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Abstract 

Electrobiotechnology is a promising platform technology. The technology is expected to play a 

vital role in transforming the current oil-based economic system towards a sustainable and 

circular bioeconomy. Accordingly, this thesis deals with the influence of electro-fermentation on 

two bioprocesses: the microbial production of lipids by the yeast Rhodosporidium toruloides and 

the production of 1,3-propanediol (PDO) and n-butanol by the anaerobic bacterium 

Clostridium pasteurianum. In this context, metabolomics and methods from the field of systems 

biology are applied. This allows a reliable and quantitative description of the electricity's 

influence on microbial metabolism. In general, previous work has revealed that electro-

fermentation has the most positive influence on a bioprocess when microorganisms can harvest 

electrons from a power source and make them physiologically accessible. However, other 

experimental studies suggest that electro-fermentation can also positively influence process 

performance, even if the microorganisms cannot directly take up artificially supplied electrons. 

In this case, the electricity is used to manipulate process parameters, in particular the oxidation-

reduction redox potential (ORP). In this way, electro-fermentation can also contribute indirectly 

to improve the performance of bioprocesses. Hence, this work mainly focuses on evaluating the 

suitability of electricity for altering and controlling the fermentation broth’s ORP and the 

resulting effects on the microorganisms and the bioprocess. 

For lipid production with R. toruloides, it could be shown by elementary mode analysis that the 

application of electricity can theoretically increase lipid yields by a maximum of 29%, depending 

on the carbon source. However, this is only the case if the strain can directly harvest electrons 

from the electrode and simultaneously also transports protons into the cytosol. Batch cultivations 

showed that the ORP can, even at strictly aerobic conditions (pO2 = 50%), be reduced 

electrochemically by up to -600 mV. This coincided with an increase in observed lipid yields. 

Another interesting experimental observation concerns the degree of saturation of the lipids 

produced: the use of electricity with the simultaneous addition of the redox mediator neutral red 

led to an increase in the proportion of saturated fatty acids to more than 50%. 

The experimental studies with C. pasteurianum showed that the strain is not electroactive, e.g. it 

cannot harvest electrode-derived electrons in measurable quantities directly. Nevertheless, in fed-

batch fermentations, the strain reacted to the electrochemical alteration of the ORP and produced 

proportionally more n-butanol than PDO. A more than four-fold increase in the intracellular 

NADH/NAD ratio in cathodic bioelectrical systems was observed, which resulted in the 

activation of reductive metabolic pathways. In addition, continuous fermentations were carried 

out, in which the ORP was controlled electrochemically to desired set-points at fixed dilution 

rate. Here, the molar product yield for PDO could be maximally improved by 57% by increasing 

the ORP at a dilution rate of 0.1 h-1. At the same time, however, the ORP control also led to the 

electrochemical production of oxygen in the bioreactor, which significantly inhibited the 

conversion of pyruvate to acetyl-CoA. This led to a substantial decrease in substrate uptake and 

biomass concentration, which resulted in a lower space-time yield for n-butanol and PDO. 

Furthermore, the metabolic flux analysis results indicate that C. pasteurianum possesses and uses 

other cellular energy generation mechanisms in addition to substrate-chain phosphorylation. The 

data suggest that this newly discovered mechanism for C. pasteurianum might be driven by the 

creation of a proton gradient with the help of intracellular hydrogenases. 
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1 Introduction 

The world is facing a dilemma: while the global demand for petrochemicals is remarkably 

increasing, resources for fossil fuels are decreasing at an alarming rate (Keim, 2014). 

Therefore, the industry requires the development of novel processes that can substitute for 

current fossil feedstock-based processes and provide more sustainable products. Accordingly, 

the biotechnological production of chemicals by fermentation can be an attractive alternative 

to classical chemical synthesis (Fiorentino et al., 2019). Furthermore, in contrast to 

petrochemical goods, biotechnological products can often be derived from renewable feedstock 

and contribute to a circular economy (Gavrilescu and Chisti, 2005). However, many 

biotechnological processes are not yet economically feasible due to high substrate costs, low 

volumetric productivity or yields (Yu et al., 2019). To increase the performance of a 

biotechnological process, generally two approaches can be distinguished: the first option aims 

to improve the catalyst itself, which consists of living cells or enzymes in biotechnological 

processes. The second approach targets not to alter the catalyst directly but process design and 

parameters to make the catalyst perform superior under specified conditions. Here, the 

development and integration of new process technologies play a crucial role (Erickson et al., 

2012). One promising technology in this context is the use of electricity in so-called 

bioelectrochemical systems (BES). In the corresponding field of electrobiotechnology (EBT), 

biotechnological processes are supplied with an artificial electron source or sink. When the 

electricity-aided bioprocess uses living cells and the electricity is used to influence microbial 

pathways, this is also referred to as electro-fermentation (EF). It was shown for several 

examples that EF can have a positive effect on the overall process performance, primarily when 

the microbes can directly interact with electrode surfaces and incorporate a surplus of reducing 

energy into its metabolism (Bhagchandanii et al., 2020). Additionally, it was also demonstrated 

that, even when cells cannot harvest electrons directly, cultivations in BES can still indirectly 

stimulate microbial metabolism and improve process performance (Moscoviz et al., 2016). 

Overall, this work aims to contribute to the further development of EBT. Therefore, two 

different electricity-aided processes were evaluated in detail: the production of microbial lipids 

by the yeast Rhodosporidium toruloides and the production of 1,3-propanediol (PDO) and n-

butanol by Clostridium pasteurianum. Particular emphasis was placed on revealing the two 

distinguishable (direct and indirect) effects of EF and described them quantitatively with the 

help of fluxomics and metabolomics. 
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2 Objectives 

While EBT has continuously evolved within the last years, the technology still suffers from 

severe drawbacks. One major problem is that the electron transfer rates between electrodes and 

microbes are currently too low to compensate for the complicated set-up and additional 

requirement for electric energy in BES. The second is that, although attempts have been made 

to address this issue (Claassens et al., 2019; Schröder et al., 2015), many studies in the field of 

EF are limited to the qualitative description of observed phenomena. This sometimes leads to 

misinterpretation of experimental results and hinders the advancement of EBT. Here, a rigorous 

quantitative description of electricity-aided biotechnological processes based on an 

engineering mindset is necessary. This will help to decide, already at early process 

development stages, which processes might become realistic candidates for industrial 

application and, maybe even more importantly, the quantitative information might lay the 

foundation for an improved understanding and scaling of bioelectrochemical processes. This 

knowledge is also inevitably required to further improve the microbial catalysts and microbe-

electrode interactions by metabolic or electrode engineering.  

Therefore, this work is settled in the field of EBT, but it does not focus on engineering the 

living organisms or the bioelectrochemical reactor system. Instead, it is aimed to quantitatively 

evaluate how electrochemically altered process parameters affect microbial metabolism and 

the overall performance of two different bioprocesses, namely the production of PDO and n-

butanol by C. pasteurianum and the production of microbial lipids by R. toruloides. In this 

context, two well-developed methods play a vital role in this work: Metabolic flux analysis 

(MFA) and targeted metabolomics. Both are finally combined for metabolic control and 

regulation analysis. MFA relies on the mathematical representation of biochemical reaction 

networks and, depending on the network structures and measurable reactions rates, enables the 

calculation of not directly measurable rates (Stephanopoulos et al., 2008). Targeted 

metabolomics follow a more empirical approach. Here, the concentrations of a beforehand 

defined group of metabolites are experimentally quantified and deliver an accurate snapshot of 

the present phenotype under experimental conditions (Roberts et al., 2012). Crucial in this 

context is the sampling process: it has to be ensured that cell samples are taken rapidly and that 

the targeted compounds' further (bio)chemical conversion is stopped. Otherwise, the measured 

concentrations might be misleading. For this, a rapid sampling unit (RSU) was developed in 

earlier projects (da Luz et al., 2017; da Luz et al., 2014) and is also used within this work. For 

the BES cultivations, the key technology used in this work is a previously developed All-In-
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One electrode (Utesch and Zeng, 2018). The electrode can be easily applied to conventional 

stirred tank reactors and allows efficient experimental studies of established bioprocesses with 

the additional supply of electric energy. In the following, a brief description of the two 

investigated processes is given, and more detailed process-specific objectives and questions 

are presented, which should be answered within the frame of this dissertation. 

For the C. pasteurianum, it has been reported in the literature that the strain is able to harvest 

electrode derived energy in BES and that cathodic current shows an influence on the 

intracellular cofactor levels and product distribution (Choi et al., 2014). The influence of 

electricity on the metabolism and product distribution has been confirmed in further studies 

(Utesch et al., 2019; Utesch and Zeng, 2018), but it has also been questioned if this can indeed 

be attributed to the harvesting of electrode derived reducing energy (Moscoviz et al., 2016). 

Therefore, one part of this work aims to clarify this uncertainty and show to which level the 

direct harvesting of electrons contributes to metabolic shifts or if indirect effects, such as the 

alteration of the culture broth’s oxidation-reduction potential (ORP), drive the observed 

changes in product pattern and intracellular metabolite concentrations. Specifically, the 

following questions shall be answered: 

• Is C. pasteurianum able to actively harvest significant amounts of electrode-

derived reducing energy? 

• Can EF directly or indirectly trigger the formation of PDO or n-butanol? 

• How are the intracellular reaction rates quantitatively affected by EF? 

• How does EF influence the intracellular metabolite levels? 

• Can ORP be used as a process parameter to control the indirect effects of EF? 

• Which strategies are suitable to control ORP during EF electrochemically? 

The second evaluated process in this work is the production of triacylglycerols (TAGs) by the 

yeast R. toruloides. In general, the biosynthesis of TAGs requires a carbon source and reducing 

energy in the form of cytosolic reduced nicotinamide adenine dinucleotide phosphate 

(NAPDH). The required NADPH is usually generated from the oxidized form of nicotinamide 

adenine dinucleotide phosphate (NADP) by shuffling significant amounts of the substrate 

through NADPH generating pathways and reactions. In this case, a part of the carbon is also 

released as CO2, limiting carbon yields for TAG production. Within this work, it was evaluated 

if the application of cathodic current during EF can help to generate NADPH and hence 

improve product performance. First, an in silico analysis of the biochemical network was 
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conducted to unveil from a theoretical point of view if the artificial supply of electrons for 

substrate-independent NADPH generation can increase TAG yield. After this, experimental 

studies were conducted. Since it was not yet reported that R. toruloides is able to harvest 

electrode-derived electrons, special attention was paid to study the indirect effects of EF, as 

reflected by electrochemical ORP alterations. Because lipid production by R. toruloides is an 

inevitable aerobic process, it was unclear how far EF could electrochemically manipulate ORP 

at high O2-levels. Furthermore, it was tested if the addition of redox mediators can help to 

facilitate electron transfer into the microbe and lead to higher product yields. In addition to 

product yields, it was also essential to see which effect the application of EF had on the 

composition of the produced TAGs regarding the chain length and saturation of the attached 

fatty acids. Overall, the following questions were considered to be answered: 

• Can EF improve microbial lipid production by increasing yields or volumetric 

productivity? 

• Can cathodic EF be used to reduce the ORP in aerobic fermentations? 

• Can redox mediators help to improve the performance of microbial lipid production? 

• What effect do EF and artificial redox mediators have on the composition of the 

produced lipids regarding chain length and saturation? 
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3 Theoretical background 

3.1 Cultivation of microorganisms 

3.1.1 Microbial growth and reaction kinetics 

The growth of living organisms is defined as the irreversible increase of biomass, while 

proliferation means the increase of cell density. It has been observed that the growth of 

microorganisms in batch culture does usually follow a similar pattern. This pattern contains 

several distinguishable growth phases, which all show certain specific characteristics. 

