g Tris base
57 ml glacial acetic acid
18.5 g EDTA, disodium salt

HPLC running bufferb 4 mM H2SO4
1 pnc NaN3

a sterile filtrated
b dissolved in MQ-H2O and degassed for 15 min
c pinch (0.25 to 0.5 g)

For the HPLC running buffer a 100 x stock solution (0.4 M) was prepared by adding 7.9 ml

of 95 % H2SO4 (1.84 kg l−1 to 800 ml MQ-H2O and filling up to 1 l. Both buffers were 1 to

10 diluted with MQ-H2O to receive the desired concentration (10 x, 1 x).
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2.3 Preparation, purification, and analysis of DNA

2.3.1 DNA amplification (PCR)

For the DNA amplification, the specific primers (Table 4, 11) were mixed with Q5 High-

Fidelity DNA Polymerase, Q5 Reaction buffer, dNTPs (all from: New England Biolabs,

Ipswich/MA, USA) and gDNA according to the scheme shown in Table 10. The gDNA of

E. coli W was obtained from DSMZ (Leibnitz Institute DSMZ, Braunschweig, Germany).

TABLE 10: PCR 50 µl reaction mix for gene amplification

Component Volume Final concentr.

5 x Q5 Reaction Buffer 10 µl 1 x
10 µM dNTPs 1 µl 200 µM

10 µM Primer sense 2.5 µl 0.5 µM

10 µM Primer antisense 2.5 µl 0.5 µM

Template DNA variable 10 ng
Q5 High-Fidelity DNA Polymerase 0.5 µl 0.02 U µl−1

10 µM TRIS-HCl buffer ad 50 µl

TABLE 11: PCR plan for gene amplification and modification

Primer Nr. Ta, Length, Extension
# Gene sense antisense ◦C bp time, s Template

I FS2_acs_FS3 2 11 61 1930 58 gDNA
II acs_L641P 1 12 62 1987 60 gDNA
III FS2_acs_L641P_FS3 2 13 61 849 61 II
IV FS2_metE_FS3 3 14 61 2289 69 gDNA
V FS2_cobB_FS3 4 15 61 849 61 gDNA

According to the manufacturer‘s protocol of the DNA polymerase, the annealing tem-

perature was set between 61 and 62 ◦C and extension time of 30 s/kb DNA (Table 11,

12).

2.3.2 Agarose gel electrophoresis

For efficient separation of linear DNA, 1 % (w/v) agarose gels were used for gel elec-

trophoresis. For one gel 1.5 g of agarose was suspended in 150 ml 1X TAE buffer and

carefully brought to boil in the microwave oven. When completely melted, the liquid was
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TABLE 12: Thermocycler program for DNA amplification. Annealing tem-
perature (Ta) and extension times vary on the amplified fragments which

are shown in Table 11

Step Temperature Time Cycles

Initial denaturation 98 ◦C 2:00 min
Denaturation 98 ◦C 0:10 min

35Annealing variable 0:30 min
Extension 72 ◦C variable
Final extension 72 ◦C 10:00 min

swirled under running water cooling down to about 60 ◦C. The completely clear solution

was subsequently displaced with 150 µl SYBR© Safe (Invitrogen, Carlsbad/CA, USA)

and slightly shaken to achieve a homogenous distribution. The liquid gel was poured

into a gel tray with an appropriate comb in place, and air bubbles were removed. After

solidifying the comb was removed and placed in the electrophoresis chamber with the

slots facing the cathode and submerged with 1X TAE buffer.

The sample solution was displaced with the 6X loading buffer (6X MassRuler DNA Load-

ing Dye; Thermo Fisher Scientific, Waltham/MA, USA) and loaded onto the gel. Samples

from miniprep digestion generally had a total volume of 20 µl, those of PCR runs 50 µl.

For size determination, 6 µl of the ready to use Gene Ruler (1 kb Gene Ladder; Thermo

Fisher Scientific, Waltham/MA, USA) was employed. The lid was closed, and a voltage

of 120 V was applied for about 1 h (PowerPakTM Basis Power Supply; Bio-Rad Labo-

ratories, Hercules/CA, USA). As the bromophenol colour front ran past the end of the

gel, the electrophoresis was stopped, and the bands were visualized under UV-light with

aChemiDoc XRS+ Imaging System (Bio-Rad, Hercules/CA, USA). Desired bands were

excised from the gel with a sterile scalpel and purified as described below in 2.3.3.

2.3.3 Extraction and purification of DNA fragments

The DNA was extracted from the agarose gel with the QIAGEN QIAquick Gel Extraction

Kit (Thermo Fisher Scientific, Waltham/MA, USA) based on silica membranes in spin

columns. The extraction and purification were conducted according to the manufacturer’s

protocol with a minor deviation. Contrary to the protocol, DNA was eluted in 20 µl sterile

10 mM Tris-HCl buffer, instead of elution buffer, provided by the kit.
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2.3.4 Quantification of DNA/nucleic acids

All DNA measurements were determined with a spectrophotometer (NanoDrop 2000,

Thermo Fisher Scientific, Waltham/MA, USA), which allows UV-Vis measurements to be

made from 1 µl samples. A sample droplet was merely loaded onto the optical pedestal

and drawn by a clamp. The concentration is calculated based on Lambert-Beer‘s law.

The detection range lies between 2 ng µl−1 and 3700 ng µl−1.

2.3.5 Isolation of plasmid DNA (Miniprep)

A single colony was picked from the transformation plate and overnight culture of 2 –

4 ml LB medium including the appropriate antibiotics were inoculated and incubated at

37 ◦C and 200 rpm. Simultaneously each picked colony was incubated on an LB master

plate including the appropriate antibiotics at 37 ◦C, over night. Cells were harvested by

centrifugation and purification of plasmid DNA was carried out with the Monarch Plasmid

Miniprep Kit (NEB) according to the manufacturer’s protocol.

2.3.6 Restriction digest of plasmid DNA

The purified plasmid DNA was digested with applicable restriction enzyme(s) and ap-

propriate buffer. In case of double digestion, a buffer with the highest activity of both

enzymes was used. The right enzyme(s) had to be chosen to ensure a result of at least

two bands with differentiating sizes. The digestion mix was pipetted together as specified

in Table 13 and was incubated at 37 ◦C for about 1 h. The fragments were separated and

analysed by gel electrophoresis shown in 2.3.2.

TABLE 13: Protocol for 20 µl restriction digestion

Component Single digest Double digest

Plasmid DNA (~100 ng µl−1) 2 µl 2 µl
CutSmart buffera 2 µl 2 µl
Enzyme 1a 0.5 µl 0.25 µl
Enzyme 2a — 0.25 µl
Tris-HCl buffer (10 mM) 15.5 µl 15.5 µl

a from NEB
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2.3.7 Sequencing

To verify the correct amplification, plasmids were externally Sanger sequenced by (Mi-

crosynth AG, Switzerland). Therefore, 6 µl plasmid DNA was combined with 3 µl of the

sense (seq_FW) or antisense primer (seq_BW) (Table 4) and 6 µl 10 mM Tris-HCl buffer

each. The prerequisite for effective sequencing is a DNA amount of 480 to 1200 ng in

a minimum volume of 12 µl. The sense and antisense primer are binding several base

pares up- or downstream of the gene inserts (in this case on BB1) to ensure a complete

read through of the sequence. However, sequencing is limited to a length up to 700 bp,

thus for longer genes, such as the acs or metE, additional primers (seq_in) binding within

the gene are needed to receive the full sequence of the gene.

2.4 Golden Gate assembly

For GoldenMOCS cloning, FSs had to be added to every gene (Table 11). FSs for

the acs gene were attached using primers FS2_acs_FW and FS3_acs_BW. To in-

troduce the L641P mutation into acs and to add the FS, two PCR reactions am-

plified acs until position 641 using primers acs_FW and acs_L641P_BW. In a sec-

ond PCR reaction, FSs and the rest of the coding sequence were added us-

ing primers FS2_acs_FW and FS3_acs_L641P_BW. FSs for metE and cobB were

added using primer FS2_metE_out_FW, FS3_metE_out_BW and FS2_cobB_out_FW,

FS2_cobB_out_BW, respectively (Table 4).

All inserts and backbones were quantified by NanoDrop 2000 and subsequently diluted

to a final concentration of 40 nM with 10 mM Tris-HCl buffer. The reaction mix was set up

in a PCR vial as specified in Table 14, whereby 1 µl of the 40 nM stocks equal 40 fmol in

total.

The PCR vial was incubated in a thermocycler (Bio-Rad, Hercules/CA, USA) with 45

repetitions of two different temperatures to activate the restriction enzyme and ligase

alternately for an effective assembling output (Table 15). A final digestion step at 50 ◦C

cuts plasmids which still contain restriction sites. The last step inactivates both, the

restriction enzyme and the ligase. The latter could otherwise religate some of the insert

and BB fragments that are still present in the mix since during transformation the mix is

kept at room temperature or on ice.
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TABLE 14: Protocol for Golden Gate assembly reaction

Component Concentration Backbone 1 Backbone 2 Backbone 3

Insert(s) 40 nM 1 µl 1 µl 1 µl
Backbone 40 nM 1 µl 1 µl 1 µl
Promoter 40 nM — 1 µl —
Terminator 40 nM — 1 µl —
ATP 40 nM 2 µl 2 µl 2 µl
BsaIa 20 U µl−1 1 µl — 1 µl
BpiIb 10 U µl−1 — 2 µl —
T4 DNA Ligasea 400 U µl−1 2.5 µl 2.5 µl 2.5 µl
CutSmart buffer 10 x 2 µl 2 µl 2 µl
Tris-HCl buffer 10 mM ad 20 µl ad 20 µl ad 20 µl

a from NEB
b from Thermo Fisher Scientific, Waltham/MA, USA

TABLE 15: Thermocycler program for Golden Gate assemblies

Step Temperature Time Cycles

Restriction 37 ◦C 1:00 min
45

Ligation 16 ◦C 2:30 min
Expanded restriction 37 ◦C 30:00 min
Final digestion 50 ◦C 5:00 min
Heat inactivation 80 ◦C 10:00 min

2.5 Transformation of DNA into E. coli

2.5.1 Preparation of chemically competent cells

The glycerol stocks of E. coli BL21 (DE3) and E. coli W (ATCC 9637) cells were streaked

on LB agar plates and subsequently incubated over night at 37 ◦C. For the preculture

a single colony was picked, inoculated in 10 ml LB medium and incubated over night at

37 ◦C and 200 rpm.

From this preculture, 2 ml were taken for inoculating the main culture of 200 ml LB

medium, which was further incubated (same conditions as preculture) until an OD600

value of 0.6 was reached. The cell suspension was kept on ice for 10 min and subse-

quently harvested. The culture was pelleted for 5 min at 4000 g and 4 ◦C, resuspended in

0.4 volumes of ice-cold TFB1 (Table 9 ) and once again centrifuged. The cells were now

resuspended in 0.04 volumes of ice-cold TFB2 and aliquoted in pre-chilled microfuge
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tubes to a volume of 100 µl each. Aliquots were flash frozen by dipping the tubes in

liquid nitrogen and stored at −80 ◦C.

2.5.2 Chemical transformation

Chemical competent cells were carefully thawed on ice for 5 min and aliquoted to a vol-

ume of 250 µl. 2.5 µl Golden Gate assembly (BB1, BB2 or BB3) was added and kept

on ice for further 30 min. Afterwards the cell/DNA mixture was heat shocked for 90 s at

42 ◦C and subsequently chilled on ice for 5 min. For cell recovery, 1 ml LB medium was

added and incubated for 45 min (for ampicillin resistance) or 2 h (for kanamycin resis-

tance) at 37 ◦C and 200 rpm. After incubation 20 µl and 100 µl of the transformed cells

were streaked on LB agar plates, with the appropriate antibiotics (either 50 µg ml−1 or

100 µg ml−1). The residual transformants were briefly pelleted, resuspended and entirely

streaked equally on selective LB agar plates. All streaked transformants were incubated

over night at 37 ◦C.

2.6 Strain conservation

Bacteria were kept on LB agar plates at 4 ◦C for maximally 2 weeks. For the long-

time preservation of strains, cryo-conservation was used. Therefore, the particular cells

were inoculated from the LB agar plate in 2 –4 ml LB medium including the appropriate

antibiotics and incubated over night at 37 ◦C and 200 rpm. Afterwards, the overnight

culture was briefly pelleted, resuspended in 1.2 ml and transferred into a sterile cryotube.

The suspension was additionally mixed with 0.8 ml of 100 % sterile glycerol to a final

glycerol concentration of 40 % (v/v). The cell/glycerol mix was kept at room temperature

for 30 min to allow the cells to incorporate glycerol and subsequently stored at -80 ◦C.

2.7 Cultivation

2.7.1 Preculture and inoculum

Selected cells from a glycerol stock were streaked out on a selective LB agar plate and

incubated over night at 37 ◦C. From this plate a single colony was picked and inoculated
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in 250 ml 2 x LB medium of a 1 l shake flask with the appropriate antibiotics and incubated

over night at 37 ◦C and 200 rpm. The overnight culture was allowed to grow for at least

14 h to reach an OD600 of 4. The cells were harvested by filling the suspension into

sterile 300 ml centrifugation beaker and pelleted for 30 min 4800 g at room temperature.

The cell pellets were washed twice by resuspension in 80 ml sterile 0.9 % NaCl (v/w) and

centrifuged at same conditions as before. After the third centrifugation step, the cells

were resuspended in 20 ml sterile dH2O, and the OD600 was measured. Based on the

initial OD600 defined for each cultivation, the volume of each inoculum was calculated.