(Cypionka, 2010; Rehm, 1980). These phases are displayed in Figure 1 and can be described 

as follows:    

• Phase I (lag phase): When cells are transferred into a new or changing environment, 

they require some time to adapt to the new conditions. Here, no cell division takes place, 

but the cells sensor the environment and adapt their physiology. In this phase, no or 

only little growth is observed. The duration of this initial phase strongly depends on 

several factors, such as the initial physiological state of the cells, the environmental 

conditions, available nutrients, and also the microorganism itself.   

• Phase II (acceleration phase): Growth in cell mass and number slowly begins. The 

intracellular concentration of cellular building blocks (DNA, protein, RNA, and lipids) 

increase. First cell divisions take place, but at a slow speed. This phase represents the 

transition from the lag-phase into the following phase of exponential growth. 

• Phase III (exponential phase): In this phase, the cells grow exponentially at maximum 

speed. Cell physiology is optimized to reproduce at a maximal rate. To achieve this, the 

content of DNA increases while the intracellular concentration of RNA and protein is 

smaller compared to other phases. Some microorganisms can double their cell mass and 

number within 15 min.  

• Phase IV (retardation phase): The cells do no longer grow at exponential speed. New 

cells are still formed, but some cells do no longer reproduce. Reasons for this can be 

diverse, e.g. exhaustion of substrate or other nutrients, the formation of toxic 

metabolites, too high cell densities, and others.   
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• Phase V (stationary phase): The amount of newly formed cells and dying cells is 

balanced. No increase in overall cell mass and number is observed. In this phase, a 

significant change in cell metabolism can be observed: the physiology is no longer 

optimized to enable fast growth, but the formation of secondary metabolites, such as 

antibiotics, is triggered. These secondary metabolites are often of special importance 

and desired products in biotechnological processes (e,g, antibiotics). 

•  Phase VI (death phase): Cell density decreases since the number of dying cells 

exceeds the amount of newly formed cells. Cell death is mainly caused by autolysis. 

Cell disruption can cause the excretion of intracellular metabolites into the 

environment. 

 
Figure 1: Phases (I-VI) of microbial growth in suspended batch culture in a bioreactor. A detailed explanation 

of each phase is given in the text. cx = biomass concentration. 

So far, microbial growth has only been described on a qualitative level in this chapter. 

However, several approaches have been developed to make microbial cultivation quantitatively 

comparable and allow the mathematical modeling of cultivation processes. In this context, the 

growth of microorganisms is often mathematically described by the specific growth rate µ: 

 µ =  
1

𝑐𝑥

𝑑𝑐𝑥
𝑑𝑡

 (1) 
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where µ is the specific growth rate in h-1, 𝑐𝑥 the biomass concentration in g L-1 and 𝑡 denotes 

the process time in h. For a specified period of time (between 𝑡0 and 𝑡1) with constant µ, 

equation (1) can be integrated and yields the following expression: 

𝑐𝑥 = 𝑐𝑥0  · 𝑒
µ · (𝑡1−𝑡0) (2) 

where 𝑐𝑥 is the concentration of biomass at time point 𝑡1 in g L-1 and 𝑐𝑥0the concentration of 

biomass at time point 𝑡0 in g L-1. With known µ and 𝑐𝑥0, equation (2) allows the calculation of 

the expected biomass at a specified time point. Besides, the rearrangement of equation (2) can 

also be used to calculate the specific growth rate µ between two time points with known 

biomass concentrations. Nonetheless, the value of µ obtained by this approach only relies on 

two experimentally determined values and might be inaccurate. A better approach for the 

estimation of µ can be obtained from the linearization of equation (2) and plotting of several 

determined biomass concentrations over time. The value for µ can then be obtained by simple 

linear regression from the slope of the fitted line (Doran, 2013). 

In literature, different approaches exist to quantify microbial growth in relation to the available 

growth-limiting substrate. One popular and broadly used model in this context is the empirical 

Monod equation (Monod, 1949): 

µ = µ𝑚𝑎𝑥
𝑐𝑠

𝑐𝑠 + 𝐾𝑆
 (3) 

Here, µ𝑚𝑎𝑥  is the maximal specific growth rate in h-1, 𝑐𝑠 the concentration of the growth-

limiting substrate in g L-1 and 𝐾𝑆  represents the substrate affinity constant (also in g L-1). This 

simple but practically useful approach of Monod is only valid under the assumption that all 

nutrients, except for the substrate considered in 𝑐𝑠, are available in excess and that process 

parameters are kept constant. This is the case during the exponential growth phase (Phase II in 

Figure 1). Here, µ equals µ𝑚𝑎𝑥. Furthermore, the model is only valid during balanced growth, 

e.g. not during the lag or acceleration phase. 𝐾𝑆 indicates the affinity of the microbe to the 

growth-limiting substrate. Usually, this constant lies in the range of mg L-1 and equals the 

concentration of 𝑐𝑠 at µ𝑚𝑎𝑥/2. In most experiments and during the exponential phase, 𝑐𝑠 is 

much bigger than 𝐾𝑆  and µ is equal to µ𝑚𝑎𝑥. 

Similar to the specific growth rate µ, the uptake rate of the substrate can also be expressed as a 

cell-specific value. This value is named cell-specific substrate uptake rate and can be described 

mathematically by the following equation: 
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  𝑞𝑠 =
1

𝑐𝑥

𝑑𝑐𝑠
𝑑𝑡

 (4) 

where 𝑞𝑠  is the cell-specific substrate uptake rate in g g-1 h-1. In the same manner, the cell-

specific production of a microbial product can also be written as: 

  𝑞𝑝 =
1

𝑐𝑥

𝑑𝑐𝑝

𝑑𝑡
 (5) 

where 𝑞𝑝  stands for the cell-specific production rate in g g-1 h-1 for a cellular product (𝑐𝑝 in g L-

1). A further important indicator in evaluating bioprocess performance are yields. The yield for 

biomass formation (𝑌𝑋/𝑆 in g g-1) states, how much of the considered substrate was converted 

into biomass. It is defined as: 

  𝑌𝑋/𝑆 =
𝑑𝑐𝑥
𝑑𝑐𝑠

=
µ

𝑞𝑆
 (6) 

For batch cultivation, 𝑌𝑋/𝑆 can be calculated straight forward from cell and substrate 

concentrations at the beginning and the end of fermentation by the following equation: 

  𝑌𝑋/𝑆 =
𝑑𝑐𝑥
𝑑𝑐𝑠

≈
𝛥𝑐𝑥
𝛥𝑐𝑠

= |
𝑐𝑥1 − 𝑐𝑥0
𝑐𝑠0 − 𝑐𝑠1

| (7) 

The sample applies for the product yield 𝑌𝑃/𝑆 (in g g-1): 

  𝑌𝑃/𝑆 =
𝑑𝑐𝑝

𝑑𝑐𝑠
≈
𝛥𝑐𝑝

𝛥𝑐𝑠
= |
𝑐𝑝1 − 𝑐𝑝0
𝑐𝑠0 − 𝑐𝑠1

| (8) 

3.1.2 Modes of operation 

The cultivation of microorganisms in bioreactors (as visualized in Figure 2) can follow 

different modes of operation. The most used and most relevant in this work are batch, fed-

batch, and continuous cultivations. However, all these modes have in common that they are 

carried out in a controlled environment under specified conditions. In the following, relevant 

characteristics and equations of the batch, fed-batch, and continuous cultivation are outlined. 

The presented equations assume perfect ideal homogeneous conditions in the bioreactor. 

Furthermore, it is assumed that all cells are in the same physiological state and of the same 

phenotype, meaning that the model equations are unstructured and unsegregated. 
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Figure 2: Schematic representation of a bioreactor as a reaction system for a biotechnological process. 𝑉𝑖𝑛̇= 

volume stream into the system (in L h-1), 𝑉𝑜𝑢𝑡̇ = volume stream out of the system (in L h-1), VR = reactor volume 

(in L), 𝑐𝑠,𝑖𝑛= substrate concentration of the inlet flow (in g L-1), 𝑐𝑠 = substrate concentration in the bioreactor (g L-

1), 𝑐𝑥 = biomass concentration in the bioreactor (g L-1), 𝑐𝑃 = product concentration in the bioreactor (g L-1).    

3.1.2.1 Batch cultivation 

In batch cultivations, a defined volume VR, containing a desired initial amount of substrate (𝑐𝑠), 

is inoculated with cells. The initial cell concentration is termed 𝑐𝑥0. No medium is added or 

withdrawn from the fermenter, hence 𝑉𝑖𝑛̇ and 𝑉𝑜𝑢𝑡̇  are zero and the volume is constant. The 

biomass concentration for any time-point can be obtained from equation (2), assuming the 

specific growth rate µ is known. 𝑌𝑋/𝑆 can be determined by equation (7) and 𝑞𝑆 by the 

relationship stated in equation (6) (Chmiel, 2011).   

3.1.2.2 Fed-batch cultivation 

In fed-batch cultivation, medium is added to the bioreactor, delivering new substrate to the 

cells. This inlet flow is usually started after an initial batch phase. The addition of medium 

leads to an increase in reactor volume (VR) since no medium is removed from the reactor. 

Assuming constant density, the change in reactor volume can be described by the following 

expression: 

  
𝑑𝑉𝑅
𝑑𝑡

=  𝑉𝑅̇ = 𝑉𝑖𝑛̇ − 𝑉𝑜𝑢𝑡̇  (9) 

In this context, the dilution rate 𝐷 (in h-1) is defined by the following equation: 
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  𝐷 =
𝑉𝑖𝑛̇
𝑉𝑅
  (10) 

The biomass concentration over time can be derived from a mass balance for the bioreactor 

system, displayed in Figure 2. The following relation can be derived: 

  𝑉𝑅  ·  
𝑑𝑐𝑥
𝑑𝑡
=  𝑉𝑖𝑛̇ (𝑐𝑥,𝑖𝑛 − 𝑐𝑥) + µ · 𝑐𝑥 ·  𝑉𝑅  (11) 

Assuming a sterile feed (𝑐𝑥,𝑖𝑛 = 0), diving by 𝑉𝑅  and considering equation (10), the following 

relation results: 

  
𝑑𝑐𝑥
𝑑𝑡
= µ · 𝑐𝑥  − 𝐷 ·  𝑐𝑥 (12) 

In the same manner as for the biomass, a material balance for the substrate can also be derived, 

resulting in:   

  
𝑑𝑐𝑠
𝑑𝑡
= 𝐷 (𝑐𝑠,𝑖𝑛 − 𝑐𝑠) − 𝑞𝑆  ·  𝑐𝑥  (13) 

In fed-batch cultivations, the volume flow into the bioreactor is usually exceedingly small (with 

high values of 𝑐𝑠,𝑖𝑛) and therefore, terms containing 𝐷 can practically be neglected in most 

cases. For the product, the following expression can be derived, assuming that the 

concentration of product in the feeding solution is zero: 

  
𝑑𝑐𝑝

𝑑𝑡
= 𝑞𝑝  ·  𝑐𝑥  −  𝐷  ·  𝑐𝑃  (14) 

 

3.1.2.3 Continuous cultivation 

In continuous mode, medium is added to the bioreactor and the culture is withdrawn at the 

same rate as medium is added. Hence, the following relation applies: 

  
𝑑𝑉𝑅
𝑑𝑡

=  0 = 𝑉𝑖𝑛̇ − 𝑉𝑜𝑢𝑡̇  ↔  𝑉𝑖𝑛̇ = 𝑉𝑜𝑢𝑡̇     (15) 

In this context, the hydraulic retention time 𝜏  (in h) is defined as: 

  𝜏 =   
𝑉𝑅

𝑉𝑖𝑛̇
 =  

1

𝐷
    (16) 

The formal descriptions for biomass, substrate, and product are the same as derived for the fed-

batch fermentation. One important characteristic of continuous fermentations is that a steady 
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state can be achieved. This means that all state variables of the system are unchanging and 

time-invariant, e.g. their derivatives with respect to time are zero and remain so. This unique 

characteristic makes continuous cultivation a powerful tool, especially for kinetic and 

physiological investigations.   