2.7.2 Shake flask cultivation

A volume of 50 ml DeLisa medium complemented with 10 g l−1 glucose and 50 µg ml−1

kanamycin was used. 500 ml shake flasks were filled with medium and incubated at

three different temperatures (30, 37 and 44 ◦C) and 200 rpm.

Four inocula of two different constructs in two different strains were prepared and inocu-

lated with an initial OD600 of 0.5. Samples were taken at least 0, 2, 4, 6 and 27.5 h after

inoculation. The OD600 was immediately measured, and 2 ml of supernatant were stored

in microfuge tubes at -18 ◦C for HPLC analysis. A biomass sample was taken 6 h after

inoculation.

2.7.3 Elemental analysis

A preculture of Escherichia coli W (ATCC 9637) wild type was prepared as described in

2.7.1, with exception of any antibiotics.

For the cultivation six 1 l shake flasks with 200 ml DeLisa medium each supplemented

with 10 g l−1 glucose where incubated at 37 ◦C and 200 rpm for 7 h until reaching steady

state condition. The cells were pelleted at 4 ◦C and 4800 g for 30 min and washed three

times with MQ-H2O. The harvested cell pellet was subsequently transferred into a 50 ml

falcon tube and stored at -80 ◦C. Afterwards, the cap of the falcon tube was replaced

with a cotton rag and the pellet was lyophilized at -55 ◦C and 2 Pa (martin christ, alpha

1-4 LD plus, Osterode am Harz, Germany) for 24 h.

The pellet was subsequently milled and the mean elemental composition (carbon, hydro-

gen, nitrogen, oxygen, phosphorous and sulphur) of E. coli W was threefold determined

(micro analytical laboratories, University of Vienna, Vienna, Austria) (in the Appendix
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Table A.1, A.2). From the results the elemental composition of the biomass was deter-

mined to be C1.000H1.676N0.234O0.438P0.018S0.005, i.e. the carbon content of E. coli W dry

biomass is 46.1 % (w/w). Particular values are listed in Table 16 and 17.

The average molecular weight of cells (Mcell) is based on the content of main compo-

nents and is therefore 24.710 g mol−1. The average cell dry content of each component

was converted with the respective molar mass to obtain the molar amount per 1 g cell

dry weight niin 1 g CDW .

niin 1 g CDW =
CDCi

100
Mi

mol (2.1)

CDCi is the average cell dry content of component i in %, while Mi is the molar mass in

g mol−1.

To receive the stoichiometric coefficients vi for the elemental formula, the amount of each

component was related to 1 mol carbon.

vi =
niin 1 g CDW

ncin 1 g CDW

(2.2)

TABLE 16: Main components of E. coli W

Carbon Hydrogen Nitrogen Sulphur Phosphate Oxygen ∑

Cell dry 46.060 6.480 12.570 0.617 2.197 26.920 94.844
content, % ±0.078 ±0.071 ±0.064 ±0.005 ±0.024 ±0.057 ±0.299

M, g mol−1 12.011 1.008 14.007 32.065 30.974 15.999

1 g CDW,
mmol 38.344 64.286 8.974 0.192 0.709 16.826

related to Mcell
1 mol C 1.676 0.234 0.005 0.018 0.438 24.710

Mcell = Mc + (Mh · vh) + (Mn · vn) + (Ms · vs) + (Mp · vp) + (Mo · vo)

g mol−1 (2.3)

Indices c, h, n, s, p, o stand for carbon, hydrogen, nitrogen, sulphur, phosphate and oxygen,

respectively.
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TABLE 17: Minor components of E. coli W

Potassium Sodium Chloride Ash content ∑

Cell dry 1.730 0.851 0.904 9.707 9.707
content, % ±0.022 ±0.006 ±0.107 ±0.076 ±0.135

M, g mol−1 39.098 22.990 35.453 –

1 g CDW,
mmol 0.442 0.370 0.255 –

related to
1 mol C 0.012 0.010 0.007 –

2.7.4 Bioreactor cultivations

For all bioreactor cultivations, DeLisa medium with 50 µg ml−1 kanamycin was used at

pH 7. The cultures were optionally supplemented with either 10 g l−1 glucose, 10 g l−1

acetate, or both. The solution of autoclavable (ac) components with the exception of

glucose (Table 7) were directly autoclaved in the reactor vessel at 121 ◦C for 20 min and

2 bar. Separately autoclaved glucose solution and sterile filtered kanamycin were mixed

and injected through a port on the bioreactor lid, using a sterile syringe.

Per reactor, 500 ml preculture were prepared as described in 2.7.1, and inoculated with

an initial OD600 of 1. The inoculation was carried out via sterile 50 ml syringes and

needles that were pierced through fermenter port diaphragm. A system of four parallel

DASGIP Benchtop Bioreactors for Microbiology (Eppendorf AG, Hamburg, Germany)

were used. The initial batch volume was 1 l, and cultivation temperature was set at

37 ◦C (TC4, Eppendorf AG, Hamburg, Germany). Reactor aeration was performed with

pressurized air at 2 vvm (MX4/4, Eppendorf AG, Hamburg, Germany) and dispersed at

constant agitation (three Rushton impeller) at 1400 rpm (SC4, Eppendorf AG, Hamburg,

Germany).

A fluorescence dissolved oxygen electrode VisiFerm DO 225 (Hamilton, Reno, NV, USA)

was used to monitor and control the dissolved oxygen (dO2) content. The pH was mon-

itored by a pH electrode (Mettler-Toledo GmbH, Giessen, Germany) and maintained at

a value of pH 7 by addition of 12.5 % NH4OH and 5 M HCl supplied by a peristaltic pump

module (MP8, Eppendorf AG, Hamburg, Germany). Off-gas concentrations of oxygen

and carbon dioxide were quantified with an off-gas sensor (GA4, Eppendorf AG, Ham-

burg, Germany).

All technical instruments were attached to the fermenter and calibrated according to the
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suppliers’ manuals. The pH electrode was calibrated at pH 4.0 and 7.0, and the oxygen

electrode was calibrated with nitrogen and pressurized air. Flow rate calibration of the

pumping module was applied weighing out the amount dH2O conveyed over time.

Biomass samples were taken every 2 h and immediately after depletion of glucose or

acetate. For sampling, a pre-sample of 5 ml was drawn and discarded by a syringe, fol-

lowed by taking a sample of 15 ml cell suspension which was immediately transferred

into a pre-chilled falcon tube and kept on ice for further processing. For the fed-batch,

additional samples were taken each 0.5 h for measuring residual substrates, metabo-

lites, and OD600. Therefore also a pre-sample of 5 ml was drawn and discarded, and

subsequent only a sample volume of 2 ml was taken.

When foam formation occurred, sterile antifoam agent Struktol J 673-1 (Schill+Seilacher

GmbH, Hamburg, Germany) was added in a 1 to 10 dilution via sterile needles that were

pierced through fermenter port diaphragm.

2.8 Analytical methods

2.8.1 Cell biomass concentration

Optical density (OD600)

For the analysis, 1 ml of cell suspension was transferred to a single-use plastic cuvette

measuring the absorbed and scattered light with a photometer. Values within the linear

range (0.2 and 0.8) were measured or otherwise diluted with dH2O, which was also used

as a blank. For each sample, two measurements were performed.

Cell dry weight (CDW)

Glass centrifugation tubes were labeled and dehydrated in an oven at 121 ◦C for 24 h.

Afterwards, they were incubated in a desiccator until reaching room temperature and

subsequently tared on an analytical scale (Mettler Toledo, Columbus/OH, USA). A sam-

ple volume of 3 times 4 ml cell broth was transferred into 3 weighed centrifugation tubes

and subsequently centrifuged at 4 ◦C and 4800 g for 10 min. For HPLC measurements

2 ml of supernatant were stored in a microfuge tube at -18 ◦C.
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The pellets were washed with 4 ml dH2O to remove all soluble particles and centrifuged

at same conditions as before. The supernatant was discarded, and the tubes were incu-

bated at 121 ◦C for 72 h. Afterwards, they were again cooled down to room temperature,

and the weight-difference was determined which equals the dry biomass included in 4 ml

sample. The biomass concentration was calculated by taking the sample-volume into

account.

ρcdwsample
=

mcdwsample
·Vsample

1000
g l−1 (2.4)

mcdwsample
is the weight-difference of each pre-tared glass tube in g and Vsample is the

sample volume in ml. Divided by 1000 results in a cell dry weight concentration in g l−1.

2.8.2 HPLC

Produced metabolites during cultivation and residual substrates in the fermentation broth

were identified and quantified by HPLC in an Agilent system (1100 series, Agilent Tech-

nologies, Santa Clara/CA, USA) using an Aminex HPX87H column (300 x,7.8 mm, Bio-

Rad, Hercules/CA, USA) at 60 ◦C with a flow rate of 0.6 ml min−1 for 30 min and 4 mM

H2SO4 as mobile phase.

450 µl of supernatant residuals from the first centrifugation step (for 10 min 14 000 g,

4 ◦C) after sampling, was mixed with 50 µl 40 mM H2SO4 to adapt the composition of

the mobile phase. To avoid any cell residuals aggregating in the mobile phase clogging

the column, samples were once more centrifuged at same conditions as before. The

supernatant was transferred to an HPLC vial and placed on a tray in Agilent system

autosampler at 4 ◦C. For analysis a sample volume of 10 µl was injected.

For determining the concentration and retention time measured, stock solutions of glu-

cose, acetate, succinate, lactate, formate, and ethanol were prepared. All substances

except ethanol were weighed on an analytical scale (Mettler Toledo, Columbus/OH, USA)

and dissolved in MQ-H2O of a 25 ml volumetric flask. The amount of 99.9 % (v/v) ethanol

for the stock solution was measured volumetrically and dissolved in MQ-H2O of a 25 ml

volumetric flask. From each stock solution five standard solutions (Table 18) were gen-

erated using serial dilution. Afterwards, all standard solutions were treated in the same

way as the sample solution, mixing 450 µl solution with 50 µl 40 mM H2SO4 before quan-

tification.
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For detecting the amount of substances eluting from the column, a refractive index de-

tector (Agilent 1100 series G1362A, Agilent Technologies, Santa Clara/CA, USA) and a

UV detector (Agilent 1100 series G1315A, Agilent Technologies, Santa Clara/CA, USA)

at λ = 210 nm, were used.

All operating and detecting instruments were controlled and monitored by ChemStation

for LC 3D systems (Agilent Technologies, Santa Clara/CA, USA). For data analysis and

for manual peak integration, ChemStation for LC 3D systems was used as well.

TABLE 18: Standard solutions for 5-point calibration

Retention time, min Substance Concentration, g l−1

9.328 Glucose
25 12.5 2.5 1.25 0.25

15.467 Acetate
12.15 Succinate

5 2.5 0.5 0.25 0.05
13.171 Lactate
14.258 Formate
21.641 Ethanol

2.8.3 Statistical data evaluation

Inert gas ratio

During the bioreactor cultivation, the ration of oxygen gas flow inlet (yO2,in) differs from

oxygen gas flow outlet (ywet). This occurs since evaporating water from the fermentation

broth and produced carbon dioxide dilute, while oxygen consumption deduces the outlet

gas flow rate. Therefore both gas flow ratios were measured before inoculation at culti-

vation conditions (37 ◦C, 2 vvm, 1400 rpm) to determine the water ratio in the off-gas flow

(exH2O,out). For ywet and yO2, 20.75 and 21.00 % oxygen were measured respectively.

That results in an exH2O,out of 1.19 %.

exH2O,out = 1− ywet

yO2,in
(2.5)

The inert gas ratio Rainert relates the molar fraction of inert gas in the inlet gas stream

in respect to the molar fraction of the inert gas in the outlet gas stream. In this case,

inert gases are gases that do not react with the reactor content (all gases except oxygen,

carbon dioxide, and evaporating water). Therefore, the content of inlet gases was divided
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by the content of outlet gases (Equation 2.6). yi is the content of component i in percent

whereas 1 is indicated as 100 % for all gases.

Rainert =
1− (

yO2,in+yCO2,in
100 )

1− (
yO2,out+yCO2,out

100 )− exH2O,out

(2.6)

Rainert shifts during cultivation due to yO2,out and yCO2,out, while exH2O, out is assumed

to be constant.

Off-gas analysis

With the known in-gas flow rate (Ḟin) and the determined inert gas ratio, the off-gas flow

rate (Ḟout) can be determined at each time point.

Ḟout = Ḟin · Rain sl h−1 (2.7)

The units for Ḟout and Ḟin are standard liter per hour.

For volumetric determination of produced carbon dioxide and consumed oxygen, the

net content was converted to decimals, dividing by 100 and multiplied with the off-gas

flow rate and period in hours (Equation 2.8, 2.10). This results in the volume of the

particular gas indicated as standard liter produced or consumed during a specific period.

The molar amount of this volumes where calculated with the standard volume per mol

(Equation 2.9, 2.11) to obtain Cmol or Omol (by multiplying nO2 by 2). The amount of

produced carbon dioxide in Cmol and consumed oxygen in Omol where summed up over

the period of cultivation (Equation 2.12, 2.13).

VCO2 =

(
yCO2,out − yCO2,in

)
· Ḟout

100
· dt sl (2.8)

nCO2 =
VCO2

22.4 lmol−1
mol or Cmol (2.9)

VO2 =
yO2,in −

(
yO2,out +

(
yO2,dry − ywet

))
· Ḟout

100
· dt sl (2.10)
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nO =
VO2

22.4 lmol−1
· 2 Omol (2.11)

∑ nCO2 =
t

∑
i=30 s

nCO2 mol or Cmol (2.12)

∑ nO =
t

∑
i=30 s

nO Omol (2.13)

In- and off-gas values were recorded every 30 s and t indicates the actual inoculation

time.