Hence at steady state, equation (12) can be written as: 

  
𝑑𝑐𝑥
𝑑𝑡
= 0 = µ · 𝑐𝑥  − 𝐷 ·  𝑐𝑥 = 𝑐𝑥 (µ − 𝐷) (17) 

This indicates that, in order to fulfill the steady state assumption, the specific growth rate µ has 

to equal the dilution rate 𝐷 (with 𝑐𝑥 > 0). As demonstrated in equation (10), the dilution rate 

𝐷 can be controlled by adjusting the inflow rate with respect to the reactor volume. This is a 

considerable advantage for physiological and kinetic studies compared to batch or fed-batch 

cultivation, where the physiological state of the cell heavily depends on the specific time-point 

of cultivation. 

At steady state, the expected biomass concentration can be derived from equation (13): 

  𝑐𝑥 = 
µ (𝑐𝑠,𝑖𝑛 − 𝑐𝑠)

𝑞𝑆 
  (18) 

With 𝐷 equaling µ at steady-state conditions and the relation, which is presented in equation 

(6): 

  𝑐𝑥 = 
𝐷 (𝑐𝑠,𝑖𝑛 − 𝑐𝑠)

𝑞𝑆 
=  𝑌𝑋/𝑆 (𝑐𝑠,𝑖𝑛 − 𝑐𝑠) (19) 

Since biomass and substrate concentrations in the in- and outlet flow can be determined 

experimentally, the yields at steady state can be calculated straight forward by: 

  𝑌𝑋/𝑆 =
𝑐𝑥

(𝑐𝑠,𝑖𝑛 − 𝑐𝑠)
  (20) 

When considering the Monod equation for microbial growth, the amount of consumed substrate 

at a specific dilution rate does mainly depend on the affinity of the microbe towards the 

substrate (as represented by the affinity constant 𝐾𝑠). If 𝐾𝑠  is known, the expectable substrate 

concentration cs can be calculated by: 

  𝑐𝑠 = 𝐾𝑠  
𝐷 

µ𝑚𝑎𝑥 − 𝐷
  (21) 



14  3  Theoretical background 
 

 

At steady state, the cell-specific reaction rates for product formation and substrate uptake can 

be obtained from experimental data by rearranging equations (13) and (14): 

𝑞𝑆  =
 𝐷 (𝑐𝑠,𝑖𝑛 − 𝑐𝑠) 

𝑐𝑥
 (22) 

  𝑞𝑝 = 
𝐷  ·  𝑐𝑃
𝑐𝑥

  
(23) 

It has to be mentioned that, for linear systems, not all mathematical equilibria are stable and 

that the presented equations are only valid at a stable equilibrium state. If the system description 

is complete, the stability of an equilibrium can be checked mathematically. For this, the 

Jacobian matrix needs to be derived and the eigenvalues must be calculated. The considered 

equilibrium is only stable when all real parts of the eigenvalues are negative (Kremling, 2014). 

Then, the system will always tend back towards the stable equilibrium (steady state) upon 

perturbation. In fermentation sciences, it is usually assumed that a stable steady state is 

achieved after a minimum of five hydraulic retention times (Ihssen, 2004). This assumption 

originates from classical reaction engineering and is based on the fact that the cumulative 

distribution curve reaches a value of >0.99 after this time, meaning that more than 99% of the 

reactor’s original content has been exchanged after this period (Fitzer et al., 1995). Due to the 

demanding experimental set-up of continuous cultivations in bioprocesses, in practice, a stable 

steady state is often expected to be achieved already after four hydraulic retention times, 

meaning that about 98.1% of the reactor’s original content has been exchanged after this period. 

3.1.3  Gas-liquid transfer in biotechnological processes 

Aerobic microorganisms can use oxygen as a final electron acceptor in the respiratory chain, 

enabling efficient cellular energy generation. To achieve high growth rates and volumetric 

productivity, providing the cells with sufficient amounts of oxygen is essential, especially 

during the exponential growth phase. This is a significant challenge for many biotechnological 

processes at an industrial scale. Two parameters are essential for modeling the available oxygen 

concentration in the liquid phase: the oxygen transfer rate (OTR) and the oxygen uptake rate 

(OUR). OTR describes the transfer rate of gas molecules from the gas phase into the liquid. 

One possible and broadly used mathematical representation of OTR relies on the two-film 

theory for mass transfer and Fick’s first law of diffusion (Garcia-Ochoa and Gomez, 2009):   
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  𝑂𝑇𝑅 = 𝑘𝐿𝑎 (𝑐𝑜2
∗ − 𝑐𝑜2)  (24) 

Here, 𝑐𝑜2 is the concentration of dissolved oxygen in the liquid phase in g L-1, 𝑐𝑜2
∗  denotes the 

concentration of dissolved oxygen at saturation in g L-1 and 𝑘𝐿𝑎 is called the volumetric mass 

transfer coefficient in h-1. The 𝑘𝐿𝑎 consist of two parts: 𝑘𝐿 in m h-1, which is the oxygen transfer 

coefficient and 𝑎, which stands for the total gas-liquid interfacial area in a specific volume and 

has the unit m2 m-³, so m-1. According to Henry’s law, the value of 𝑐𝑜2
∗  increases proportionally 

with increasing partial pressure of oxygen in the gas phase. Additionally, the value of 𝑐𝑜2
∗ in 

fermentation media is usually lower than in pure water due to a “salting-out” effect (Hermann 

et al., 1995; Quicker et al., 1981). 

Practically, the OTR during fermentation in stirred tank reactors can be increased by three 

different measures. The first is to increase the aeration rate, which increases the overall value 

of 𝑘𝐿𝑎. The second is to increase stirrer speed, which leads to a better gas dispersion and a 

bigger interfacial area (an increase of 𝑎). The third measure is to increase the partial pressure 

of oxygen, which leads to an increase of 𝑐𝑜2
∗ . The partial pressure can be increase by raising the 

relative amount of oxygen in the gas inlet flow or by increasing the absolute pressure of the 

gas phase inside the bioreactor. 

OUR describes the amount of oxygen utilized by the microorganisms (Garcia-Ochoa et al., 

2010). The term can be described mathematically by the following equation: 

  𝑂𝑈𝑅 = 𝑞𝑜2 ·  𝑐𝑥  (25) 

Here, 𝑞𝑜2 is the cell-specific oxygen demand in mmol g-1 h-1. Between the different phases of 

microbial growth, this value can vary immensely. Most oxygen is required during exponential 

growth when cellular energy from cellular respiration is needed in the form of ATP for growth 

and anabolic pathways.  

Overall, the differential equation for the concentration of dissolved oxygen (𝑐𝑜2) during a 

fermentation process can then be written as: 

 
𝑑𝑐𝑜2
𝑑𝑡

= 𝑂𝑇𝑅 − 𝑂𝑈𝑅 = 𝑘𝐿𝑎 (𝑐𝑜2
∗ − 𝑐𝑜2) − 𝑞𝑜2 ·  𝑐𝑥  (26) 

In aerobic fermentation processes, the value of 𝑐𝑜2 is tracked online with the help of 

amperometric or optical oxygen sensors. The measured value is then used as a controller input 

for aeration or stirrer speed to keep the value above a predefined critical value. Here, instead 

of the exact value of 𝑐𝑜2, usually the relative value pO2 (also named DO for dissolved oxygen) 
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in percent is applied. The initial pO2-value is calibrated to equal 100% at the planned process 

conditions before the fermenter is inoculated with cells and the fermentation is started. 

Generally, the pO2-value is kept at values >20% during the exponential growth phase to avoid 

oxygen limitation. Nevertheless, in some biotechnological processes, it has been shown to be 

beneficial to work at lower concentrations of dissolved oxygen. Here, the background is that 

cells can sense the amount of available oxygen in their environment and adjust their physiology 

and metabolism accordingly. Since it can be desired to achieve a reduced activity of certain 

pathways (e.g. the TCA cycle) to increase the yield of desired products, some biotechnological 

processes are also conducted at low pO2-levels (<5%). Examples in this context are the 

production of 2,3-butanediol by Enterobacter aerogenes (Zeng and Deckwer, 1996) and 

alginate production by Azotobacter vinelandii (Sabra et al., 1999). Although broadly used in 

literature, the term microaerobic is not consistently defined. Mostly, and also in the framework 

of this dissertation, microaerobic is used to describe cultivations with pO2-levels between 0-

5%. 
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3.2 Electrobiotechnology 

3.2.1 Selected fundamentals of electrochemistry 

Electrochemistry is a branch of physical chemistry that studies the relationship between 

electricity and chemistry. This discipline has a long research history and a broad range of 

applications. In this subchapter, only the required very fundamentals of selected 

electrochemical aspects are outlined and explained, which are needed to describe and 

understand the results of this work. For a more in-depth theoretical evaluation and more 

comprehensive explanations, the reader is referred to classical textbooks of electrochemistry 

(Dunitz et al., 1994; Gileadi, 2011). 

An electrochemical cell is a system that can either generate electrical energy from chemical 

reactions or use electrical energy to drive chemical reactions. It consists of two electrodes, each 

representing one half-cell, and an electrolyte. The electrodes are surrounded by the electrolyte-

containing solution and connected via an external circuit. The two half-cells are separated by a 

selectively permeable membrane or only connected via a salt bridge. Figure 3 sketches a basic 

electrochemical cell with an additional reference electrode.  

 

Figure 3: Electrochemical cell with working electrode (WE), counter electrode (CE) and reference electrode (RE). 

V = voltmeter, A = amperometer, Uref = voltage between WE and RE, I = circuit current, E = cell voltage, Uc = 

applied cell voltage, R = overall circuit resistance. 
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Without the application of current (UC = 0) and at standard conditions, the standard cell 

potential (𝐸0) between the two electrodes can be calculated by the difference between the 

standard reduction potential of the two electrodes: 

𝐸0 = 𝐸𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛
0 − 𝐸𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛

0  (27) 

where 𝐸𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛
0  stands for the standard reduction potential of the electrode, where reduction 

takes place. This electrode is called cathode. 𝐸𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
0  denotes the standard reduction potential 

of the electrode, where oxidation takes place. This electrode is referred to as anode. The 

standard cell potential is related to the standard Gibbs free energy (∆𝐺0) by the following 

equation: 

∆𝐺0 = −𝑧 · 𝐹 · 𝐸0 (28) 

Here, 𝑧 stands for the number of transferred electrons (in mol) in the balanced reaction, and 𝐹 

is the Faraday constant. This constant represents the magnitude of electrical charge per mole 

of electrons and is 96485 C mol-1. Based on 𝐸0 and ∆𝐺0, two different kinds of electrochemical 

cells can now be distinguished:  

• Galvanic cells (𝐸0 > 0 and ∆𝐺0 <  0): Spontaneous redox reactions occur in the cell 

and allow the flow of electrons; hence, electrical energy can be derived from the cell. 

In galvanic cells, the cathode is charged positively and the anode is charged negatively. 

• Electrolytic cells (𝐸0 < 0 and ∆𝐺0 >  0): Here, at standard conditions, the application 

of current (𝑈𝐶 ≠ 0) drives a non-spontaneous redox reaction. Energy input is required 

to run this kind of electrochemical cell. In electrolytic cells, the cathode is charged 

negatively and the anode positively.  