Carbon balance

To validate the correct amount of biomass and metabolites formed in the bioreactor pro-

cess, the content of recovered carbon to that present at the beginning of the cultivation

was determined which is referred as carbon balance or carbon recovery. If balancing

fails, it reveals that something is wrong, either in the process, or the laboratory, or in

the calculations. Therefore the carbon content of all components had to be determined.

First, ρi was converted into ci to obtain all components in mol l−1.

ci =
ρi

Mi
mol l−1 (2.14)

ρi is the concentration of component i (substrate or metabolite) in g l−1, and Mi is the

molar mass of component i in g mol−1.

Furthermore, the molar concentrations were converted into mole carbon. Therefore,

the total number of carbon atoms was included in respective of the substance and the

reactor volumes.

nc,ireactor = ci · ni ·Vreactor Cmol (2.15)

ni is the number of carbon atoms per mol of substance i, and nc,ireactor is the amount of

mole carbon in Cmol of substance i in the reactor.
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The carbon content in dry cell biomass was determined by the previously conducted

elemental analysis as 46.06 % (w/w) (Table 16). Mc is the molar mass of carbon for the

conversion to mole per liter.

nc,cdwreactor =
ρcdw · 0.4606

Mc
·Vreactor Cmol (2.16)

ρcdw is the cell dry weight concentration in g l−1 determined in Equation 2.4.

nc,cdwreactor is the amount of mole carbon (from biomass) in Cmol, that is currently present

in the reactor volume Vreactor in liter.

The amount of carbon loss which is caused by sampling was taken into account as well.

Therefore, the amount of mole carbon of the respective substances and biomass was

determined for each sample.

nc,i,cdwsample
=

nc,i,cdwreactor

Vreactor

·Vsample Cmol (2.17)

The amounts of mole carbon lost during sampling were summed up for each substance

and added up with those present in the bioreactor to obtain the actual carbon amount

nc,i,cdwactual
.

nc,i,cdwactual
= nc,i,cdwreactor + ∑ nc,i,cdwsample

Cmol (2.18)

For carbon balancing, the sum of substrates (i), biomass (cdw) and accumulated carbon

dioxide (CO2) for each sampling point were compared to the sum at fermentation onset

(0 h). Total amounts of carbon were used for all components including carbon loss from

sampling.

C− recoveryactual =
∑ nc,i,cdwactual

+ ∑ nCO2

∑ nc,i,cdw0 h

· 100 % (2.19)

Uptake rates

For the sake of comparability, the volumetric and specific substrate uptake rates for glu-

cose and acetate were taken only in the phase of main substrate uptake (MSU-phase)

(x h after inoculation until depletion of glucose or acetate if in case acetate was the sole

carbon source). The MSU-phase varies regarding the C-sources and construct, and is
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highlighted for each cultivation in the results section. For experiments with only acetate

as C-source, the MSU-phase ended with the depletion of acetate.

Rates were calculated between each sampling time point (every 2 h) (Equation 2.20) and

averaged to a mean volumetric uptake rate. From each respective volumetric uptake rate

the specific uptake rate was calculated (Equation 2.21) considering the average biomass

concentration present in that time interval.

rsx+2 h =
sx h − sx+2 h
tx+2 h − tx h

=
ds
dt

mmol l−1 h−1 (2.20)

qsx+2 h =
rsx+2 h

xx h+xx+2 h
2

mmol g−1 h−1 (2.21)

sx h and xx h
def
= (ρcdwx h

) are the substrate concentrations in mmol l−1 and biomass con-

centrations in g l−1, respectively, x hours after inoculation. Since sampling took place at

two-hourly intervals, the volumetric and specific uptake rates are indicated as x+2 h.

The specific uptake rates for each sampling interval were used to calculate the final

weighted specific uptake rate for the entire MSU-phase (tsend − ts1).

qsMSU =
(qs1 · dts1) + (qs2 · dts2) + . . . + (qsend · dtsend)

tsend − ts1

mmol g−1 h−1 (2.22)

dt stands for the exact time interval of each respective rate. tSend − tS1 is the entire MSU-

phase interval which ranges from 2 or 4 hours after inoculation until depletion of glucose

or acetate (when acetate is the only C source). Unlike in Equation 2.22, the rates for

the feed were taken from the beginning of the feed phase until biomass maximum was

reached.
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Carbon dioxide production rate

The specific carbon dioxide production rate qCO2x+2 h
was determined likewise for each

sampling time point (each 2 h).

qCO2x+2 h
=

∑ nCO2x h
−∑ nCO2x+2 h/1 h

1000
ρcdwx h

+ρcdwx+2 h
2 · Vreactorx h+Vreactorx+2 h

2000 · dt
mmol g−1 h−1 (2.23)

The accumulated amount of carbon dioxide ∑ nCO2 from Equation 2.12 was converted

from mol to mmol by dividing by 1000. ρcdw is the biomass concentration in g l−1, and

Vreactor the reactor volume in ml. dt stands for the exact time interval of each respective

rate.

The specific production rates for each sampling interval were used to calculate the final

weighted specific production rate for the entire MSU-phase (tCO2end
− tCO21

).

qCO2MSU
=

(qCO21
· dtCO21

) + (qCO22
· dtCO22

) + . . . + (qCO2end
· dtCO2end

)

tCO2end
− tCO21

mmol g−1 h−1 (2.24)

As already explained for Equation 2.22, specific rates were taken from the MSU-phase

in the batch as well as from a defined phase in the fed (latter not shown).
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Base titration rate

The total volume of 12.5 % (v/v) ammonia for pH regulation was recorded by the pumping

system in ml. To yield the total amount of ammonia titrated, the molar concentration was

determined first.

cNH3(12.5%) =
ρNH3(12.5%)

MNH3

· 0.125 mol l−1 or M (2.25)

ρNH3(12.5%) is the density of the particular aqueous ammonia solution with 948 g l−1 at

20 ◦C. MNH3 is the molar mass of NH3 in g l−1 and 0.125 stands for 12.5 % (v/v).

Next, the Volume of ammonia solution VNH3 indicated in ml was taken into account to

receive the total amount of ammonia in mmol.

nNH3 = VNH3 · cNH3(12.5%) mmol (2.26)

The specific titration rate was determined for each sampling interval equally to Equation

2.23.

bNH3 =
nNH3x+2 h

− nNH3x h
ρcdwx h

+ρcdwx+2 h
2 · Vreactorx h+Vreactorx+2 h

2000 · dt

mmol g−1 h−1 (2.27)

Further, the final weighted specific titration rates were calculated by summing up the

single rates multiplied with the particular time interval dt during the MSU-phase divided

by the MSU-phase period (tend − tNH31
).

bNH3MSU
=

(qNH31
· dtNH31

) + (qNH32
· dtNH32

) + . . . + (qNH3end
· dtend)

tend − tNH31 mmol g−1 h−1 (2.28)
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Calculations for the fed phase were handled the same was as described in Equation 2.22

and 2.24.

Growth rate

The specific growth rates during the MSU-phases were calculated as well for each sam-

pling interval.

µx+2 h =
ln(xx+2 h − xx h)

tx+2 h − tx h
h−1 (2.29)

xx h
def
= (ρcdwx h

) is the biomass concentration in g l−1, and x+2 h defines the time interval

of sampling.

The final weighted specific growth rate comprises a sum up of all individual rates multi-

plied with the exact time interval (dt), and divided by the whole phase period (tend − t1).

µMSU =
(µ1 · dt1) + (µ2 · dt2) + . . . + (µend · dtend)

tend − t1
h−1 (2.30)

Yields

The specific yields were calculated separately for the whole batch phase and the defined

feed phase (from substrate depletion until biomass maximum). In this case only the

equations for the batch phases are described since they only differentiate in the indices

(0 h →End S and End S →End Xmax ).

YX/S =
XEnd S − X0 h
S0 h − SEnd S

Cmol Cmol−1 (2.31)

YCO2/S =
nCO2End S

− nCO20 h

S0 h − SEnd S
Cmol Cmol−1 (2.32)

YO2/S =
nOEnd S

− nO0 h

S0 h − SEnd S
Omol Cmol−1 (2.33)

YCO2/X =
nCO2End S

− nCO20 h

X0 h − XEnd S
Cmol Cmol−1 (2.34)
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2.8. Analytical methods

X is the amount of biomass in Cmol in the reactor and is equal to nc,cdwreactor . S is the

amount of all substrates (glucose and/or acetate) i in Cmol in the reactor and is equal to

∑ nc,ireactor .
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3 Results

3.1 Genetic constructs

To reach the first two objectives of co-utilising acetate in presence of glucose and reduc-

ing adverse effects of acetate, three different genes were chosen to create a library of

various gene combinations (Figure 10). For cloning performance, E. coli BL21 turned

out as a suitable host for plasmid assembly and propagation, presumably due to its

favourable modifications like the hsdSB mutation which prevents plasmid loss (Rosano

and Ceccarelli, 2014).

acs

cobB
metE

acs
            acs_L641P

metE
        metE_mut

    acs_metE    
    acs_metE_mut

acs_metE_cobB
        acs_metE_mut_cobB

(L641P)

(mut)

FIGURE 10: Gene constructs generated in this work. Names of constructs are listed correspond-
ing to their genes (spheres) encoding for: acetyl-CoA synthetase (acs), cobalamin-independent

methionine xsynthase (metE), acetyl-CoA synthetase deacetylase (cobB).
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Chapter 3. Results

3.1.1 Characteristics of enzymes and mutations

All genes are under control of the constitutive promoters BBa_J23114 of the Anderson

promoter library.

acs

Function of overexpression:

• overexpression of acs increases level of acetyl-CoA synthetase, responsible for

acetate utilisation

Hypothesis:

• increased level of Acs improves acetate utilisation

• increased level of Acs compensates down-regulated Acs activity in presence of

glucose

• increased level of Acs enables co-utilisation of acetate in presence of glucose

acs_L641P

Function of modification:

• modification in acs_L641P leads to acetylation insensitive acetyl-CoA synthetase

Hypothesis:

• Acs_L641P enables co-utilisation of acetate in presence of glucose by circumvent-

ing both transcriptional and posttranslational control of Acs activity by CCR

metE

Function of overexpression:

• overexpression of metE increases level of methionine synthase

Hypothesis:

• increased level of MetE compensates decreasing MetE activity in presence of ac-

etate
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3.1. Genetic constructs

metE_mut

Function of modifications:

• modifications in metE_mut leads to a stabilization of enzyme methionine synthase

in oxidative environments

Hypothesis:

• in presence of acetate, MetE_mut prevents accumulation of toxic L-homocysteine

in methionine biosynthetic pathway

• in presence of acetate, MetE_mut maintains intracellular level of methionine for cell

growth

• MetE_mut enables growth up to 44 ◦C

acs_metE

Function of overexpression:

• overexpression of acs increases level of acetyl-CoA synthetase

• overexpression of metE increases level of methionine synthase

Hypothesis:

• increased level of Acs improves acetate utilisation

• increased level of Acs compensates down-regulated Acs activity in presence of

glucose

• increased level of Acs enables co-utilisation of acetate in presence of glucose

• increased level of MetE compensates decreasing MetE activity in presence of ac-

etate

acs_metE_mut

Function of overexpression and modifications:

• overexpression of acs increases level of acetyl-CoA synthetase

• modifications in metE_mut leads to a stabilization of enzyme methionine synthase

in oxidative environments
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Hypothesis:

• increased level of Acs improves acetate utilisation

• increased level of Acs compensates down-regulated Acs activity in presence of

glucose

• increased level of Acs enables co-utilisation of acetate in presence of glucose

• in presence of acetate, MetE_mut prevents accumulation of toxic L-homocysteine

in methionine biosynthetic pathway

• in presence of acetate, MetE_mut maintains intracellular level of methionine for cell

growth

• MetE_mut enables growth up to 44 ◦C

acs_metE_cobB

Function of overexpression:

• overexpression of acs increases level of acetyl-CoA synthetase

• overexpression of metE increases level of methionine synthase

• overexpression of cobB increases level of acetyl-CoA synthetase deacetylase

Hypothesis:

• increased level of Acs improves acetate utilisation

• increased level of Acs compensates down-regulated Acs activity in presence of

glucose

• increased level of Acs enables co-utilisation of acetate in presence of glucose

• increased level of MetE compensates decreasing MetE activity in presence of ac-

etate

• increased level of CobB overcomes posttranslational regulation by SDPADS

acs_metE_mut_cobB

Function of overexpression and modifications:

• overexpression of acs increases level of acetyl-CoA synthetase

• modifications in metE_mut leads to a stabilization of enzyme methionine synthase

in oxidative environments

• overexpression of cobB increases level of acetyl-CoA synthetase deacetylase
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3.1. Genetic constructs

Hypothesis:

• increased level of Acs improves acetate utilisation

• increased level of Acs compensates down-regulated Acs activity in presence of

glucose

• increased level of Acs enables co-utilisation of acetate in presence of glucose

• in presence of acetate, MetE_mut prevents accumulation of toxic L-homocysteine

in methionine biosynthetic pathway

• in presence of acetate, MetE_mut maintains intracellular level of methionine for cell

growth

• MetE_mut enables growth up to 44 ◦C

• increased level of CobB overcomes posttranslational regulation by SDPADS

vector control

Function:

• enables growth in presence of kanamycin

Hypothesis:

• grows alike wild type host strain

3.1.2 Nomenclature

The nomenclature for E. coli W strains with the respective constructs were named after

their gene, denoted in capital letters. The control strain of E. coli W, possessing an empty

BB3 plasmid was labelled as VC.
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Chapter 3. Results

3.2 Strain characterization in batch cultivations

3.2.1 Batch cultivations on glucose-acetate

ACS and ACS_L641P

Co-utilization of glucose and acetate was tested in three different strains of E. coli W: The

first strain (ACS_L641P) had an acetylation insensitive acetyl-CoA synthetase under a

constitutive promoter. It was hypothesised that this strain is able to co-utilise glucose and

acetate by circumventing both transcriptional and posttranslational control of Acs activity

by CCR. In a second strain (ACS), the native acs was expressed from a constitutive

promoter without the L641P mutation, thus still sensitive to acetylation. VC was used

as control strain, carrying an empty vector with the kanamycin resistance gene. All

batch cultivations were performed for each strain at least three times on defined media

supplemented with 1 % (w/v) glucose and 1 % (w/v) acetate.

All the specific rates (growth: µ; uptake: qGLC, qACE; production: qCO2
; titration: bNH3

)

mentioned in this paragraph and shown in Table 19 are for the main substrate uptake

phase (MSU-phase; cultivation time ~4 h until depletion of glucose), because it complies

best with the phase were glucose and acetate are co-utilised. The yields (YX/S, YCO2/S,

YO2/S, YCO2/X) mentioned and shown in Table 20 are for the whole batch phase. The sub-

strate (S) indicated in carbon mole comprises the sum of glucose and acetate. Table 20

also contains the carbon recovery. It comprises the sum of YX/S and YCO2/S, presenting

the recovery values at the end of the batch.

TABLE 19: Specific growth, uptake, production and titration rates for
batches on 1 % (w/v) glucose-acetate, during MSU-phase.

VC ACS ACS_L641P

µ h−1 0.23± 0.05 0.20± 0.03 0.27± 0.04

qGLC mmol g−1 h−1 2.85± 0.29 2.71± 0.81 3.20± 0.38
qACE mmol g−1 h−1 1.76± 0.26 1.91± 0.58 4.72± 0.26
qCO2

mmol g−1 h−1 8.23± 1.69 5.96± 2.26 16.33± 0.88
bNH3

mmol g−1 h−1 3.55± 0.58 3.29± 0.74 1.44± 0.86

Figures 11, 12 and 13 show the course of substrate and CDW concentrations plus accu-

mulated carbon dioxide over time of each strain (VC, ACS and ACS_L641P, respectively).

The single batches are presented in a, b, and c. The mean values are plotted in d, with
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3.2. Strain characterization in batch cultivations

TABLE 20: Yields and carbon recoveries for batches on 1 % (w/v) glucose-
acetate.

VC ACS ACS_L641P

YX/S Cmol Cmol−1 0.37± 0.06 0.37± 0.05 0.29± 0.03
YCO2/S Cmol Cmol−1 0.54± 0.01 0.56± 0.02 0.65± 0.04
YO2/S Omol Cmol−1 0.99± 0.16 0.96± 0.27 1.26± 0.11
YCO2/X Cmol Cmol−1 1.52± 0.14 1.52± 0.34 1.93± 0.50

C-recovery % 91 ± 7 92 ± 7 94 ± 7

error bars illustrating the standard deviation. Raw data of each fermentation are listed

separately in the Appendix (5.2).
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FIGURE 11: Batches on 1 % (w/v) glucose-acetate with vector control in E. coli W. Concentration
of glucose ( ), acetate ( ), CDW ( ), cumulated CO2 (5 ). a) VC (F05 A) b) VC

(F07 D) c) VC (F08 D) d) VC (mean)

As it can be seen from Figures 11 - 13, all three strains displayed a lag phase of around

4 h. Upon entering MSU-phase, similar specific growth and glucose uptake rates for

all three strains were observed (Table 19). At the time glucose was depleted, a mean

biomass concentration of 6.16± 1.06 g l−1, 5.32± 2.14 g l−1 and 5.69± 0.41 g l−1 was
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FIGURE 12: Batches on 1 % (w/v) glucose-acetate with overexpressed acs in E. coli W. Concen-
tration of glucose ( ), acetate ( ), CDW ( ), cumulated CO2 (5 ). a) ACS (F05 D)

b) ACS (F07 A) c) ACS (F07 B) d) ACS (mean)

measured. By this point, the residual mean acetate concentration for VC and ACS

was significantly higher compared to ACS_L641P (5.20± 2.29 g l−1, 7.21± 1.74 g l−1

and 3.20± 1.23 g l−1, respectively).

Since the biomass concentration was alike for all strains, a lower acetate concentration at

the stage of glucose depletion, in turn, indicates that ACS_L641P took up acetate with a

higher specific rate. Actually, a 2.7-fold increase was observed for qACE of ACS_L641P,

whereas ACS remained unchanged compared to VC (Table 19). Notable was that a

similar 2-fold increase in qCO2
of ACS_L641P was observed, while similar to qACE the

specific carbon dioxide production rate of ACS was comparable to that of VC.

Besides a higher specific acetate uptake and carbon dioxide production rate,

ACS_L641P displayed a 2.5-fold lower specific base titration rate (bNH3
). This indicates

that due to higher acetate consumption less ammonia was required per biomass to ad-

just the pH because of glucose catabolism related acidification.
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FIGURE 13: Batches on 1 % (w/v) glucose-acetate with acs_L641P in E. coli W. Concentration of
glucose ( ), acetate ( ), CDW ( ), cumulated CO2 (5 ). a) ACS_L641P (F08 C)

b) ACS_L641P (F05 C) c) ACS_L641P (F06 A) d) ACS_L641P (mean)

The different behaviour of ACS_L641P concerning carbon uptake and production com-

pared to VC and ACS can also be identified in the yields. In comparison to VC,

ACS_L641P showed a 21 % decrease in YX/S while YCO2/S was increased by 20 %.

Accompanied with the high amount of carbon dioxide produced by ACS_L641P, also

the oxygen consumption per substrate (YO2/S) and the carbon dioxide production per

biomass (YCO2/X) were both increased by 37 %, compared to VC.

Discussion

The most remarkable finding in this experiment was, that ACS_L641P showed a 2.7-fold

increased specific acetate uptake rate, whereas no change in qACE was observed for

ACS compared to VC. Comparing the residual substrate curves between ACS_L641P

and VC illustrates clear (Figure 14), that ACS_L641P accumulated almost any further

acetate in the first half of cultivation and utilised already two-third of acetate when glu-

cose was depleted, contrary to VC.
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FIGURE 14: Batches on 1 % (w/v) glucose-acetate. Comparison vector control versus acs_L641P
in E. coli W. Concentration of glucose VC ( ), acetate VC ( ), glucose ACS_L641P

( ), acetate ACS_L641P ( ).

It seems to confirm with the hypothesis, that activity of ACS alone during metabolism

of high concentrations of glucose are sufficient to enable more efficient co-utilization of

acetate. This would prove that, under high glucose and acetate concentrations, where

only Pta-AckA but not Acs are active, constitutive expression of acs, which is insensitive

to post-translational acetylation is sufficient to partially overcome control mechanisms by

CCR.

In contrast to the expectations, overexpression of acs under a constitutive promoter could

not exceed the posttranslational control of the Pat enzyme, acetylating Acs. In a study,

Lin et al. (2006) demonstrated the overexpression of acs in E. coli with an attempt to

lower the accumulation of acetate through its enhanced assimilation. Therefore an E. coli

MG1655 strain was modified with acs overexpressed vectors (inducible via IPTG) and

cultivated aerobically on minimal medium M9. The media was supplemented with either

5 g l−1 glucose or 3.87 g l−1 acetate. The resulting fermentations showed a reduction of

acetate during glucose metabolism and faster glucose consumption. The overexpression

of acs also revealed enhanced assimilation of acetate when it was used as the sole

carbon source. However, due to 2 to 3-fold lower glucose and acetate concentrations,

separated cultivations (glucose or acetate), and usage of a different strain, these results

can not be directly correlated.

Another interesting aspect for ACS_L641P is an approximately 20 % increase in YCO2/S,

and therefore lower YX/S, namely more CO2 and less biomass were produced compared

to ACS and VC. A plausible explanation for this shift in YX/S and YCO2/S would be the

steady energy input required for gene expressing and protein production for Acs and

Acs_L641P (Valgepea et al., 2010), but comparing ACS and ACS_L641P contradicts
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3.2. Strain characterization in batch cultivations

that, since no shift is observed for ACS.

Further explanations, that could argued that different behaviour of ACS_L641P would

either be higher energy requirements by the constant activity of Acs in ACS_L641P or a

different metabolic flux pattern.

Referring to energy consumption of the Pta-AckA-Acs cycle, following can be stated. Acs

catalyses the reaction of acetate to acetyl-CoA, requiring 2 ATP, while Pta-AckA converts

acetyl-CoA to acetate via acetyl-P which yields 1 ATP per acetyl-CoA recycled. Hence,

the whole cycle results in the consumption of 1 ATP (Valgepea et al., 2010; Enjalbert

et al., 2017). An increasing activity of Acs in ACS_L641P by overexpression would likely

result in higher overall activity of the Pta-AckA-Acs cycle. This energy would not be

available for biomass formation and thus, lowering YX/S and increasing YCO2/S. Acs in

ACS would be despite overexpression, still mostly inactive and VC would only transcribe

Acs in low quantities, which would not influence energy consumption to an equal extent.

Referring to a different metabolic flux pattern, it can be assumed that the anaplerotic GS

is inactive under high glucose concentrations due to negative control by isocitrate lyase

regulator (IclR) (see 1.4.3). Once glucose is depleted, the GS is activated, presumably by

the activity of cAMP-Crp (Waegeman et al., 2011). The glyoxylate shunt is therefore likely

inactive during co-utilisation. Acetate which is co-utilised by ACS_L641P in presence of

glucose is consequently channelled into the TCA cycle, rather than the GS.

A comparable observation was already described in an previous conducted metabolic

flux analysis for E. coli MC4100. During glucose consumption, little activity for the GS

was observed, while high fluxes via the GS and only low fluxes through the TCA cycle

were observed during catabolism of acetate (Oh et al., 2002).

It seems feasible that the activity of Acs in ACS_L641P under high glucose concentra-

tions would result in catabolism of acetate via the TCA cycle and to a smaller extent

via the GS, compared to AC and VC. Since metabolism of carbon via the TCA cycle

results in production of 2 mol carbon dioxide per cycle, while in the GS no carbon dioxide

is formed, this presumably explains the higher carbon dioxide producing phenotype of

ACS_L641P. Therefore overexpression of GS genes (acsA, acsB) as well as interfering

into its regulation (deletion of iclR) could presumably reduce the formation of carbon

dioxide.
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METE_mut

Tests on E. coli K-12 WE have shown that mutations in the MetE protein increase acetate

tolerance due to conformational changes (µ= + 20 % in M9 media, pH 6, 20 mM sodium

acetate) (Mordukhova and J.-G. Pan, 2013). These changes prevent MetE from unfold-

ing in oxidative environments and keeps it active for converting the toxic L-homocysteine

to L-methionine (Mordukhova and J.-G. Pan, 2013).

The main intention of this experiment was to test this MetE-214A (MetE_mut) construct

in the acetate tolerant E. coli W to prove that plasmid based overexpression of stabilized

MetE could supplement cell‘s regular acetate-prone MetE during methionine biosynthe-

sis in presence of acetate. By this, a limitation of intracellular methionine which slows

down many cellular biosynthetic processes (protein, RNA, and DNA biosynthesis) should

be prevented (Katz et al., 2009). As a result, a shortened lag phase and an increased

specific growth rate, compared to VC was expected. Furthermore, it would have been

interesting if overexpression of metE_mut influences acetate assimilation, as this has

not been tested so far.

METE_mut was cultivated in defined media supplemented with 1 % (w/v) glucose-

acetate. Specific rates, yields and the time course of all cultivations are presented in

Table 21, 22 and Figure 15, respectively. Strains were cultivated in three independent

batches whereby one strain (F02 B) unexpectedly differed significantly from the other two

strains (F06 B). Therefore the particular results were presented separately.

TABLE 21: Specific growth, uptake, production and titration rates for
batches on 1 % (w/v) glucose-acetate, during MSU-phase.

METE_mut
VC F02 B F06 BC

µ h−1 0.23± 0.05 0.38 0.20± 0.01

qGLC mmol g−1 h−1 2.85± 0.29 2.96 2.34± 0.14
qACE mmol g−1 h−1 1.76± 0.26 3.87 1.39± 0.25
qCO2

mmol g−1 h−1 8.23± 1.69 12.71 8.16± 1.09
bNH3

mmol g−1 h−1 3.55± 0.58 4.85 4.66± 0.01

The specific growth rate in cultivation F02 B was distinctly higher than all previous strains,

tested at equal conditions (µ= +65 % towards VC, +41 % towards ACS_L641P). Conse-

quently, glucose was already depleted after 10 h whereas the concentration of residual

acetate at this stage was still 6.68 g l−1. Due to high biomass formation, the specific

glucose uptake rate was not particularly higher than those for VC. The specific acetate
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3.2. Strain characterization in batch cultivations

TABLE 22: Yields and carbon recoveries for batches on 1 % (w/v) glucose-
acetate.

METE_mut
VC F02 B F06 BC

YX/S Cmol Cmol−1 0.37± 0.06 0.38 0.36± 0.03
YCO2/S Cmol Cmol−1 0.54± 0.01 0.51 0.54± 0.02
YO2/S Omol Cmol−1 0.99± 0.16 1.02 1.04± 0.06
YCO2/X Cmol Cmol−1 1.52± 0.14 1.35 1.54± 0.22

C-recovery % 91 ± 7 89 90 ± 5
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FIGURE 15: Batches on 1 % (w/v) glucose-acetate with metE_mut in E. coli W. Concentration of
glucose ( ), acetate ( ), CDW ( ), cumulated CO2 (5 ). a) METE_mut (F02 B)

b) METE_mut mean (F06 BC)

uptake rate was 2.3-fold increased compared to VC, and specific carbon dioxide produc-

tion rate was as well heightened (+54 % towards VC). Strains in cultivation F06 B and

F06 C showed similar values such as VC. No differences were observed for the yields

between all three METE cultivations and VC.