From thermodynamics, it is known that the Gibbs energy (∆𝐺) by can be obtained from ∆𝐺0 

by the following equation:  

∆𝐺 =  ∆𝐺0 + 𝑅 · 𝑇 · ln(𝑄𝑅) (29) 

where 𝑅 the universal gas constant (in J mol-1 K-1), 𝑇 the temperature in K and 𝑄𝑅 the reaction 

quotient. Accordingly, it is also assumed that ∆𝐺 can be related to the cell voltage under non-

standard conditions (𝐸) by the following relation: 

∆𝐺 = −𝑧 · 𝐹 · 𝐸 (30) 

Combining equations (28), (29), and (30) yields the following expression: 



3  Theoretical background  19 
 

−𝑧 · 𝐹 · 𝐸 =  −𝑧 · 𝐹 · 𝐸0 + 𝑅 · 𝑇 ·  ln(𝑄𝑅) (31) 

Dividing by the term −𝑧 · 𝐹 results in the well-known Nernst equation: 

𝐸 =  𝐸0 −
𝑅 · 𝑇

𝑧 · 𝐹
 ln(𝑄𝑅) (32) 

This equation makes it possible to calculate the cell voltage of an electrochemical system under 

non-standard conditions and for different reaction quotients.  

In electrochemical research, it is often the case that reactions of one half-cell are of particular 

interest. For instance, one specific question might be how chemical species in one half-cell 

change with different applied currents (𝑈𝐶) in electrolytic systems. For this, the terms working 

electrode (WE) and counter electrode (CE) are used. The electrode, where the reaction of 

interest takes place, is called WE. Here, the problem arises that electrical current flowing in 

electrical circuits is always accompanied by the occurrence of electrical resistance. The 

relationship between current, voltage, and resistance is the following: 

𝑅𝑟 = 
𝑈

𝐼
 (33) 

where 𝑈 is the voltage (in V), 𝐼 the current (in A) and 𝑅𝑟 the electrical resistance (in Ω) . The 

electrical resistance of an electrochemical system (between WE and CE) is influenced by 

various factors, but mainly by the system's material. In practice, this can lead to wrong 

conclusions for experimental results when 𝐸 is experimentally measured, and the values are 

interpreted. To avoid this, a reference electrode (RE) should be used. Here, for studying 

electrochemical phenomena, such as the surface charge of the WE for different applied 

currents, the voltage between WE and RE (named 𝑈𝑅𝑒𝑓 in the following) is considered as a 

more suitable value. The main advantage of this approach is that the gained data are 

independent of 𝑅𝑟 and made comparable to other electrochemical set-ups, which apply the 

same WE and RE. In theory, the RE is always the standard hydrogen electrode (SHE). The 

SHE has the potential of a platinum electrode in a theoretical ideal solution. Its standard 

potential is declared to be zero (𝐸0 = 0 𝑉) for all temperatures. In real experiments, mainly 

Ag/AgCl (𝐸0 = 0.198 𝑉) and calomel electrodes (SCE; 𝐸0 = 0.241 𝑉) are used (Hamann and 

Vielstich, 2005).  

In this work, only electrolytic cells were used. In 1834 the English scientist Michael Faraday 

found that the amount of a chemical species deposited or liberated on an electrode is directly 
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proportional to the quantity of electric charge passing through an electrolytic cell (Faraday, 

1834). This is known as the first Faraday law of electrolysis and can be mathematically 

described by:  

𝑚 = 𝑍 · 𝑄 (34) 

Here, 𝑚 is the mass of deposited element at the electrode (in kg), 𝑄 the charge (in C or As), 

and Z is the electro-chemical equivalent of the respective substance (in kg C-1). Thus, when a 

constant current is applied in an electrolytic cell, the following relationship applies: 

𝑄 =  𝐼 · 𝑡 (35) 

where 𝐼 stands for the applied current (in A) and 𝑡 for the time the current 𝐼 was applied. 

Simply, this leads to: 

𝑚 =  𝑍 · 𝐼 · 𝑡 (36) 

In his second Faraday law of electrolysis, Faraday discovered that the mass of a chemical 

species of interest, deliberated or deposited at the electrodes, is directly proportional to their 

equivalent weight. The equivalent weight is defined as the molar mass divided by the usual 

valency of an element. This can be written as: 

𝑚 =
𝑄

𝐹
·
𝑀𝑖
𝜗𝑖

 (37) 

here, 𝑀𝑖 denotes the molar weight (in kg mol-1) and 𝜗𝑖 stands for the valency of the respective 

chemical compound. When looking at a specific redox reaction at an electrode-half cell, the 

valency equals the number of transferred electrons (previously defined as 𝑧). Considering this, 

equation (35), and the relationship between mass and molecular weight (𝑚 =  𝑀 · 𝑛), 

Faradays’ laws of electrolysis can be summed up to: 

𝑛 =
𝑄

𝑧 · 𝐹
=
𝐼 · 𝑡

𝑧 · 𝐹
 (38) 

This equation allows it, when 𝑧 for a particular reaction is known, to calculate which current 

or time is required to generate a desired number of molecules. Alternatively, this relation also 

allows predicting how many molecules were produced in an electrolytic cell after a defined 

period of current application. Nevertheless, the use of equation (38) requires prior knowledge 

about the chemistry and efficiency of the respective electrolytic cell. The specifically caused 

non-spontaneous redox reactions in this kind of electrochemical cell depend on several 
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experimental factors, especially on the used electrode materials and the surrounding chemical 

solution and electrolyte. In this context, Table 1 shows an example of catalytic efficiencies for 

a selection of different classical electron materials for the electrochemical reduction of CO2 to 

CO in an aqueous 0.1 M solution of KHCO3. Accordingly, the faradaic efficiency (𝜂𝐹𝐸), also 

called current efficiency, indicates which part of the applied electrons (charge) can finally be 

recovered in the product of interest. One can see that precious metals, such as gold or silver 

selectively catalyze the formation of CO from CO2. Other commonly used electrode materials, 

especially titanium and platinum, mainly produce H2 from electrolysis and do not reduce CO2 

under the same conditions. The experimentally determined faradaic efficiency can be obtained 

by different approaches and equations. In the following, a relation for the calculation of 𝜂𝐹𝐸  

during water electrolysis and generation of H2 and O2 will be presented. 

Table 1: Faradaic efficiencies of electrolytic cells with different metal electrodes in 0.1 M KHCO3 at T = 18.5°C;  

CO2 reduction to CO, formate (HCOO-) and formation of H2 from water hydrolysis; SHE = Standard hydrogen 

electrode; Current density = 5 mA cm-2 (Hori et al., 1994). 

Electrode 
Potential 

vs. SHE, V 

Faradaic efficiency (ηFE), % 

CO HCOO- H2 Total 

Gold (Au) -1.14 87.1 0.7 10.2 98.0 

Silver (Ag) -1.37 81.5 0.8 12.4 94.7 

Zinc (Zn) -1.54 79.4 6.1 9.9 95.4 

Nickel (Ni) -1.48 0.0 1.4 88.9 90.3 

Iron (Fe) -0.91 0.0 0.0 94.8 94.8 

Platinum (Pt) -1.07 0.0 0.1 95.7 95.8 

Titanium (Ti) -1.60 0.0 0.0 99.7 99.7 

The electrodes used within the experiments of this work consisted of platinized titan in an 

aqueous solution. With this material, the mainly driven electrochemical reaction in an aqueous 

electrolyte solution is the decomposition of water (Bessarabov and Millet, 2018). Here, on the 

anode side, the following overall reaction takes place: 

6 H2O
  →  O2 + 4 H3O

+ + 4 e- 

At the cathode, not oxygen but molecular hydrogen (H2) is produced, as shown by the 

corresponding reaction: 
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4 H2O + 4 e-  →  2 H2 + 4 OH-  

Overall, electrochemical water decomposition yields the following reaction equation: 

2 H2O  →  2 H2 + O2  

The reaction equations indicate that the anodic chamber becomes acidic due to the formation 

of oxonium ions. The cathodic chamber becomes alkaline because of the formation of 

hydroxide ions. In the cathode chamber, where H2 production occurs, the volume of released 

hydrogen (𝑉𝐻2,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) can be tracked by an off-gas analysis device. Then, with the help of 

Faradays’ laws of electrolysis (equation (39)), the total amount of released charge 

(𝑄𝐻2,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙) can be calculated. Considering the ideal gas law (replacing 𝑛 with  
𝑝·𝑉

𝑅·𝑇
) and 

rearranging, leads to the following relationship: 

𝑄𝐻2,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 =
𝑧 · 𝐹 · 𝑝 · 𝑉𝐻2,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑅 · 𝑇 
 (39) 

where 𝑝 is the pressure (in Pa), 𝑅 the universal gas constant (in J mol-1 K-1), and 𝑇 the gas 

temperature (in K). Additionally, assuming application of a constant current 𝐼, the total 

theoretical amount of charge (𝑄𝐻2,𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙) from a defined period (𝑡) can be obtained from 

equation (35), leading to: 

𝑄𝐻2,𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = 𝐼 ·  𝑡 (40) 

The faradaic efficiency can now be calculated by combining equations (39) and (40):  

𝜂𝐹𝐸 = 
𝑄𝐻2,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
𝑄𝐻2,𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙

=
𝑧 · 𝐹 · 𝑝 · 𝑉𝐻2,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝐼 ·  𝑡 · 𝑅 · 𝑇 
      (41) 

Overall, the faradaic efficiency is an important indicator to evaluate the performance of an 

electrochemical system. In real experiments, the value of 𝜂𝐹𝐸  for a specific compound of 

interest never reaches 100%. This is known as faradaic losses. In electrolytic cells, these losses 

are mainly the result of parallel reactions, which co-occur in the range of the applied current 

and lead to the formation of by-products. For example, at the cathode in an electrolytic cell, 

oxygen can be reduced to hydrogen peroxide and also water by the following (Mavrikis et al., 

2021): 

O2 + 2 e- + 2 H+  →  H2O2  

O2 + 4 e- + 4 H+   →  2 H2O  
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If the formation of H2O2 is desired, the formation of water as a by-product will lead to faradaic 

losses in this example. Besides direct by-product formation, another source of faradaic losses 

is that the products of electrochemical decomposition recombine. For instance, oxygen and 

hydrogen can directly recombine to water – resulting in less formation of the actual desired 

water electrolysis products. Another reason that faradaic efficiencies never achieve 100% is 

that, in practice, the electrode material does not remain unchanged during experiments. It might 

occur that small amounts of used (metal) electrodes deposit or change their atomic structure. 

Here, small amounts of charge might also be lost.  

As outlined above, the faradaic efficiency is an important indicator for the performance of an 

electrochemical system. Low current efficiencies will result in an increase of the required 

electric power for the electrolytic cell, which can be calculated from the following equation: 

𝑃 =  𝐼 · 𝐸 (42) 

where 𝑃 stands for the electrical power (in W), I is the current (in A), and E is the electric cell 

potential (in V). From equation (42) one can see that, in addition to the faradaic efficiency, 

which is critical for 𝐼, the second pivotal factor for the performance of an electrolytic cell is the 

required cell voltage (𝐸). In real experiments, the empirically observed voltages to facilitate 

the desired half-cell reaction will always be higher than the theoretical thermodynamically 

required reduction potential. This difference between actual and theoretically required voltage 

is referred to as overpotential (Lyon et al., 2015). The total overpotential of a specific 

electrochemical reaction is the overall sum of individual overpotentials for each step in the 

conversion process, such as adsorption, charge transfer, and desorption (Heard and Lennox, 

2020). The main contributing factor is the electrode material and structure, but overpotentials 

in electrochemical processes can also heavily be influenced by transport phenomena at 

electrode surfaces (Popat et al., 2012; Popat and Torres, 2016).   