Discussion

The rather highly differing results of F02 B compared to F06 B and F06 C suggests, that

these strains did not represent the same physiological properties as it was expected.

Provided that the right cryo-cell-stock was applied, there are still several reasons which

could explain the results. One possible explanation would be a random mutation that

leads to higher overexpression of target genes. For instance jackpot clones are often

used to refer to high-copy-number strains due to increased antibiotic resistance (Vogl

et al., 2018). However, in the absence of any sequencing results of the particular strains,
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no evaluation can be stated. Another interesting approach to test strain F02 B for its

improved acetate tolerance would have been to cultivate it in comparison to F06 BC at

same conditions but without added acetate.

ACS_METE_mut_COBB

Since overexpression of acs under a constitutive promoter could not exceed the post-

translational control for co-utilisation of glucose and acetate (1 % (w/v)), the genes

for deacetylase CobB were expressed under a constitutive promoter in combination

with those of Acs and MetE_mut. It was hypothesised that an increased level of

NAD+-dependent Sir2 ortholog protein CobB, which deacetylates AcsAc, could over-

come posttranslational regulation by the SDPADS. CobB should counteract to protein

acetyltransferase Pat, and therefore restrain Acs-acetylation, for maintaining Acs active.

Simultaneous overexpression of acs purposes an increased intracellular level of Acs

despite counteracting CCR. Also, overexpression of metE_mut is believed to improve

acetate tolerance and should therefore reduce the lag phase.

Cultivation was performed only once in minimal media supplemented with 1 % (w/v)

glucose-acetate. Specific rates (from the MSU-phase) and yields are listed in compari-

son with previously tested strains in Table 23, 24. The time course is shown in Figure 16.

TABLE 23: Specific growth, uptake, production and titration rates for
batches on 1 % (w/v) glucose-acetate, during MSU-phase.

ACS ACS_L641P ACS_
METE_mut_
COBB

µ h−1 0.20± 0.03 0.27± 0.04 0.53

qGLC mmol g−1 h−1 2.71± 0.81 3.20± 0.38 4.97
qACE mmol g−1 h−1 1.91± 0.58 4.72± 0.26 3.96
qCO2

mmol g−1 h−1 5.96± 2.26 16.33± 0.88 4.39
bNH3

mmol g−1 h−1 3.29± 0.74 1.44± 0.86 0.54

A remarkable high specific growth rate of 0.53 h−1 was observed in the MSU-phase which

goes along with an increased specific glucose uptake rate. Upon glucose was depleted

(after 8 h) a decelerated biomass formation and acetate utilization was observed (Figure

16). This suggests that cells rearranged their metabolism to altered conditions without

glucose. The residual acetate concentration was 6.81 g l−1 which is still high compared

to those of ACS_L641P double as high (3.32 g l−1). The biomass concentration at batch
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TABLE 24: Yields and carbon recoveries for batches on 1 % (w/v) glucose-
acetate.

ACS ACS_L641P ACS_
METE_mut_
COBB

YX/S Cmol Cmol−1 0.37± 0.05 0.29± 0.03 0.41
YCO2/S Cmol Cmol−1 0.56± 0.02 0.65± 0.04 0.35
YO2/S Omol Cmol−1 0.96± 0.27 1.26± 0.11 1.79
YCO2/X Cmol Cmol−1 1.52± 0.34 1.93± 0.50 0.84

C-recovery % 92 ± 7 94 ± 7 76
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FIGURE 16: Batches on 1 % (w/v) glucose-acetate with acs_metE_mut_cobB in E. coli W. Con-
centration of glucose ( ), acetate ( ), CDW ( ), cumulated CO2 (5 ). (F02 D)

end was with 7.38 g l−1 alike all previous cultivations (7.00 to 7.33 g l−1) with exception of

ACS_L641P which reached due to high carbon dioxide production only a mean biomass

concentration of 5.91 g l−1 (−18 % compared to VC).

The specific acetate uptake rate was increased as well and reached almost an equivalent

high number as in ACS_L641P (-22 %), but most of the acetate was utilised after glu-

cose was depleted. Unusual was the low specific carbon dioxide production rate which

corresponded 53 % of the value measured for VC and 26 % for ACS_L641P. Reduced

values for YCO2/S and YCO2/X exhibited that the amount of carbon dioxide over the whole

batch was low. In that connection the carbon recovery was as well remarkably low,

which indicates a shortage of measured biomass, substrate, carbon dioxide or interme-

diates/products which where not determined. Also the ammonia titration rate showed an

abnormal low value.

63



Chapter 3. Results

Discussion

The combination of Acs, MetE_mut, and cobB constitutively expressed in E.coli W shows

a high potential since it grew rapidly and less inhibited in the presence of high concen-

trations of acetate. A similar behaviour was already observed for METE_mut (F02 B)

which also appeared to be more acetate resistant. In Figures 15 a) and Figure 16, the

similarities are clearly visible. As well remarkable was the lag phase at the time when

glucose was depleted, indicated by the acetate and CDW curves. It shows a typical

behaviour for diauxic growth (Görke and Stülke, 2008). It is supposed, that enzymes of

acetate-utilizing pathways (Acs, AckA-Pta) were still down-regulated to maintain the cur-

rent growth rate on acetate only. This assumption is controversial and interesting since

Acs and CobB were as well transcribed constitutively which should result in an increased

level of deacetylated (active) Acs enzymes in the presence of glucose and acetate.

Tests on CobB deficient S. enterica strains have shown reduced growth (-50 %) on

10 mM acetate (Starai and Escalante-Semerena, 2004). Investigations on higher acetate

concentrations and overexpressed cobB in E. coli are so far not known.

Within this experiment it is challenging to determine the single influences of acs,

metE_mut and cobB in E. coli W. It would be interesting if E. coli yields similar re-

sults when it constitutively expresses acs_L641P and metE_mut since the mutation in

Acs_L641P should have the similar effects of keeping Acs activated and bypasses the

need of the deacetylase protein CobB although it needs to be considered that these

enzymes have still further functions.

A potential explanation for the low specific carbon dioxide rate was not found, but con-

sidering the carbon recovery it could be assumed that off-gas measuring failed. The

fermentation raw data (Table A.4) shows the carbon recovery in detail as well as the

oxygen consumption which was compared to all other cultivations around twofold higher.

The low specific base titration rate was achieved due to rapid growth and as a result the

increased base titration in the first 4 h of cultivation (~3-fold compared to VC), which was

not included in the calculation.
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3.2. Strain characterization in batch cultivations

3.2.2 Batch cultivations on glucose

ACS_L641P

Another attempt was made to further characterize the expression effect of acetylation

insensitive acetyl-CoA synthetase (acs_L641P) in E. coli on glucose as the sole carbon

source. Therefore ACS_L641P and VC were cultivated twofold in a batch of defined

media supplemented with 1 % (w/v) glucose. Time courses over the whole cultivation

periods are shown in Figure 17 for VC (a, b) and ACS_L641P (c, d). All the specific

rates are for the MSU-phase (cultivation time ~2 h until depletion of glucose) and shown

in Table 25. The yields and carbon recoveries are listed in Table 26.
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FIGURE 17: Batches on 1 % (w/v) glucose with vector control and acs_L641P in E. coli W.
Concentration of glucose ( ), CDW ( ), cumulated CO2 (5 ). a) VC (F10 C) b) VC

(F10 D) c) ACS_L641P (F10 A) d) ACS_L641P (F10 B)

The cultivations showed no significant differences in specific growth and glucose uptake

for ACS_L641P and VC (Table 25). However, compared to VC, ACS_L641P had a much

higher carbon dioxide production rate (+60 % qCO2
) which lowered the biomass per sub-

strate yield (-20 % YX/S) and in turn resulted in an increased carbon dioxide per substrate
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TABLE 25: Specific growth, uptake, production and titration rates for
batches on 1 % (w/v) glucose, during MSU-phase.

VC ACS_L641P

µ h−1 0.72± 0.01 0.68± 0.07

qGLC mmol g−1 h−1 7.24± 0.18 6.90± 0.89
qCO2

mmol g−1 h−1 16.16± 0.11 23.98± 0.78
bNH3

mmol g−1 h−1 5.35± 0.97 6.30± 0.41

TABLE 26: Yields and carbon recovery for batches on 1 % (w/v) glucose.

VC ACS_L641P

YX/S Cmol Cmol−1 0.57± 0.09 0.44± 0.02
YCO2/S Cmol Cmol−1 0.47± 0.07 0.57± 0.02
YO2/S Omol Cmol−1 0.58± 0.13 0.93± 0.35
YCO2/X Cmol Cmol−1 0.73± 0.03 1.15± 0.01

C-recovery % 104 ± 16 101 ± 4

yield (+20 % YCO2/S) (Table 26). In addition, an increased oxygen per substrate yield

(+57 % YO2/S) indicates for ACS_L641P that more substrate and oxygen was utilised to

carbon dioxide towards biomass. Due to this loss of carbon, the biomass concentration

at the end of the batch was 21 % lower for ACS_L641P as for VC.

Discussion

The comparison of ACS_L641P and VC on 1 % (w/v) glucose revealed an increased

specific carbon dioxide production rate and its associated effects of lower YX/S and in-

creasing YO2/S. Based on the assumptions made up in the mixed batch cultivations

it could be interpreted that increased Acs activity caused by acs_L641P overexpres-

sion in ACS_L641P promotes simultaneous assimilation and dissimilation of acetate and

acetyl-CoA through the Pta-AckA-Acs cycle (Enjalbert et al., 2017). In VC, Acs is appar-

ently inactivated by the acetylation activity from Pat, which is under control of glucose-

mediated CCR. Consequently recycling of acetyl-CoA is predominantly performed via

the reversible Pta-AckA pathway which does not require one additional ATP such as Pta-

AckA-Acs cycle does. Hence, ACS_L641P cultivated under high glucose concentrations

and without supplemented acetate would consume as well more energy compared to

VC.
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During aerobic cultivation on glucose, only small amounts of acetate (less than 0.5 g l−1)

accumulated. This corresponds well with previous reports for E. coli W describing a

highly oxidative metabolism (Arifin et al., 2014), distinguishing E. coli W from other

strains such as BL21 and K12 (JM109) which accumulate higher amounts of extracellular

acetate during glucose catabolism (Wolfe, 2005).

3.2.3 Batch cultivations on acetate

ACS_L641P

Further, the same two strains as in the previous experiment were cultivated twofold with

1 % (w/v) acetate as the sole carbon source. This attempt could prove how the expres-

sion of acetylation insensitive acetyl-CoA synthetase affects the acetate metabolism of

E. coli W in absences of CCR inducing substrates. Time courses of cultivations are

shown in Figure 18 and 19. Specific rates for MSU-phase and yields are listed in Table

27 and 28, respectively. The MSU-phase varied between both strains due to different lag

phases and was defined from cultivation time 6 h and 22.5 h until acetate was depleted

for ACS_L641P and VC, respectively.

TABLE 27: Specific growth, uptake, production and titration rates for
batches on 1 % (w/v) acetate, during MSU-phase.

VC ACS_L641P

µ h−1 0.19± 0.03 0.18± 0.04

qACE mmol g−1 h−1 12.42± 2.13 12.36± 1.96
qCO2

mmol g−1 h−1 12.79± 0.31 17.03± 3.32

TABLE 28: Yields and carbon recoveries for batches on 1 % (w/v) acetate.

VC ACS_L641P

YX/S Cmol Cmol−1 0.34± 0.01 0.26± 0.02
YCO2/S Cmol Cmol−1 0.77± 0.02 0.71± 0.03
YO2/S Omol Cmol−1 0.85 a 1.12± 0.07
YCO2/X Cmol Cmol−1 2.26± 0.04 2.66± 0.14

C-recovery % 111 ± 3 97 ± 5
a calculation with only one value, due to O2 off-gas signal perturbations

The resulted specific growth rates and acetate uptake rates did not reveal significant

differences between ACS_L641P and the VC. Only the qCO2
of ACS_L641P was again
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FIGURE 18: Batches on 1 % (w/w) acetate with VC in E. coli W. Concentration of acetate ( ),
CDW ( ), cumulated CO2 (5 ). a) VC (F09 C) b) VC (F09 D)
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FIGURE 19: Batches on 1 % (w/v) acetate with acs_L641P in E. coli W. Concentration of acetate
( ), CDW ( ), cumulated CO2 (5 ). a) ACS_L641P (F09 A) b) ACS_L641P (F09 B)

increased, in this case by +25 % compared to VC. The lag phase for VC was 3.8-times

longer than for ACS_L641P whereas duration of MSU-phase was identical.

The observed yields corresponded with the expected bias derived from the rates and the

carbon recoveries prove that overall mass balancing seems to be correct.
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Discussion

Since enzymes of the Pta-AckA pathway have a much higher Km value for acetate (7 to

10 mM, 0.413 to 0.590 g l−1) as Acs (200 µM, 0.0118 g l−1), Pta-AckA enzymes presum-

ably metabolise the majority of acetate present in this experiment (Wolfe, 2005).

In a previous study, Kumari, Tishel, et al. tested Acs- and Pta-AckA-deficient E. coli K-12

strains on minimal salts medium supplemented with a range of acetate concentrations.