3.2.2 Bioelectrochemical systems  

Before defining terms and phenomena related to BES and EF, it must be mentioned that the 

meaning and use of terms vary in the literature, and some are used for different purposes. So 

far, researchers often lack a common language and terminology when presenting or publishing 

their results in the field of EBT. In the last time, some efforts and suggestions have been made 

to agree on definitions (Moscoviz et al., 2016; Schievano et al., 2016) and give overviews on 
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fundamental principles and challenges (Chandrasekhar et al., 2021; Kracke et al., 2018). Also, 

it was suggested which parameters should be stated for BES experiments to make results 

comparable (Schröder et al., 2015). But still, research results, discussions, and categorizations 

might appear confusing to the reader and need to be carefully studied. Thus, the definitions and 

categorizations given in this chapter are the ones that were considered to be the most reasonable 

and most relevant from the author’s point of view, based on the review of a broad range of 

literature from the field of EBT. 

Generally, BES are systems where electrochemical processes take place. In contrast to 

conventional electrochemical systems (as described in section 3.2.1), in a BES at least one 

reaction is catalyzed by microorganisms or enzymes (Bhagchandanii et al., 2020; Moscoviz et 

al., 2016; Schröder et al., 2015). But as in conventional electrochemical cells, a BES also 

consists of an anode, where an oxidation process takes place and a cathode, where a reduction 

process occurs (Rabaey and Rozendal, 2010). These two electrodes are surrounded by a fluid 

containing the reactants. In research, BES have been explored for different purposes 

(Bajracharya et al., 2016; Harnisch and Holtmann, 2019; Moscoviz et al., 2016): to study the 

production of electricity in microbial fuel cells, to produce hydrogen in microbial electrolysis 

cells, to desalinate water in microbial desalination cells, and to produce valuable chemical 

compounds mainly from CO2 in microbial electrosynthesis. At laboratory scale, BES can 

already outperform conventional bioreactors but yet lack technical maturity to find industrial 

application in large-scale production (Holtmann and Harnisch, 2019).  

3.2.3 Reactor concepts and operation 

As already stated in the previous section, BES consist of two electrodes. As in conventional 

electrolytic cells, the electrode, where the reaction of interest occurs, is denoted as WE (Krieg 

et al., 2014; Moscoviz et al., 2016). The WE can be the cathode or anode. In order to generate 

an electron flow in the reactor, a second electrode, a CE, is also required. Sometimes a third 

electrode, the RE, is used to measure the potential between the medium and the WE. In most 

cases described in the literature, WE and CE chambers are divided from one another by a 

separator. This is done to maintain a stable redox potential for energy conversion or to prevent 

undesired side reactions (Krieg et al., 2014). Many different materials can be used as separators, 

whereas Nafion, a proton exchange membrane, is commonly used in small-scale reactors 

(Leong et al., 2013). The disadvantage of Nafion is its high price, which limits its use in large-
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scale BES. Nevertheless, it is also possible to operate BES without a membrane or use a 

fluidized or particle-packed bed as the WE (Krieg et al., 2018b; Krieg et al., 2014). Figure 4 

displays an overview of one possible classification for BES into dual-chamber BES, single-

chamber BES, and others.  

 

Figure 4: Classification of BES. a) Dual-chamber BES with membrane separator and two compartments. b) 

Single-chamber BES without cell separation. c) Fluidized bed BES, where the particles act as the WE, as an 

example of further possible BES configuration. WE = working electrode. CE = counter electrode.  

Another option of BES categorization is by the reactor's geometrical design and shape (Krieg 

et al., 2019; Krieg et al., 2014). At laboratory-scale, most dual-chamber reactors consist of two 

bottles connected by a membrane separating the WE and CE chambers (H-type reactors). 

However, BES can also have a tubular (Rabaey et al., 2005) or cylindrical shape (Sasaki et al., 

2013). Furthermore, despite the inevitable use of two electrodes in electrochemical cells and 

BES, one electrode can also be placed outside the reactor or have no direct contact with the 

fermentation medium. This also refers to a single-chamber configuration (Cheng et al., 2006; 

Krieg et al., 2014). Several designs are possible for this system (Liu and Logan, 2004; Pandey 

et al., 2011).  

Independent from its configuration and shape, BES can, in the same way as normal electrolytic 

cells, be operated in two different modes (Patil et al., 2015): 

• Potentiostatic: Chronoamperometry (CA) technique - the electric potential is kept 

constant over time. 

• Galvanostatic: Chronopotentiometry (CP) technique - the electric current is kept 

constant over time. 
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Usually, a potentiostatic approach is practically more difficult to realize than a galvanostatic. 

A number of different factors influence the performance and energetic efficiency of BES. 

Beneath applied current and voltage, obviously the positioning and distance between the 

electrodes in the reactor play a vital role in this context (Zhang et al., 2014a). Here, it is also 

important to take diffusion and local pH values at the electrode surface and the bulk liquid into 

account. For anodic BES systems in microbial fuel cells, the phenomena of OH- transport and 

its accumulation at the catalyst side have been studied by Popat et al. (2012). It could be shown 

that an increase of local pH at the anodic electrode surface occurs, leading to a Nernstian 

concentration loss and reduced voltage. Unfortunately, the literature lacks comparable studies 

for cathodic BES, but concentration polarization is generally considered as one key parameter 

in BES performance (Krieg et al., 2018a). Another physical-electrochemical effect of 

importance is the concentration of dissolved electrolytes and gases within the fermentation 

broth and its effect on the electrochemical performance of BES (Shinagawa and Takanabe, 

2015).    

3.2.4 All-In-One electrode 

In EBT, most reactors used for laboratory-scale research are the dual-chamber H-cell 

bioreactors (Krieg et al., 2019, 2018a). These H-shape type bioreactors have several drawbacks 

and limitations. One main problem is that the big difference between the two electrodes (and 

only a small membrane exchange area between the two chambers) leads to high energy losses 

and low current densities (Sun et al., 2014). Furthermore, the selectivity of commonly used 

proton exchange membranes (e.g. Nafion membranes) to transport only specific cations can 

lead to the accumulation and depletion of these compounds in the two chambers (Rahimnejad 

et al., 2014; Rozendal et al., 2006). Also, a bioprocess-specific problem of H-shape type 

reactors is that cell cultivation usually takes place in only one of the chambers and half of the 

reaction systems volume is not used at all. Also, most H-cell bioreactors are self-made (not 

standardized), making reproducing and comparing experimental results between different 

working groups difficult. Additionally, these self-made systems often possess bad mixing 

properties. 

To solve the outlined disadvantages of H-shape type and similar bioreactors, the All-in-One 

electrode was developed (Utesch and Zeng, 2018). The electrode is shown in Figure 5. It offers 

a standardized screw threat and can be mounted into the bioreactor’s lid like typical pH- or 
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pO2-probes. The electrodes are configured cylindrical, whereas the outer working mesh 

electrode is in contact with the fermentation medium and partly isolated from the inner counter 

rod electrode by a ceramic separator. The electrode materials are interchangeable, but only 

platinized titan was used for the experimental work in this dissertation. In aqueous media, this 

mainly leads to the production of H2 and O2 from water electrolysis upon application of current. 

 

Figure 5: Technical sketch and working principle of the All-in-One electrode (from Utesch and Zeng, 2018). 

3.2.5 Electro-fermentation 

EF has been used in several different contexts over the last decades (Roy et al., 2016; Schievano 

et al., 2016). While it has mainly been used to describe electrochemically driven or influenced 

fermentations, the term itself has not yet been well defined (Moscoviz et al., 2016). The first 

broad definition of EF was proposed by Rabaey and Rozendal (2010). In accordance with this, 

EF describes a process in which "the cathodic current influences the fluxes in an existing 

fermentation pathway" and the electric current is used “for control of fermentation pathways". 

EF can therefore help to overcome metabolic limitations of balanced reactions and shift product 

formation into desired directions. Unfortunately, the early definition of Rabaey and Rozendal 

limits EF to the application of cathodic current. Today, several examples show that this 
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limitation is no longer valid (Kim et al., 2017; Vassilev et al., 2021; Vassilev et al., 2018). 

Hence, a less outdated and improved definition is provided by Moscoviz et al. (2016): “Electro 

Fermentation (EF) is a novel process that consists of electrochemically controlling microbial 

fermentative metabolism with electrodes. The electrodes can act as either electron sinks or 

sources that allow unbalanced fermentation. They can also modify the medium by changing 

the redox balance." This definition already reflects that in EF, electric current does not 

necessarily have to be the primary energy source and also not the product of interest. However, 

it can help to reach higher yields and/or increase the selectivity for the desired product 

(Fruehauf et al., 2020). How exactly EF can influence microbial metabolism and improve the 

fermentation process is exemplarily outlined in the following. 

From a theoretical point of view, EF can influence microbial fermentation in mainly two ways. 

The first is that the cells are able to harvest or deliver electrons to the WE. This is known as 

extracellular electron transfer (EET) and two different modes are plausible (Choi and Sang, 

2016; Gong et al., 2020; Harnisch et al., 2015; Hernandez and Newman, 2001; Rosenbaum and 

Franks, 2014): 

• Direct electron transfer: The electrons are transferred by direct contact, nanowires, or 

endogenous electron mediators. 

• Indirect electron transfer: The electrons are mediated by an artificial electron carrier, 

a by-product shuttle, or by extracellular polymeric substances. 

Microbes, which are capable of performing EET, are termed electroactive. Both named EET 

mechanisms can have a similar positive impact on the performance of a biotechnological 

process. In general, if EET is enabled, electron flow might be uncoupled from carbon flow and 

increase product yields. In this context, Figure 6 gives a simplified example of product 

formation in a fermentation process. For easy exemplification, a cell produces the three 

hypothetical products B, C, and D from a utilized carbon source A. C is the desired product. 

While D can be directly formed from A, C is more reduced than A and needs an additional 

source of reducing energy. The required energy (electrons) is gained in the pathway for 

compound B, which is more oxidized than substrate A. For shuffling of reducing equivalents 

between pathways for the generation of B and C, an electron carrier (denoted as X+/XH in its 

oxidized/reduced form) is used. At steady state, meaning that no intracellular compound 

accumulates, the molar yield for C will always be accompanied and limited by the formation 

of product B. Furthermore, to account for the inevitable by-product formation of cellular 

metabolism, it is assumed that a product D is also formed at a yield of 0.33 mol mol-1. Without 
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applying electrical energy and EET, products B and C will always be produced at the same 

stoichiometric ratio of one, yielding 0.33 mol mol-1 for B and C in the example presented in 

Figure 6. 

 

Figure 6: Hypothetical cellular reaction network, in which a substrate A is converted into products B, C, and D. 

Stated yields (Yij) are in mol mol-1. The maximal yield for product C (YCA) is limited by the required reducing 

energy, which needs to be gained by reducing a cofactor (X+/XH) in the production pathway of compound B. Blue 

numbers indicate reaction rates at steady state. Further explanation in the text. 

If the used cells are electroactive and EET is enabled in a BES, the formation of product B is 

no longer necessary, and hence, the yield for the desired product C can increase. This scenario 

is depicted in Figure 7. When the yield for D remains unchanged (in comparison to the scenario 

without electricity), a maximal yield for product C from substrate A of 0.66 mol mol-1 can be 

expected, equalling a yield increase of 100% compared to cultivation without electricity and 

EET. In this extreme example, it is assumed that the cell can harvest all required reducing 

energy from an extracellular cathode and that the (directly or indirectly) harvested electrons 

can be specifically used to reduce the cofactor X+ to XH. Obviously, this will rarely be the case 

in real experiments, but the example shows the immense potential of BES cultivations to 

improve product yields in fermentation processes. Here, it also has to be mentioned that the 

simplified example does not consider additional constraints, such as charge balances or the 

metabolic state of the cells. Nonetheless, it should give the reader a sound idea of how EF can 

lead to a remarkable increase in process performance if EET is enabled. 
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Figure 7: Hypothetical cellular reaction network, in which a substrate A is converted into products B, C, and D. 