They found out that Acs-deficient and wild type strains grew well at higher concentra-

tions (≥25 mM, ≥1.476 g l−1) and poorly on lower concentrations (≤10 mM). Pta-AckA-

deficient strains conversely grew best at lower concentrations (≤10 mM). Therefore it

could be assumed that ACS_L641P shows no further improvements in acetate uptake

compared to VC due to the predominance of Pta-AckA in acetate conversion at higher

concentrations (≥1.476 g l−1). Indeed, qACE was not significantly different in the MSU-

phase for both strains.

Whereas most surprisingly was the 3.7-fold longer lag phase of VC which indicates the

inhibiting effects of acetate on the methionine biosynthesis and the increase in osmotic

pressure of cells (1.5.1). ACS_L641P is likely to be more efficient compared to VC due

to overexpression of acs_L641P.

The increased specific carbon dioxide production rate and the shift in YX/S and YCO2/S

compared to VC, furthermore proves the assumption of greater energy consumption due

to an enhanced level of active Acs in ACS_L641P.

3.2.4 Fed-batch cultivations on glucose-acetate

ACS_L641P

Based on the findings of different batch cultivations, fed-batch cultivations were carried

out to demonstrate that expression of acetylation insensitive acetyl-CoA synthetase in

E. coli W also enables co-utilisation of increased glucose-acetate concentrations at high

cell densities (until 25 g l−1).

The set up for the batch cultivation was practically the same as described in 3.2.1 with

1 % (w/v) glucose-acetate. For the subsequent fed-batch, the feed design was based on

the calculated specific uptake rates for glucose and acetate. For each of both strains, a

particular glucose feed was adjusted equivalent to 90 % of its maximum specific glucose

uptake rate (qGLC, max) from the batch. The acetate feed, however, was set equivalent
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to 75 % of maximum specific acetate uptake rate (qACE, max) from the ACS_L641P batch

for both strains. A feeding solution containing 25 % (w/v) glucose and 10.127 % (w/v)

acetate was therefore used.

With this specifications it was hypothesised that VC would accumulate acetate due

to qACE > qACE, max and contrary ACS_L641P would not accumulate acetate due to

qACE < qACE, max. Furthermore, it would be interesting if ACS_L641P produces equal

higher amounts of carbon dioxide compared to VC in HCDC.

Cultivations where conducted twofold for each strain, shown in Figure 20, 21 and 22 for

VC, ACS_L641P and the comparison of mean values, respectively. The specific rates

and yields are listed in Table 29 and 30, respectively.
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FIGURE 20: Fed-batches on 1 % (w/v) glucose-acetate (in batch) feed with submaximal uptake of
glucose (90 % qGLC, max VC) and supramaximal uptake of acetate (75 % qACE, max ACS_L641P)
with vector control in E. coli W. Concentration of glucose ( ), acetate ( ), CDW ( ),

cumulated CO2 (5 ), feed ( ). a) VC (F10 A) b) VC (F10 B)
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FIGURE 21: Fed-batches on 1 % (w/v) glucose-acetate (in batch) feed with submaximal up-
take of glucose (90 % qGLC, max ACS_L641P) and submaximal uptake of acetate (75 % qACE, max

ACS_L641P) with acs_L641P in E. coli W. Concentration of glucose ( ), acetate ( ), CDW
( ), cumulated CO2 (5 ), feed ( ). a) ACS_L641P (F10 C) b) ACS_L641P (F10 D)

TABLE 29: Specific growth, uptake, production and titration rates for fed-
batches on 1 % (w/v) glucose-acetate (in batch) feed with submaximal up-
take of glucose (90 % qACE, max VC/ACS_L641P) and supra-/submaximal
uptake of acetate (75 % qACE, max ACS_L641P), during MSU-phase in batch

and fed-batch.

Batch Fed-batch
VC ACS_L641P VC ACS_L641P

µ h−1 0.22± 0.03 0.15± 0.05 0.06± 0.01 0.05± 0.01

qGLC mmol g−1 h−1 3.28± 0.20 2.90± 0.71 1.35± 0.32 1.09± 0.27
qACE mmol g−1 h−1 2.00± 0.39 3.33± 0.24 2.92± 0.05 1.94± 0.88
qCO2

mmol g−1 h−1 9.50± 0.01 11.36± 2.03 10.83± 0.71 9.03± 0.39
bNH3

mmol g−1 h−1 7.63± 1.44 3.07± 0.72 0 0
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FIGURE 22: Fed-batches (mean) on 1 % (w/v) glucose-acetate (in batch) feed with submaximal
uptake of glucose (90 % qGLC, max VC/ACS_L641P) and supra-/submaximal uptake of acetate
(75 % qACE, max ACS_L641P) with vector control and acs_L641P in E. coli W. Concentration of
glucose ( ), acetate ( ), CDW ( ), cumulated CO2 (5 ), feed ( ). a) VC (mean)

b) ACS_L641P (mean)

Compared to previous experiments in 3.2.1, the batch phases in this cultivations demon-

strated slightly smaller distinctions between ACS_L641P and VC. However, the trend

was evident that ACS_L641P co-utilised more acetate (qACE 1.7-fold increased) than

VC in the presence of glucose. As expected, batch phases of ACS_L641P ended after

12 to 13 h while batch durations of VC lasted ~2.5 h longer. Otherwise than expected,

qCO2
of ACS_L641P was with 11.36± 2.03 mmol g−1 h−1 -30 % lower as in batches from

previous cultivations (16.16± 0.11 mmol g−1 h−1). A low specific base titration rate of

ACS_L641P confirmed once more that due to higher acetate consumption less ammo-

nia per biomass was required to adjust the pH. The yields during batch phases were

consistent with previous experiments (Table 30, 20).
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TABLE 30: Yields and carbon recoveries for fed-batches on 1 % (w/v)
glucose-acetate (in batch) feed with submaximal uptake of glucose (90 %
qACE, max VC/ACS_L641P) and supra-/submaximal uptake of acetate (75 %

qACE, max ACS_L641P).

VC ACS_L641P

B
at

ch

YX/S Cmol Cmol−1 0.35± 0.02 0.28± 0.02
YCO2/S Cmol Cmol−1 0.54± 0.04 0.64± 0.01
YO2/S Omol Cmol−1 0.94± 0.04 1.12± 0.05
YCO2/X Cmol Cmol−1 1.54± 0.03 2.28± 0.19

C-recovery % 89 ± 6 92 ± 3

Fe
d-

ba
tc

h

YX/S Cmol Cmol−1 0.23± 0.05 0.23± 0.03
YCO2/S Cmol Cmol−1 0.59± 0.11 0.65± 0.12
YO2/S Omol Cmol−1 1.03± 0.11 1.19± 0.23
YCO2/X Cmol Cmol−1 3.26± 0.22 3.67± 0.23

C-recovery % 82 ± 16 88 ± 15

Feeding was started immediately after batch end (depletion of glucose and acetate).

Therefore the feed rate for each cultivation was adjusted under consideration of par-

ticular cell densities, measured via OD600. All the specific rates and yields from the

fed-batch were calculated from the end of batch until maximum biomass concentration

was reached (Table 31).

TABLE 31: MSU-phase in fed-batch

Strain Cultivation t0 tend

VC F11 A 15.0 19
F11 B 15.3 19

ACS_L641P F11 C 12.2 21
F11 D 12.5 21

The specific growth rate during fed-batch was for both strains unexpectedly reduced,

compared to prior batch phase (-67 % and -72 % for ACS_L641P and VC, respectively).

Equally, qGLC was lower for both strains. Surprising was the fact that qACE of VC in-

creased in the fed-batch 1.5-fold compared to the batch while for qACE of ACS_L641P

exactly the opposite was the case. Remarkable as well was, that during the entire fed-

batch no ammonia for pH control was required.
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The resulted yields for the fed-batch were characterised by increased variances. YX/S,

YCO2/S, and YO2/S were all in comparison with the yields during the batch. Whereas

YCO2/X for both strains were around double as high compared to the batch. Carbon

recoveries were slightly underestimated. Unlike as intended, biomass concentrations

in the fed-batch remained below the target of 25 g l−1 with maximum mean values of

9.11± 0.75 g l−1 and 9.02± 0.07 g l−1 for VC and ACS_L641P, respectively.

Discussion

Results from batch phase ensured that all specific rates and yields were in the same

range as in the previous experiments. The subsequent fed-batch was growth restricted

already from the beginning when feeding was started. Lee (1996) reports that feed-

solutions need to be as simple as possible for E.coli fed-batch cultivations. The feed-

solution used in this fed-batches contained only glucose, acetate, MgSO4, trace metals,

and kanamycin but no (NH4)2HPO4 such as defined it the initial batch media. Equally, as

Riesenberg (1991) proposed for E. coli HCD fed-batch cultivations, ammonium hydroxide

was separately added as the only nitrogen source since it also serves as base to control

culture pH. However, as outlined in the previous cultivations, ammonia was only added

in during glucose consumption due to catabolism related acidification. This suggests

that the internal nitrogen level was almost depleted at the batch end with no chance to

regenerate since acetate utilisation prevented a rising pH.

As a consequence, cells presumably starved under nitrogen limitation. About 1 h before

the maximum biomass concentration was reached, substrates began to accumulate in

the system (VC after 17.7 h, ACS_L641P after 20 h).

3.3 Shake flask cultivations

3.3.1 Improved thermal tolerance by metE_mut

The metE_mut construct in E. coli W (METE_mut) revealed in mixed batch fermentations

(1 % (w/v) glucose-acetate) various results depending their acetate resistance. The im-

proved growth rate of E. coli W, observed (F02 B) was supposable due to an stabilizing
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effect of MetE_mut which is in its unmodified form known as an aggregation-prone en-

zyme. However, this could not be proven, since two similar cultivations (F06 B and F06 C)

appeared unaffected, compared to VC.

Since Mordukhova and J.-G. Pan (2013) tested metE_mut already before in

E. coli K-12 WE, demonstrating an increase in acetate and temperature resistance it

was considered to grow METE_mut on elevated temperatures. Therefore METE_mut

was cultivated in comparison to VC and to E. coli BL21 strains expressing the same

constructs (metE_mut = METE_mut-BL21 or vector control = VC-BL21) on defined me-

dia supplemented with 1 % (w/v) glucose at reduced, optimal and elevated temperatures

of 30, 37 and 44 ◦C, respectively.
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FIGURE 23: Comparative growth of engineered E. coli strains at various temperatures. OD
values at 30 ◦C ( ), 37 ◦C ( ) and 44 ◦C ( ). CDW values 6 h after inoculation at

30 ◦C( ), 37 ◦C ( ) and 44 ◦C ( ). a) VC-BL21 b) METE_mut-BL21 c) VC d) METE_mut

In Figure 23, all the cultivations below 44 ◦C indicates that E. coli W strains (c, d) grew

much more rapidly compared to E. coli BL21 strains (a, b). Whereby the cell dry weight

(6 h after inoculation) was slightly higher for METE_mut (+15 %) compared to VC at

37 ◦C. For cultivations at 44 ◦C, growth was only observed for METE_mut.
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FIGURE 24: Comparative glucose uptake of engineered E. coli strains at various temperatures.
Concentration of glucose at 30 ◦C ( ), 37 ◦C ( ) and 44 ◦C ( ). a) VC-BL21

b) METE_mut-BL21 c) VC d) METE_mut

The residual glucose concentrations over time in Figure 24 confirmed, that METE_mut

(d) was the only strain with an unaffected glucose up take rate at elevated temperatures.

For all E. coli BL21 strains (a, b), no glucose consumption was observable in the first 6 h

of cultivation. This correlates with the extended lag phases indicated in Figure 23 a, b.

After 27 h, glucose was used up among among all the growing strains.

Discussion

Mordukhova and J.-G. Pan (2013) stated that acetate-tolerant MetE mutants could as

well stimulate the growth of its host strain at elevated temperatures (44 and 45 ◦C). Within

this experiment, the thermostability of MetE_mut in E. coli W was proven whereas for E.

coli BL21 no additional thermal tolerance could be observed.

In Archer et al. (2011) it is described that E. coli W is a fast-growing strain which was

further demonstrated by comparing VC and VC-BL21.
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4 Conclusion and further perspectives

Within this work, eight different constructs have been generated via Golden MOCS

cloning technique and successfully introduced into E. coli W. In the subsequent batch

cultivations it turned out that E. coli W is a promising candidate for processes where low

acetate secretion and efficient acetate uptake are crucial.

By analysing the strains for acetate co-utilisation in a mixed substrate batch system, it

was shown, that the overexpression of acetylation-insensitive acetyl-CoA synthase sig-

nificantly increased (2.7-fold) the specific acetate uptake rate in presence of glucose.

This confirms that simultaneous utilisation of glucose and acetate is possible when post-

translational control by CCR is circumvented. Furthermore, shorter batch durations dur-

ing cultures using high concentrations of acetate were observed for the overexpression

strain, presumably due to accelerated degradation of the toxic substrate. Still, a major

drawback of this strain was that it emitted 2-fold more carbon dioxide during the co-

utilisation phase which resulted in a 21 % lower end biomass.

For the second objective, the reduction of acetate initiated growth inhibition, a 1 to 3 h

shorter process term could be noticed for a strain which overexpressed a modified

aggregation-prone enzyme from the methionine biosynthesis. However, this phe-

nomenon could not be confirmed due to divergent observations of strains possessing

the same construct. Though, it is interesting that a related effect in protein stabilisa-

tion could be confirmed, by successfully cultivating this strain at elevated temperatures

(44 ◦C). Another strain which comprised both, genes encoding for a stabilized metE en-

zyme (metE_mut) and genes for improved acetate assimilation (acs and cobB) could

significantly reduce process time and lag phase. As well, improvements in acetate co-

utilisation could be observed, however, diauxic growth was still apparent.