The network assumes that an artificial electron source (cathode) is available to the cell and that the electrons (e-), 

harvested by EET, can be shuffled towards the cofactor (X+/XH) required in the production of the reduced product 

C. Stated yields (Yij) are in mol mol-1. Blue numbers indicate reaction rates at steady state. Further explanation in 

the text.   

In addition to yield increases based on EET, EF can improve process performance in a second, 

indirect way (as displayed in Figure 8). Here, the electrons are not taken up by the cells but 

used to alter environmental conditions in the bioreactor. Subsequently, the cells react to this 

environmental change. In the best case, reductive pathways for synthesizing a compound of 

interest are stimulated, and reaction rates for reduced compound formation are triggered and 

upregulated. Accordingly, for the example shown in Figure 8, as in the example without 

application of electrical energy, the ratio between product B and C remains unchanged at one. 

However, less formation of the undesired by-product D can be observed. Compared to the first 

scenario (no electricity, Figure 6), molar yields for B and C are increased up to 33%. Hence, 

even without EET, by altering environmental conditions for the cells, EF can increase process 

performance. In this context, the question might arise which parameter can be used to control 

the cell’s metabolism and specifically trigger the desired metabolic changes. One possible 

option is the electrochemical manipulation of ORP, which was thoroughly studied within the 

framework of this dissertation. A theoretical description of ORP and strategies for its 

manipulation in bioprocesses are outlined in the following subchapter. Also, EF can influence 



3  Theoretical background  31 
 

not only product yields but also volumetric productivity. For example, if no EET takes place 

in BES and overall product yields are not affected, metabolic stimulation by electric energy 

might lead to more product in less time. This can also lead to overall better process 

performance.  

 
Figure 8: Hypothetical cellular reaction network, in which a substrate A is converted into products B, C, and D. 

The network assumes that an artificial electron source (cathode) is present and lowers the extracellular the 

oxidative-reduction potential (ORP) to stimulate the production of reduced cofactors and reductive pathways. 

Stated yields (Yij
) are in mol mol-1. Blue numbers indicate reaction rates at steady state. Further explanation in the 

text.   

Finally, it must be mentioned that both, the direct and indirect effects of EF on the performance 

of a biotechnological process, might co-occur. Since reaction networks of living cells offer an 

extensively higher degree of complexness than the simplified demonstrated examples, it can 

be difficult to distinguish between these two effects. Here, the rigorous quantitative analysis of 

experimental data can help to unveil and understand these effects.  

3.2.6 Control of oxidation-reduction potential in fermentation processes 

ORP, sometimes also named Eh in the literature, is of importance in biotechnological processes 

since it has been shown that cells are affected by different ORP levels. In chemistry, a redox 

reaction describes the reversible reduction of an oxidized compound (Ox) to a reduced 
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compound (Red) through moving z electrons (e-) (Kjaergaard, 1977). This can be formulated 

as a chemical reaction equation: 

Ox + z e-  ↔  Red 

At equilibrium, the ORP (redox potential) can then be calculated using the previously derived 

Nernst equation: 

 𝑂𝑅𝑃 = 𝐸0 + 
𝑅 · 𝑇

𝑧 · 𝐹
ln(
𝑐𝑂𝑥
𝑐𝑅𝑒𝑑

)  (43) 

where 𝐸0 is the standard potential of the system (in mV), 𝑅 the universal gas constant (in J 

mol-1 K-1), 𝑇 the temperature in K, 𝑧 the number of transferred electrons in the redox reaction, 

𝐹 the Faraday constant (in C mol-1), 𝑐𝑜𝑥 the concentration of the oxidized form, and 𝑐𝑅𝑒𝑑 the 

concentration of the reduced form. Hence, the calculation of ORP for a simple system is 

straightforward by using the Nernst equation. Unfortunately, biological liquids are 

extraordinarily complex and typically consist of numerous different chemical compounds, 

which might take part in several reactions simultaneously. The concentrations of these 

compounds can often not be directly quantified during a fermentation process. On the one hand, 

this makes modeling and prediction of ORP in biological processes difficult. On the other hand, 

it represents a considerable benefit that ORP can reflect numerous physicochemical 

characteristics in one global process value. In practice, the ORP is usually tracked online during 

fermentation. Here, ORP is measured using a redox probe (usually with Ag/AgCl electrodes). 

The probe delivers an electrochemical signal related to all pairs of reducible and oxidizable 

compounds found in the medium. The measured ORP value provides information about the 

“activity of electrons” (Kjaergaard, 1977). In literature, an often drawn comparison is the one 

between ORP and pH (Liu et al., 2013): while the pH represents the amount of protons (H+), 

the ORP indicates how high the “pressure of electrons” is in the medium. The more negative 

the ORP value is, the higher is the excess of available electrons.  

In many fermentation processes, the extracellular ORP is a key process parameter. It has been 

shown to affect microbes on different metabolic levels. This concerns gene expression (Murray 

et al., 2011; Vemuri et al., 2006) but also signal sensing, signal transduction, and regulation 

(Mason et al., 2006; Riondet et al., 2000). Hence, diverse approaches have been pursued to 

exploit online ORP values to intensify microbial production processes. Under microaerobic 

and oxygen-limited conditions, ORP is often used to control oxygen availability at very low 

oxygen levels, what is not feasible with common pO2-probes (Bonan et al., 2020; Dahod, 1982; 

Liu et al., 2016b). Also, since ORP can be used as a global indicator of cellular state and reflect 
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cellular metabolic activity, the online value may be used for process monitoring and guidance. 

Accordingly, in a recent work, Guo et al. (2021) chose the time for induction and cell harvesting 

for protein production based on online ORP values. This showed better results than using 

common indicators, such as the achievement of a previously defined OD. In another work 

(Berovi, 1999), ORP was successfully used as scale-up criteria for citric acid fermentation. At 

anaerobic conditions, it has been shown that ORP alteration can exert a positive influence on 

different microbial processes. For example, Li et al. (2010) could improve succinic acid 

production by Actinobacillus succinogenes, Wang et al. (2012) triggered earlier solvent 

production by Clostridium acetobutylicum, and Du et al. (2006) boosted PDO production by 

Klebsiella pneunomiae. The quoted studies argued that the observed changes in product 

patterns can be accounted to a forced change of the intracellular NADH/NAD ratio, which was 

driven by the extracellular ORP alterations. Although it has been shown that extracellular ORP 

correlates with intracellular NADH/NAD ratios (de Graef et al., 1999), metabolic changes and 

cascades caused by ORP control can be very complex and are scarcely investigated in detail. 

Here, it is also often neglected that the applied ORP control strategy plays a vital role in this 

context. Common strategies for ORP control in bioprocesses are briefly presented in the 

following. 

Different strategies for alteration and control of the ORP have been developed and applied (Liu 

et al., 2013). A schematic overview of strategies is shown in Figure 9. One often chosen method 

is the addition of highly oxidizing or reducing agents into the fermentation medium, such as 

ferricyanides (Bagramyan et al., 2000), sulfides (Sridhar and Eiteman, 2001), or redox 

mediators (Girbal et al., 1995; Peguin and Soucaille, 1996). Although ORP can be controlled 

sufficiently by this strategy in most cases, the addition of chemicals also has some 

disadvantages. One major drawback is that addition of these (often toxic) compounds in non-

negligible quantities alters the composition of the fermentation medium. Here, it might occur 

that the study results do not reflect the metabolic response to the ORP parameter but the 

reaction of cellular metabolism to the artificially added chemical. Hence, a better alternative to 

control ORP is sparging gases, such as oxygen, hydrogen, nitrogen, and helium (Kim et al., 

2006; Mizuno et al., 2000; Pham et al., 2008). To control gas solubility and accordingly the 

ORP, agitation (Du Preez et al., 1988; Kastner et al., 2003) or the aeration rate (Du et al., 2006) 

are used as controller outputs. The use of gases has the advantage that they usually have low 

solubility, are not toxic to the cells, and do not accumulate in the liquid phase of the reaction 

system. One practical disadvantage of ORP control with gas sparging is that the control 
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algorithms are more difficult to implement and the desired set-points are more challenging to 

achieve and maintain, especially when the related gas is also consumed or produced by the 

microbes and the physicochemical properties of the fermentation broth do also change during 

the time of cultivation. It might also occur that other gases or volatile compounds are stripped 

out by the gas, which is used for ORP control. 

A third option to control the ORP in fermentation processes is the use of electrical energy in 

BES. In literature, only a few examples exist where energy input was used for ORP alteration. 

Almost all of the conducted studies so far used cathodic current to lower or control ORP in 

anaerobic or microaerobic processes (Jeon et al., 2009a; Jeon et al., 2009b; Jiang et al., 2018; 

Na et al., 2007; Peguin and Soucaille, 1996; Wang et al., 2012). The only identified 

experimental study, in which a cathodic current was used to control ORP in aerobic 

fermentation, was in the work of Thompson and Gearson (1985). Here, the authors used 

platinum electrodes as WE to reduce the ORP in aerobic batch cultivations of E. coli from 

>500 mV to 360-380 mV but did not observe significant changes in process performance. 

 

Figure 9: Different strategies for ORP control in fermentation processes. a) Addition of liquid reducing/oxidizing 

agents. b) Sparging with reducing/oxidizing gases (control of aeration rate and agitation). c) Application of 

electrical energy in a BES. WE = working electrode; CE = counter electrode.  
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3.3 Aerobic production of microbial lipids by R. toruloides 

3.3.1 Microbial lipid production 

Lipids refer to biomolecules that are soluble in polar solvents (Nič et al., 2009). It has been 

shown that high amounts of lipids can be produced by biotechnological approaches with the 

help of oleaginous microorganisms (OM), also called single cell oils (Ratledge, 2004). OM can 

accumulate more than 20% of their dry weight as lipids (Ageitos et al., 2011). They belong to 

several different families, such as microalgae, bacillus, and fungi (Subramaniam et al., 2010). 

Compared to other OM, yeasts offer several advantages. The main upsides of oleaginous yeast 

(OY) are high specific growth rates and broad substrate specificity (Athenaki et al., 2018). In 

addition, a sound knowledge of their cultivation in established systems up to industrial scales 

already exists (Li et al., 2008; Meng et al., 2009). In OY, about 90% of the produced lipids are 

stored within the cell as TAGs (Beopoulos et al., 2011). TAGs consist of three fatty acids 

esterified to a glycerol backbone, as displayed in Figure 10 by the example of the fatty acid 

palmitic acid (C16:0), which is attached to glycerol and forms the triacylglycerol tripalmitin.  

 

Figure 10: Esterification of one glycerol molecule and three fatty acids to yield one triacylglycerol (TAG). TAGs 

are the main lipids in oleaginous yeast with >90% and stored in special lipid compartments (lipid bodies). 
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The TAGs accumulate in specialized cell compartments, termed lipid bodies (Zweytick et al., 

2000). The composition of TAGs in OYs varies among different genres and is also heavily 

influenced by culture conditions. Usually, the main fatty acids are palmitic acid (C16:0), 

palmitoleic acid (C16:1), stearic acid (C18:0), oleic acid (C18:1) and linoleic acid (C18:2) and 

to a lower amount myristic acid (C14:0), α-linolenic acid (C18:3) and longer chain fatty acids 

(Beopoulos et al., 2011). This makes lipids obtained from OYs a promising substitute for many 

current plant-derived lipids, such as palm oil or cocoa butter (Sitepu et al., 2013; Wei et al., 

2017).  