The final attempt to achieve acetate co-utilisation in a high cell density fed-batch cultiva-

tion failed, likely due to nitrogen deprivation. Nonetheless, additional tests are required

to set up a cultivation which reveals ideal growth conditions during acetate co-utilisation

and to keep carbon dioxide emission low. For example, experiments on chemostat and
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Chapter 4. Conclusion and further perspectives

accelerostat cultivations could be adapted to define optimised dilution and growth rates

and to analyse at carbon limiting conditions.

Additional tests on constructs which have not or insufficiently been cultivated so far are

still crucial, to determine their potential. Moreover, to ensure efficient acetate utilisa-

tion without any further carbon loss, engineering the glyoxylate shunt seems to be in-

evitable. Evident approaches would include overexpression of glyoxylate shunt genes

(aceA, aceB) as well as interfering into its regulation (deletion of iclR).
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5 Appendix

5.1 Elemental analysis raw data

TABLE A.1: Raw data: Main components of E. coli W

Cell dry content, %
Carbon Hydrogen Nitrogen Sulphur Phosphate Oxygen

1 45.96 6.38 12.51 0.611 2.18 26.99
2 46.15 6.54 12.54 0.622 2.18 26.92
3 46.07 6.52 12.66 0.618 2.23 26.85

TABLE A.2: Raw data: Minor components of E. coli W

Cell dry content, %
Potassium Sodium Chloride Ash content

1 1.74 0.849 0.891 9.75
2 1.70 0.859 0.779 9.6
3 1.75 0.845 1.041 9.77

A. I
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5.2 Fermentation raw data

5.2.1 Batches

TABLE A.3: F02 B E. coli W metE_mut glc-ace # 1

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

B0 0.01 0.75 9.88 10.23 0 0
B1 1.62 0.77 9.88 9.94 0.01 0.01 99.80
B2 5.17 0.87 9.47 10.29 0.03 0.02 103.12
B3 6.40 1.39 8.61 10.08 0.04 0.03 98.36
B4 7.72 2.31 7.81 9.37 0.08 0.03 105.94
B5 9.13 5.98 5.77 7.47 0.18 0.06 121.16
B6 10.17 5.80 0 6.68 0.21 0.16 95.58
B7 11.53 6.40 0 4.34 0.24 0.64 93.48
B8 12.10 6.71 0 1.87 0.28 0.64 89.71
B9 12.75 7.19 0 0 0.32 0.64 90.64
B10 13.23 7.48 0 0 0.34 0.64 94.09

TABLE A.4: F02 D E. coli W acs_metE_mut_cobB glc-ace # 1

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

D0 0.01 0.54 9.56 9.87 0 0
D1 1.63 0.57 9.28 9.70 0 0.07 98.02
D2 3.87 0.75 8.58 9.85 0.01 0.22 97.06
D3 4.83 1.13 7.83 9.95 0.01 0.31 96.56
D4 6.38 2.77 4.93 9.16 0.02 0.44 89.77
D5 7.72 5.72 0 6.81 0.05 0.57 76.07
D6 8.45 5.89 0 6.91 0.08 0.68 82.25
D7 9.13 5.94 0 5.91 0.14 0.82 86.14
D8 10.17 6.76 0 3.56 0.19 0.98 87.94
D9 11.40 7.38 0 0 0.21 1.10 78.96
D10 12.73 6.90 0 0 0.28 1.31 85.74
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TABLE A.5: F05 A E. coli W vector control glc-ace # 1

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

A0 0.06 1.01 11.48 10.24 0 0
A1 2 0.95 10.99 10.27 0 0.01 98.44
A2 4.01 1 10.87 10.50 0.01 0.03 99.59
A3 6 0.93 10.27 10.75 0.01 0.05 98.51
A4 8.02 0.88 10.17 10.74 0.01 0.06 98.13
A5 10.02 1.17 9.44 10.66 0.02 0.08 97.20
A6 12.02 1.91 7.76 10.32 0.05 0.14 96.04
A7 14.02 5.46 0 6.61 0.15 0.32 81.33
A8 16.02 5.72 0 5.57 0.23 0.47 89.30
A9 18 6.89 0 0 0.33 0.67 87.41

TABLE A.6: F05 C E. coli W acs_L641P glc-ace # 2

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

C0 0.07 0.76 11.72 10.37 0 0
C1 2 0.67 11.48 10.47 0 0.01 99.46
C2 4.03 1.01 11.19 10.58 0.01 0.02 100.97
C3 7.06 1.61 9.38 10.10 0.04 0.10 98.75
C4 8.04 1.80 8.68 9.64 0.07 0.16 97.90
C5 10.05 4.89 2.94 6.51 0.20 0.40 94.20
C6 12.02 6.12 0 1.90 0.40 0.75 95.01
C7 14.02 6.09 0 0 0.46 0.87 95.55
C8 24.08 4.38 0 0 0.47 0.86 89.84

TABLE A.7: F05 D E. coli W acs glc-ace # 1

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

D0 0.09 1.21 11.60 10.28 0 0
D1 2.02 1.02 11.25 10.33 0.01 0.02 98.80
D2 4.04 1.05 11.42 11.02 0.01 0.03 103.11
D3 7.08 1.09 10.70 11 0.02 0.06 101.21
D4 8.07 1.23 10.30 11.04 0.02 0.07 101.97
D5 10.08 1.66 9.24 10.84 0.04 0.11 100.17
D6 12.05 3.14 4.50 9.57 0.09 0.21 90.13
D7 14.03 6.85 0 8.27 0.24 0.48 102.33
D8 16.08 5.95 0 4.20 0.29 0.60 90.23
D9 18 7.02 0 0 0.37 0.76 89.48
D10 24.10 6.12 0 0 0 0.79 40.20
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TABLE A.8: F06 A E. coli W acs_L641P glc-ace # 3

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

A0 0.03 0.63 11.53 10.71 0 0
A1 1.98 0.58 11.23 10.62 0 0.01 98.50
A2 4.02 1.15 10.91 10.66 0.01 0.02 100.96
A3 6.05 1.61 9.37 10.40 0.03 0.06 88.27
A4 8.02 3.26 5.74 8.78 0.10 0.20 87.18
A5 10.03 5.89 0 5.21 0.28 0.55 92.38
A6 12 5.65 0 4.35 0.30 0.61 90.61
A7 14.02 5.77 0 0 0.41 0.78 89.47
A8 16.05 5.81 0 0 0.42 0.79 91.45
A9 18.05 5.48 0 0 0.42 0.79 90.42

TABLE A.9: F06 B E. coli W metE_mut glc-ace # 2

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

B0 0.07 0.74 11.08 10.58 0 0
B1 2.01 0.65 10.85 10.40 0 0.01 98.27
B2 4.04 0.79 10.35 10.84 0.01 0.02 99.55
B3 6.08 0.76 10.05 11.28 0.01 0.03 100.83
B4 8.03 0.89 9.43 10.91 0.02 0.03 98.15
B5 10.05 1.26 8.36 10.88 0.03 0.06 97.57
B6 12.02 3.21 4.64 9.81 0.08 0.16 95.40
B7 14.05 5.47 0 7.38 0.20 0.64 94.82
B8 16.08 7.24 0 0.67 0.30 0.64 92.64
B9 18.08 6.89 0 0 0.33 0.64 93.08

TABLE A.10: F06 C E. coli W metE_mut glc-ace # 3

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

C0 0.08 0.73 11.69 10.93 0 0
C1 2.02 0.77 11.49 10.73 0 0.01 99.01
C2 4.05 0.89 11.03 10.40 0.01 0.02 96.87
C3 6.10 0.89 10.35 10.70 0.01 0.03 96.15
C4 8.05 1.07 9.82 10.84 0.02 0.05 96.50
C5 10.07 2.20 7.58 10.35 0.05 0.12 96.08
C6 12.05 6.40 0.42 7.91 0.17 0.33 93.88
C7 14.07 6.59 0 5.73 0.23 0.45 92.19
C8 16.10 6.94 0 2.95 0.28 0.57 89.96
C9 18.13 6.83 0 1.92 0.32 0.59 92.96
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TABLE A.11: F07 A E. coli W acs glc-ace # 2

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

A0 0.05 0.69 11.45 11.02 0 0
A1 2.08 0.75 11.03 11.05 0 0.01 99.31
A2 4 0.66 10.60 11.20 0.01 0.02 98.40
A3 6.13 0.86 9.95 11.31 0.02 0.04 98.09
A4 8.12 1.62 8.69 11.07 0.03 0.07 97.59
A5 10 2.52 8.74 11.75 0.08 0.16 110.35
A6 11.92 5.29 6.08 10.19 0.22 0.40 124.62
A7 14.02 6.23 0 5.20 0.27 0.50 94.44
A8 15.50 7.17 0 0 0.36 0.66 91.19
A9 16.12 7.18 0 0 0.37 0.69 92.64
A10 18.02 4.92 0 0 0.37 0.70 84.05

TABLE A.12: F07 B E. coli W acs glc-ace # 3

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

B0 0.07 0.67 11.62 11.12 0 0
B1 2.1 0.82 11.21 11.33 100.36 0 0.01
B2 4 0.74 10.83 11.35 99.04 0.01 0.01
B3 6.16 0.8 10.55 11.53 99.33 0.01 0.01
B4 8.15 0.8 10.18 11.66 98.78 0.01 0.01
B5 10.02 0.85 9.69 11.88 98.56 0.02 0.02
B6 11.97 1.37 5.95 10.38 83 0.03 0.02
B7 14.03 2.87 0.63 8.17 67.61 0.08 0.08
B8 15.53 5.58 0 7.99 88.14 0.17 0.26
B9 16.15 5.85 0 7.38 93.51 0.21 0.32
B10 18.05 7.57 0 6.31 100.69 0.24 0.37
B11 20.02 7.82 0 0 84.68 0.28 0.42
B12 21.23 6.93 0 0 88.09 0.33 0.52
B13 21.83 6.72 0 0 88.7 0.34 0.53
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TABLE A.13: F07 D E. coli W vector control glc-ace # 2

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

D0 0.11 0.69 11.47 11.13 0 0
D1 2.14 0.84 11.11 11.25 0.01 0.01 100.53
D2 4.03 0.81 10.73 11.30 0.01 0.01 99.84
D3 6.20 0.88 10.03 11.51 0.02 0.02 99.18
D4 8.18 1.31 8.85 11.22 0.03 0.04 97.13
D5 10.05 3.08 5.79 10.38 0.08 0.12 96.15
D6 11.23 6.40 0.22 8.78 0.17 0.27 94.32
D7 12 6.27 0 7.31 0.20 0.32 92.51
D8 14.05 7.38 0 2.55 0.28 0.44 89.64
D9 14.33 7.57 0 1.25 0.30 0.48 88.65
D10 14.95 7.23 0 0 0.33 0.53 87.39
D11 16.17 7.52 0 0 0.34 0.54 89.62

TABLE A.14: F08 C E. coli W acs_L641P glc-ace # 1

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

C0 0.08 0.59 9.74 10.27 0 0
C1 1.93 0.59 9.48 10.39 0 0.01 99.73
C2 4.12 0.63 8.99 10.48 0.01 0.04 98.92
C3 6.03 0.91 8.39 10.48 0.02 0.08 99.12
C4 8.22 1.66 6.94 9.78 0.06 0.19 99.52
C5 10.13 3.68 2.99 7.51 0.18 0.44 99.48
C6 11.08 5.12 0.02 5.17 0.28 0.63 97.88
C7 12.03 5.31 0.03 3.36 0.34 0.74 99.74
C8 13.27 5.88 0.03 0 0.40 0.87 100.66
C9 14.08 5.72 0 0 0.40 0.88 97.26
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TABLE A.15: F08 D E. coli W vector control glc-ace # 3

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

D0 0.08 0.53 10.11 10.18 0 0
D1 1.95 0.67 9.70 10.43 0.01 0.01 101.02
D2 4.15 0.67 9.28 10.57 0.01 0.03 100.93
D3 6.07 0.75 8.91 10.67 0.02 0.05 100.79
D4 8.25 1.09 8.21 10.80 0.02 0.08 101.27
D5 10.15 1.63 6.73 10.38 0.05 0.14 99.42
D6 12.05 4.63 1.43 8.56 0.14 0.32 96.97
D7 12.68 5.67 0.02 7.73 0.20 0.42 100.16
D8 14.12 5.63 0.02 6.45 0.22 0.47 98.74
D9 15.52 7.08 0.02 1.34 0.30 0.62 96.28
D10 16.07 7.18 0.02 0 0.33 0.69 96.28
D11 16.62 7.07 0.01 0 0.34 0.70 97.10

TABLE A.16: F09 A E. coli W acs_L641P ace # 1

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

A0 0.02 0.95 0 10.42 0 0
A1 2.02 0.95 0 10.21 0 0 101
A2 4.02 0.99 0 10 0.01 0 102
A3 6.05 0.83 0 9.69 0.02 0 103
A4 8.02 1.10 0 9.22 0.03 0.01 104
A5 10 1.31 0 8.06 0.06 0.05 105
A6 12 2.03 0 5.86 0.11 0.14 106
A7 13.98 2.78 0 2.10 0.18 0.27 107
A8 14.92 3.21 0 0 0.22 0.35 108
A9 15.72 3.13 0 0 0.23 0.35 109
A10 18 0 0 0 0 0.35 110
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TABLE A.17: F09 B E. coli W acs_L641P ace # 2

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

B0 0.02 0.62 0 10.08 0 0
B1 2.02 0.71 0 9.67 0 0 97.26
B2 4 0.76 0 9.40 0.01 0 98.09
B3 6.02 0.87 0 8.68 0.03 0.03 98.35
B4 8 1.32 0 7.20 0.07 0.10 100.39
B5 9.93 2.14 0 3.82 0.14 0.20 97.99
B6 11.82 2.97 0 0 0.23 0.38 98.86
B7 13.98 2.56 0 0 0.24 0.39 97.04