Even though microbial lipids have raised increased economic attention lately, microbial TAG 

production is not yet economically feasible: it is estimated that microbial lipids can be produced 

for 4-6 $ kg-1 (Bonatsos et al., 2020; Koutinas et al., 2014), while agriculturally produced oils 

cost about 0.5-2 $ kg-1. So far, the only successful and still practiced example of microbial oil 

production at industrial scale is the production of high-priced polyunsaturated fatty acids 

(PUFAs) for infant nutrition (Barclay et al., 2010; Streekstra, 2010; Wynn et al., 2010). In this 

particular case, two main drivers can be seen as key factors for successful market launch: there 

was only a limited amount of animal or plant-derived alternatives available (from fish oil) and 

the consumers were willing to pay a high price for the compounds that justify the tremendous 

production costs. Nevertheless, if other products can meet the two criteria mentioned above, it 

is expected that the production of microbial lipids can also become economically feasible in 

other cases (Kyle, 2010; Marella et al., 2018). However, to achieve this, the process requires 

improvement and optimization regarding yields and volumetric productivity. One approach 

tested within the framework of this thesis for this was the application of current in a BES. 

3.3.2 R. toruloides 

R. toruloides is an OY and belongs to the division of Basidiomycota (Park et al., 2018). It has 

lately re-emerged as one of the most promising yeast for bioproduction of different compounds 

(Xu and Liu, 2017). Additionally, it is a natural producer of other valuable compounds such as 

carotenoids (Lee et al., 2014; Saenge et al., 2011) and important enzymes (Botes, 1999; Politino 

et al., 1997; Zhu et al., 2013). The yeast can co-utilize C5- and C6-sugars, making it a 

promising host for the biotechnological conversion of biomass hydrolyzates (Wiebe et al., 

2012; Yaegashi et al., 2017). It also offers enormous potential to be engineered towards the 

enrichment of a wide variety of specific high-value lipids, such as linoleic acid (Wang et al. 
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2016), α-linolenic acid, very long-chain fatty acids (Fillet et al., 2017) or cocoa-butter like 

lipids (Wei et al., 2017). Accordingly, the yeast has also gained increasing attention for the 

development of genetic tools to alter mechanisms of intracellular lipid metabolism and related 

pathways (Zhu et al., 2012). Several complete genomes of R. toruloides strains have been 

sequenced (Hu and Ji, 2016; Kumar et al., 2012; Morin et al., 2014). Within the last years, 

protocols for fast and efficient genetic transformation using electroporation have been 

successfully developed (Liu et al., 2017; Takahashi et al., 2014). Also, improved chemical 

transformation methods, such as lithium acetate/PEG mediated, were described for 

R. toruloides (Tsai et al., 2017). In the past, most efforts to increase lipid productivities focused 

on media optimization (regarding different types of limitations to initiate lipid production and 

the carbon to nitrogen ratio) (Dias et al., 2016; Wu et al., 2011; Wu et al., 2010) and the use of 

different process modes including feeding strategies (Fei et al., 2016; Signori et al., 2016). 

Metabolic engineering approaches focused on overexpressing genes involved in TAG-

synthesis (Zhang et al., 2016b; Zhang et al., 2016a), yielding lipid productivities of 0.31 g L-

1 h-1 in batch and 0.61 g L-1 h-1
 in fed-batch growth. 

3.3.3 Mechanism and metabolic pathways for the production of triacylglycerols 

In general, the de novo production of fatty acids catalyzed by the fatty acid synthase (FAS) 

requires three precursors: acetyl-CoA, malonyl-CoA, and reduction energy in the form of 

cytosolic NADPH. To accumulate lipids, these metabolites need to be provided excessively 

in vivo by specific pathways. The fact that OM can produce and accumulate more lipids than 

other microbes is owed to the possession of unique mechanisms and enzymes that allow a very 

efficient generation of the required molecules (Ratledge, 2004). Some of these enzymes and 

mechanisms have successfully been identified in OY, but still, the whole mechanism and its 

regulation are not yet completely understood (Ratledge, 2014). 

In OY, lipid accumulation begins when nutrients in the medium (mostly nitrogen, but also 

phosphate, sulfate, zinc, iron, or magnesium (Hassan et al., 1996; Kolouchová et al., 2016; 

Naganuma et al., 1985; Ratledge and Wynn, 2002; Wang et al., 2018; Wu et al., 2010)) 

diminish and a carbon source is still available in excess. Then the cells continue utilizing the 

carbon and store them as TAGs. When other nutrients required for cell growth become 

available again, the cells are able to degrade the reserve lipids and exploit them as a carbon 

source for the production of new biomass (Aggelis and Sourdis, 1997; Papanikolaou and 
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Aggelis, 2011b). Obviously, in nature this is an advantage compared to other microbes. 

However, this effect is not desired in the biotechnological production of microbial lipids and 

should be avoided by harvesting the cells before lipid turnover occurs. The exhaustion of media 

components, except for the carbon source, usually leads to a downregulation of the 

mitochondrial tricarboxylic acid cycle (TCA). In the case of nitrogen limitation, the according 

mechanism is the most prominent and best described in literature. Here, the limitation of 

externally available nitrogen forces the cells to split intracellular adenosine monophosphate 

(AMP) by the enzyme AMP-deaminase, yielding inosine-5-monophosphate and ammonia 

(Ratledge, 2004). In yeast, AMP is an allosteric activator of the enzyme isocitrate 

dehydrogenase (IDH) (Lin and McAlister-Henn, 2003). IDH is a key enzyme of the TCA cycle, 

catalyzing the oxidative decarboxylation of isocitrate to α-ketoglutarate. Upon nitrogen 

depletion and lowering of intracellular AMP levels, the activity of IDH decreases. 

Subsequently, isocitrate accumulates in the mitochondria and equilibrates with citrate, from 

which it is derived in the first reaction of the TCA cycle (Evans et al., 1983). The accumulated 

citrate can then be transported into the cytosol by a malate/citrate-translocase that occurs in 

OY but also non-OY (Evans and Ratledget, 1985). In the cytosol, the citrate is then converted 

into acetyl-CoA with the help of the enzyme ATP-citrate-lyase (ACL). ACL requires ATP and 

is considered the critical enzyme for an enhanced supply of acetyl-CoA in OY (Dourou et al., 

2018; Hamid et al., 2010). Malonyl-CoA can be derived from acetyl-CoA by the addition of 

CO2. This reaction is catalyzed by the acetyl-CoA-carboxylase (Liu et al., 2011). It has been 

shown that this enzyme also plays a key role in OY and is upregulated in R. toruloides during 

lipid accumulation (Liu et al., 2009). The described mechanism in OY explains the surplus of 

acetyl-CoA and malonyl-CoA that can be provided for increased TAG synthesis compared to 

non-MO that mainly rely on acetyl-CoA generation from glycolysis. Nonetheless, as described 

initially, a necessary additional requirement for FAS activity is reducing energy (NADPH). In 

this work, it was considered to manipulate NADPH availability by EF. Therefore, the role of 

NADPH in lipid accumulation is described in more detail in the following subsection.    

3.3.4 The role of NADPH in microbial lipid synthesis 

As outlined earlier, NADPH is required for each chain elongation step catalyzed by the FAS. 

Since NADPH is also required in other catabolic pathways, most naturally occurring microbes 

possess specialized pathways to generate NADPH. The most common and efficient pathway 

to generate NADPH is the pentose phosphate pathway (PPP) (Beopoulos et al., 2011), also 



3  Theoretical background  39 
 

named phosphogluconate pathway or hexose monophosphate shunt. Here, two reactions in the 

oxidative phase of the PPP generate NADPH: the first is the conversion of glucose-6-phosphate 

(from glycolysis) to 6-phosphogluconolactone, and the second is the following conversion of 

6-phosphogluconate to ribulose-5-phosphate. In the latter reaction, also one molecule of CO2 

is released. Most molecules entering the PPP are channelled back into glycolysis later on as 

fructose-6-phosphate or glyceraldehyde-3-phosphate. Hence, for most microbes the PPP 

represents a sufficient option to provide intracellular NADPH. Nonetheless, the use of the PPP 

does also have disadvantages. As described earlier, CO2 is lost what is of special concern for 

biotechnological processes since a part of the valuable, expensive carbon source is wasted and 

yields are lowered.  

Since OM have a higher NADPH demand than other microbes, they have evolved mechanisms 

in addition to the PPP to generate excessive amounts of reducing energy for lipid production 

(Ratledge, 2014). One crucial enzyme in this context is the so-called cytosolic malic enzyme 

(ME) (Beopoulos et al., 2011). This enzyme catalyzes the reaction of malate into pyruvate 

while simultaneously transferring electrons towards NADP to yield NADPH. It has been shown 

for R. toruloides (Wang et al., 2018) and other OY (Zhang et al., 2007) that overexpression of 

the ME leads to an increase in lipid production, suggesting that NADPH supply appears to be 

the bottleneck of lipid synthesis in OY. Further studies confirmed the theory that the NADPH 

supply is indeed the limiting factor for lipid synthesis with other OY, such as 

Yarrowia lipolytica. Accordingly, Wasylenko et al. (2015) were able to show that a higher PPP 

activity and higher NADPH production rate positively correlated with lipid synthesis. Qiao et 

al. (2017) engineered different enzymes in the metabolism of Y. lipolytica to prefer NADPH 

over NADH as a cofactor, and the obtained results were auspicious: TAG productivity of 

1.2 g L-1 h-1 and a yield increase of 25% were achieved. 

For R. toruloides, it has also been reported that the primary source of NADPH generation is 

the use of the PPP (Bommareddy et al., 2016; Bommareddy et al., 2015). Hence, it is expected 

that product yields can be increased if it would be enabled to provide the microbe with other 

sources of NADPH or reducing energy that are not substrate-independent and not connected to 

a loss of CO2. In addition, even if still only substrate-derived energy could be provided by the 

use of PPP, it was still of interest in this work to study the influence of reduced ORP on the 

productivity of the process. Here, it was expected to observe an increase in volumetric 

productivity, although yields might remain unchanged. Figure 11 gives an overview of the 

intended approach. The experimental approach in this work, which involved the use of 
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electricity in bioprocesses, used the All-in-One electrode. The working principle of this 

electrode is explained in section 3.2.4. 

 

Figure 11: Simplified overview of the lipid metabolism and NADPH-supply in oleaginous microorganisms (for 

simplicity, the only cofactors displayed are NADPH/NADP). NADPH required for de novo fatty acid synthesis 

is usually generated by shuffling substrate through the pentose phosphate pathway (PPP) and the conversion of 

malate into pyruvate by the cytosolic malic enzyme. It is intended to apply cathodic Electro-Fermentation by the 

newly developed All-In-One electrode (displayed right) as an artificial electron source. Electrode-derived 

electrons (red arrows) will lower the oxidation-reduction potential (ORP) of the fermentation broth to increase 

reaction rates for reductive pathways and indirectly trigger cytosolic NADPH-levels. In the best case, electrode-

derived electrons can directly be harvested by the cells. For this, redox mediators (blue) might be exploited to 

shuffle electrons towards intracellular cofactors and contribute to the intracellular NADPH-Pool for fatty acid 

synthesis. 
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3.4 Anaerobic production of 1,3-propanediol and n-butanol by C. pasteurianum from 

glycerol  

3.4.1 C. pasteurianum 

Clostridia are a group of gram-positive bacteria, which are obligate anaerobe and show the 

ability to form spores, allowing them to sustain even under harsh environmental conditions 

(Bahl and Dürre, 2001). This group of bacteria has a long history of use in biotechnological 

processes, reaching back to the beginning of the 20th century, especially for the production of 

acetone, n-butanol, and ethanol (ABE) in the well-known Weizmann process (Dürre, 2007; 

Nguyen et al., 2018). Nowadays, clostridia experience a revival in biotech research and 

industry as prospective workhorses of a future C1-based bioeconomy (Bengelsdorf et al., 2018; 

Charubin et al., 2018; Takors et al., 2018).  