TABLE A.18: F09 C E. coli W vector control ace # 1

time, CDW, glucose, acetate, CO2, O2,a C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

C0 0.02 0.50 0 10.24 0 0
C1 1.98 0.52 0 10.14 0 0 99.32
C2 3.98 0.56 0 9.92 0.01 0 99.49
C3 5.98 0.56 0 9.85 0.01 0 100.79
C4 7.97 0.63 0 9.77 0.02 0 102.66
C5 9.92 0.60 0 9.73 0.02 0 104.37
C6 11.90 0.59 0 9.71 0.03 0 105.40
C7 13.95 0.93 0 9.61 0.03 0 109.08
C8 22.55 0.81 0 9.09 0.06 0 111.79
C9 25 0.96 0 8.34 0.07 0 111.81
C10 27 1.28 0 3.89 0.10 0 87.25
C11 29.05 2.22 0 0.23 0.15 0 80.83
C12 30.93 3.29 0 0 0.21 0 105.89
C13 31.77 3.13 0 0 0.22 0 106.34

a O2 offgas signal perturbations
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TABLE A.19: F09 D E. coli W vector control ace # 2

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

D0 0.02 0.48 0 10.38 0 0
D1 1.97 0.61 0 10.69 0 0 104.07
D2 3.97 0.54 0 10.13 0.01 0 100.31
D3 5.97 0.50 0 10.07 0.01 0 101.07
D4 7.97 0.63 0 10.13 0.02 0 104.38
D5 9.88 0.61 0 9.99 0.02 0 104.52
D6 11.87 0.55 0 10.06 0.03 0.01 106.12
D7 13.93 0.70 0 10.04 0.04 0.01 108.98
D8 22.55 0.89 0 8.86 0.08 0.05 112.93
D9 25.02 1.71 0 6.60 0.12 0.10 114.13
D10 27.05 2.84 0 2.65 0.18 0.21 110.83
D11 27.98 3.74 0 0.29 0.21 0.24 111.12
D12 29.07 3.48 0 0 0.23 0.24 110.52

TABLE A.20: F10 A E. coli W acs_L641P glc # 1

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

A0 0.04 0.44 10.69 0 0 0
A1 2.10 0.59 8.98 0 0.03 0.07 92.47
A2 4.05 2.51 5.25 0.04 0.09 0.23 97.57
A3 4.95 4.67 0 0 0.18 0.41 97.94
A4 6.90 4.37 0 0 0.21 0.47 100.91

TABLE A.21: F10 B E. coli W acs_L641P glc # 2

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

B0 0.02 0.48 11.14 0 0 0
B1 2.07 0.73 8.33 0 0.02 0 83.37
B2 4.05 2.48 5.59 0.05 0.09 0.09 94.85
B3 4.98 4.55 0 0 0.18 0.25 91.51
B4 6.85 4.32 0 0 0.20 0.26 95.54
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TABLE A.22: F10 C E. coli W vector control glc # 1

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

C0 0.05 0.62 9.81 0 0 0
C1 2.18 0.78 10.33 0 0.02 0 112.04
C2 4.07 2.79 6.57 0 0.07 0.03 111.97
C3 5 5.94 0 0 0.15 0.15 108.13
C4 6.95 5.63 0 0 0.16 0.14 110.57

TABLE A.23: F10 D E. coli W vector control glc # 2

time, CDW, glucose, acetate, CO2, O2, C-Rec,
h g l−1 g l−1 g l−1 Cmol Omol %

D0 0.02 0.49 11.88 0 0 0
D1 2.06 0.62 10.47 0 0.02 0.03 93.70
D2 4 2.07 7.53 0.02 0.05 0.10 92.82
D3 5.17 5.73 0 0 0.14 0.26 88.23
D4 7.80 5.65 0 0 0.16 0.31 54.76
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5.2.2 Fed-batches

TABLE A.24: F11 A E. coli W vector control glc-ace # 1

time, CDW, glucose, acetate, CO2, O2, C-Rec, V Feed,
h g l−1 g l−1 g l−1 Cmol Omol % ml

A0 0.03 1.12 10.47 9.75 0 0 0
A1 4.02 1.31 10.44 10.35 0.01 0.01 104.89 0
A2 6 1.01 9.78 10.13 0.01 0.02 100.23 0
A3 8.02 1.07 8.63 10.36 0.02 0.04 98.09 0
A4 10.05 2.36 6.21 9.13 0.07 0.12 94.30 0
A5 12.03 6.25 0 7.37 0.21 0.36 99.93 0
A6 14.03 6.44 0 4.28 0.27 0.47 95.99 0
A7 15.03 7.34 0 0 0.36 0.65 94.63 0
A8 15.93 7.79 0 0 0.42 0.74 93.51 10.38
A8.1 16.63 1.89 0 0.49 0.88 98 21.17
A9 17 8.20 2.74 0.18 0.52 0.95 101.06 27.47
A9.1 17.54 4.27 0.42 0.57 1.04 102.52 37.76
A9.2 18.05 5.64 0.71 0.62 1.12 102.71 48.54
A9.3 18.50 8.04 1.08 0.65 1.19 105.21 59.09
A10 19.02 9.64 11.45 1.66 0.69 1.27 112.15 72.50
A10.1 19.55 12.56 2 0.73 1.34 108.27 87.88
A10.2 20.08 18.96 3.33 0.76 1.41 115.84 105.08
A10.3 20.54 22.26 4.22 0.79 1.47 116.49 121.45
A11 21.02 8.49 26.39 5.49 0.82 1.52 116.06 140.11
A11.1 21.67 43.15 7.71 0.85 1.59 134.54 168.80
A11.2 22.10 36.53 8.83 0.87 1.64 118.71 190.16
A11.3 22.62 41.59 10.80 0.90 1.69 119.83 218.20
A12 23.07 7.18 46.62 12.54 0.92 1.74 107.97 245.14
A12.1 23.53 45.64 12.56 0.94 1.78 110.52 275.87
A12.2 24.02 57.02 18.04 0.96 1.82 120.97 310.98
A12.3 24.57 64.10 21.09 0.98 1.86 122.10 355.29
A13 25.10 6.38 70.45 24.12 1 1.90 121.64 403.42
A13.1 25.55 78.44 28 1.02 1.93 125.11 448.29
A13.2 26 84.44 30.14 1.03 1.96 124.73 497.38
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TABLE A.25: F11 B E. coli W vector control glc-ace # 2

time, CDW, glucose, acetate, CO2, O2, C-Rec, V Feed,
h g l−1 g l−1 g l−1 Cmol Omol % ml

B0 0.02 0.89 11.90 9.60 0 0 0
B1 4.02 0.88 10.62 9.81 0.01 0.02 96.45 0
B2 6.02 0.81 10.08 10.01 0.01 0.03 95.44 0
B3 8.03 1.02 8.83 9.89 0.02 0.05 92.22 0
B4 10.10 2.25 6.57 9.21 0.06 0.12 91.24 0
B5 12.05 6.19 0 7.02 0.20 0.36 92.08 0
B6 14 6.37 0 4.75 0.25 0.45 90.43 0
B7 15.33 7.03 0 0 0.34 0.63 86.73 0
B8 15.80 7.47 0 0 0.36 0.66 87.09 3.96
B8.1 16.62 1.07 0 0.43 0.80 89.68 15.05
B9 16.98 8.02 1.55 0.13 0.46 0.87 92.66 20.48
B9.1 17.57 2.53 0.15 0.51 0.97 92.80 30.15
B9.2 18.05 3.16 0.24 0.55 1.04 91.88 39.15
B9.3 18.52 6.60 0.88 0.58 1.11 98.87 48.75
B10 19 8.57 6.31 0.79 0.61 1.17 95.14 59.69
B10.1 19.53 8.79 1.52 0.64 1.24 96.82 73.13
B10.2 20.07 15.30 2.49 0.67 1.30 105.96 88.17
B10.3 20.48 17.97 3.26 0.69 1.35 107.08 101.10
B11 21 8.09 22.25 4.43 0.72 1.41 108.87 118.79
B11.1 21.67 27.49 5.98 0.75 1.47 110.71 144.53
B11.2 22.10 30.82 7.18 0.77 1.51 110.75 163.27
B11.3 22.60 31.94 8.12 0.79 1.56 106.26 187.05
B12 23.05 7.48 40.49 10.90 0.81 1.60 113.50 210.64
B12.1 23.50 44.73 13.63 0.82 1.63 115.10 236.53
B12.2 24 50.68 15.95 0.84 1.67 116.61 268.19
B12.3 24.55 56.82 18.58 0.86 1.71 117.47 306.94
B13 25.07 6.27 63.11 21.42 0.87 1.74 117.87 347.64
B13.1 25.53 69.21 24.68 0.89 1.77 119.26 388.24
B13.2 26 75.87 26.97 0.18 0.35 104.04 433.60
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TABLE A.26: F11 C E. coli W acs_L641P glc-ace # 1

time, CDW, glucose, acetate, CO2, O2, C-Rec, V Feed,
h g l−1 g l−1 g l−1 Cmol Omol % ml

C0 0.04 0.83 11.53 9.95 0 0 0
C1 4.03 1.42 10.78 10.07 0.01 0.02 101.22 0
C2 6.03 1 9.81 10.31 0.01 0.03 97.18 0
C3 8.08 1.43 8.53 9.98 0.03 0.07 95.96 0
C4 10.06 3.20 4.38 8.35 0.11 0.21 90.44 0
C5 11.57 5.83 0 4.70 0.28 0.51 92.29 0
C5.1 12.17 0 0 0.33 0.59 79.58 0
C6 14.07 6.19 0 0.07 0.43 0.77 92.74 1.74
C6.1 14.78 0 0 0.45 0.81 93.80 3.58
C7 15.15 8.15 0 0 0.47 0.84 100.49 6.85
C7.1 15.67 0 0 0.50 0.89 98.83 11.77
C7.2 16.18 0 0 0.53 0.95 97.83 17.17
C7.3 16.68 0.51 0 0.58 1.03 99.28 22.80
C8 17.17 8.95 0.53 0.04 0.63 1.12 101.93 28.80
C8.1 17.68 2.08 0.24 0.67 1.21 105.56 35.63
C8.2 18.32 2.98 0.51 0.72 1.30 106.09 44.52
C8.3 18.65 3.67 0.79 0.75 1.35 106.86 49.59
C9 19.03 8.72 3.72 1.04 0.78 1.40 104.61 55.83
C9.1 19.75 6.25 1.59 0.82 1.49 106.22 68.61
C9.2 20.10 7.43 2.05 0.84 1.53 106.69 75.45
C9.3 20.62 8.82 2.66 0.86 1.58 106.02 86.29
C10 21.08 8.97 11.23 3.60 0.88 1.62 108.39 96.91
C10.1 21.67 12.72 4.28 0.91 1.67 106.15 111.38
C10.2 22.15 15.54 5.50 0.93 1.71 107.64 124.44
C10.3 22.57 17.40 6.59 0.94 1.74 107.71 136.54
C11 23.07 8.24 21.10 8.28 0.95 1.77 108.82 152.19
C11.1 23.55 23.30 9.82 0.97 1.80 108.47 168.53
C11.2 24.02 31.18 10.81 0.99 1.83 115.06 185.55
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TABLE A.27: F11 D E. coli W acs_L641P glc-ace # 2

time, CDW, glucose, acetate, CO2, O2, C-Rec, V Feed,
h g l−1 g l−1 g l−1 Cmol Omol % ml

D0 0.01 1.37 11.42 9.95 0 0 0
D1 4.07 2.29 10.51 10.09 0.01 0 101.91 0
D2 6.03 1.64 9.77 10.21 0.02 0 97.22 0
D3 8.08 1.93 8.47 9.75 0.04 0.04 94.43 0
D4 10.05 3.07 5.68 8.48 0.09 0.13 90.34 0
D5 12.10 6 0 4.77 0.27 0.45 88.51 0
D5.1 12.48 0 2.53 0.32 0.53 85.84 0
D6 13.88 6.01 0 0.20 0.42 0.72 89.28 1.75
D6.1 14.82 0 0 0.46 0.78 89.80 5
D7 15.08 7.36 0 0 0.47 0.81 95.19 7.56
D7.1 15.60 0 0 0.50 0.88 93.33 13.02
D7.2 16.12 0 0 0.53 0.92 91.45 19.03
D7.3 16.63 0.48 0 0.57 0.99 92.15 25.37
D8 17.08 8.75 0 0 0.62 1.07 94.86 31.44
D8.1 17.62 1.68 0.14 0.66 1.15 98.17 39.35
D8.2 18.17 2.68 0.53 0.70 1.23 99.30 47.89
D8.3 18.52 3.41 0.77 0.73 1.28 99.87 53.60
D9 19.07 8.51 4.22 1.09 0.76 1.34 98.37 63.31
D9.1 19.67 5.74 1.74 0.80 1.40 97.71 74.99
D9.2 20.07 7.05 2.16 0.82 1.44 99.18 83.56
D9.3 20.57 8.95 2.85 0.84 1.48 99.67 95.18
D10 21.03 9.08 10.62 3.61 0.86 1.52 100.79 106.95
D10.1 21.58 12.25 4.39 0.88 1.56 99.38 122.01
D10.2 22.08 15.22 5.90 0.90 1.59 101.33 136.91
D10.3 22.52 17.32 6.86 0.91 1.62 101.27 150.87
D11 23.02 8.14 20.16 8.37 0.92 1.64 100.53 168.21
D11.1 23.50 22.84 9.66 0.94 1.67 100.56 186.31
D11.2 23.95 24.74 10.78 0.95 1.69 99.28 204.50
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