One outstanding member of the clostridia group is the bacterium C. pasteurianum. It was first 

isolated from carrot slices by the Russian microbiologist Sergei Winogradesky in 1895 

(Dworkin, 2012). The name C. pasteurianum was chosen later to honor the leading 

microbiologist of his time, Louis Pasteur, who was also the first person to report the production 

of n-butanol by microbial fermentation. Compared to other clostridia, the strain is relatively 

tolerant towards oxygen, offers high growth rates and broad substrate specificity while also 

producing an industrial relevant pattern of several fermentation products. Furthermore, the 

strain can efficiently utilize molecular nitrogen by highly specialized nitrogenases and 

incorporate it into biomass (Hu and Ribbe, 2011). Within the last years, the development of 

genetic tools for metabolic engineering of C. pasteurianum has made significant progress 

(Grosse-Honebrink et al., 2017; Pyne et al., 2016; Pyne et al., 2013; Schmitz, 2018).  

3.4.2 Metabolic pathways for the production of 1,3-propanediol and n-butanol from 

glycerol 

High amounts of crude glycerol (about 10% (w/w) of biodiesel) are produced in the biodiesel 

industry by de-esterification of TAGs, mainly from palm oil (da Silva et al., 2009). Worldwide 

biodiesel production is increasing and glycerol cannot be disposed off in the environment 

(Quispe et al., 2013). This makes glycerol a promising and widely available feedstock for the 

chemical and biotechnology industry (Yang et al., 2012). There are more than 200 known 
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applications for glycerol (Bauer and Hulteberg, 2013), and one of the most promising is the 

use as feedstock for the production of n-butanol and PDO (Hejna et al., 2016). Especially PDO 

has several promising properties for many synthetic reactions in the production of polymers 

(Saxena et al., 2009). For example, the production of the new polyester polytrimethylene 

terephthalate (PTT) caused a high rise in the demand for PDO. PTT offers better stretching and 

recovery characteristics than other polymers (Witt et al., 1994). The approximate demand for 

PDO was 160 kt in 2019 (Grandviewresearch, 2020), with a market value of 490 M$ 

(MarketsandMarkets, 2020), expecting an increase to 870 M$ in 2024. PDO can be produced 

from glycerol by microbial fermentation by a number of microorganisms such as 

Klebsiella pneumoniae, Citrobacter freundii, Lactobacillus brevis, Lactobacillus buchner, 

Lactobacillus diolivorans, or Clostridium pasteurianum (Biebl et al., 1999; Hejna et al., 2016; 

Zeng et al., 1993). In comparison to other microbes, C. pasteurianum has the advantage of 

being able to grow anaerobically on glycerol as the sole carbon source, offers high carbon 

recovery, and produces n-butanol as a high-value by-product (Biebl, 2001; Malaviya et al., 

2012).      

Besides PDO and n-butanol, C. pasteurianum produces CO2, H2, ethanol, acetic acid, butyric 

acid, and lactic acid, when glycerol is used as the only substrate (Johnson and Rehmann, 2016). 

Figure 12 gives an overview of the central metabolic pathways of glycerol fermentation by 

C. pasteurianum. Thereby, the product pattern is influenced by many factors, such as the iron 

concentration, pH, phosphate concentration, CO partial pressure, and the growth rate (Dabrock 

et al., 1992; Kaeding et al., 2015; Sabra et al., 2016). Nevertheless, as for other clostridia, the 

exact metabolic regulations of product formation of C. pasteurianum are very complex and 

only little understood (Johnson et al., 2016). 
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Figure 12: Main metabolic pathways of glycerol fermentation in C. pasteurianum. 1,3-PDO = 1,3-propanediol; 

Fd/FdH = oxidized/reduced ferredoxin. 

When C. pasteurianum is solely grown on glycerol, the formation of acetate and butyrate is 

generally required to provide cellular energy for cell growth by substrate chain 

phosphorylation. When biomass is formed from glycerol, electrons are shuffled towards the 

oxidized form of nicotinamide adenine dinucleotide (NAD) to yield the reduced form NADH. 

The pathway of PDO formation is then used to rebalance the redox cofactors (Biebl, 2001). 

Just recently, it has been found that C. pasteurianum possesses a second option to re-oxidize 

the amount of generated NADH by forming n-butanol and using bifurcating reaction 
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mechanism in the conversion of crotonyl-CoA to butyryl-CoA (Buckel and Thauer, 2018a). 

Here, two molecules of NADH are used to catalyze the conversion of crotonyl-CoA to butyryl-

CoA, but only two electrons (equaling one molecule of NADH) are used to reduce crotonyl-

CoA. The other molecule of NADH is exploited to shuffle the provided electrons towards 

ferredoxin (Fd) and form the reduced form FdH, which makes the reaction thermodynamically 

feasible (Buckel and Thauer, 2018b). Using this bifurcation reaction, the overall metabolic 

redox balance of n-butanol production from glycerol for NADH becomes minus one. Thus, it 

enables the redox-balanced growth of C. pasteurianum on glycerol without PDO production. 

This was also experimentally demonstrated by Schmitz et al. (2018), who silenced the 

conversion of glycerol into 3-hydroxypropropanal by deleting one subunit of the enzyme 

glycerol dehydratase. This enzyme is encoded by the dhaBCE genes and is responsible for the 

first reaction step in the PDO pathway (Schwarz et al., 2017).    

3.4.3 Carbon, electron, and redox balances 

In chemical and biotechnological processes, mass, charge, and energy balances are helpful and 

necessary tools to verify the consistency of experimental data and process assumptions 

(Andrews, 1993; Erickson et al., 1979; Villadsen et al., 2011). To set up these balances, 

knowledge of main products and the underlying pathways is required. In biotechnological 

processes, mainly three kinds of balances are of particular importance: balances for carbon 

atoms, electrons, and cellular electron carriers (mainly NADH). Since the main products of 

glycerol fermentation with C. pasteurianum are well known, the carbon balances can be set up 

straightforward. Based on the measured concentrations of extracellular products, including 

released CO2, the carbon recovery (𝐶𝑅) can be obtained by multiplying the molar concentration 

of each compound by its number of carbon atoms, as described by the following equation: 

𝐶𝑅 = (3 𝑐𝑃𝐷𝑂 + 2 𝑐𝐸𝑡ℎ𝑎𝑛𝑜𝑙 + 4 𝑐𝐵𝑢𝑡𝑎𝑛𝑜𝑙 + 4 𝑐𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒 + 2 𝑐𝐴𝑐𝑒𝑡𝑎𝑡𝑒 + 𝑐𝐹𝑜𝑟𝑚𝑎𝑡𝑒

+  3 𝑐𝐿𝑎𝑐𝑡𝑎𝑡𝑒 +  4 𝑐𝐵𝑀 + 𝑐𝐶𝑂2) ∙  
1

3 ∆𝑐𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙
 

(44) 

where 𝑐𝐵𝑀 refers to the molar concentration of biomass (M = 101 g mol-1 at a composition of 

C4H7O2N), ∆𝑐𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙  is the total amount of consumed glycerol divided by the reactor volume, 

and 𝑐𝐶𝑂2the total measured amount of produced carbon dioxide divided by the reactor volume. 

Similar to the carbon balance and also based on the quantification of extracellular compounds, 

a macroscopic balance of electrons can also be derived (Minkevich and Eroshin, 1973; Roels, 
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1983). In this case, the measured concentration of each compound is multiplied by its degree 

of reductance. The degree of reductance indicates how many electrons can be gained or 

released by a compound relative to CO2 (the end-product of most fermentation processes). This 

value can be calculated by the amount of C (+4), N (-3), H (+1), and O (-2) atoms in a chemical 

compound. For instance, the value for glycerol (C3H8O3) is 14. Accordingly, the electron 

recovery (𝑅𝐻
𝑀𝐴𝐶𝑅𝑂) on a macroscopic level for the glycerol fermentation by C. pasteurianum 

can be calculated with the help of the following relation (Zeng, 1996): 

𝑅𝐻
𝑀𝐴𝐶𝑅𝑂 = (16 𝑐𝑃𝐷𝑂 + 12 𝑐𝐸𝑡ℎ𝑎𝑛𝑜𝑙 + 24 𝑐𝐵𝑢𝑡𝑎𝑛𝑜𝑙 + 20 𝑐𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒 + 8 𝑐𝐴𝑐𝑒𝑡𝑎𝑡𝑒

+  2 𝑐𝐹𝑜𝑟𝑚𝑎𝑡𝑒 +  12 𝑐𝐿𝑎𝑐𝑡𝑎𝑡𝑒 + + 16 𝑐𝐵𝑀 +  2 𝑐𝐻2) ∙
1

14 ∆𝑐𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙
 

(45) 

𝐶𝑅 and 𝑅𝐻
𝑀𝐴𝐶𝑅𝑂 do solely rely on quantifying extracellular compounds and, therefore, only 

require knowledge about substrate and main products. The two values only describe carbon 

and electron balances on a macroscopic (black box) level without considering the underlying 

metabolic pathways. In addition to this, the balance of reducing equivalents 𝑁𝐴𝐷𝐻𝑅 (also 

referred to as redox balances) does also take into account parts of the assumed metabolic 

network. The primary assumption behind 𝑁𝐴𝐷𝐻𝑅  is that the amount of oxidized and reduced 

cofactors, obtained from different pathways during fermentation, need to be balanced over the 

time of fermentation. The amount of theoretically oxidized and reduced species can also be 

calculated based on the final products. Overall, for the glycerol fermentation by 

C. pasteurianum, 𝑁𝐴𝐷𝐻𝑅  can be obtained by the following equation: 

𝑁𝐴𝐷𝐻𝑅 =  
𝑐𝑃𝐷𝑂 + ∆𝐻2

2 𝑐𝐴𝑐𝑒𝑡𝑎𝑡𝑒 + 𝑐𝐿𝑎𝑐𝑡𝑎𝑡𝑒 + 2 𝑐𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒 + 𝑐𝐵𝑀−𝐻
 (46) 

where 𝑐𝐵𝑀−𝐻is the amount of formed NADH associated with biomass formation from glycerol 

(= 13.2 mmol g-1 (Zeng, 1996)), and ∆𝐻2 describes the net amount of NADH oxidized by the 

bifurcating reaction from crotonyl-CoA to butyryl-CoA (see Figure 12). This value can be 

calculated using the following expression (Utesch et al., 2019): 

∆𝐻2 = 𝑐𝐻2 − 𝑐𝐻2,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 − 𝑐𝐻2,𝑃𝐹𝑂𝑅  (47) 

where 𝑐𝐻2  is the measured total amount of hydrogen divided by the reactor volume and 𝑐𝐻2,𝑃𝐹𝑂𝑅  

the amount of hydrogen that is theoretically released by the pyruvate ferredoxin oxidoreductase 

(PFOR) in the conversion of pyruvate to acetyl-CoA. Since in most experiments conducted in 

this work, an electrode was also used as an abiotic source of hydrogen production, the term 
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𝑐𝐻2,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒  is also included in the calculation of ∆𝐻2. It is the total amount of electrochemically 

generated hydrogen and does depend on the applied current, voltage, and related faradaic 

efficiency. For example, the amount of hydrogen produced by the used All-In-One electrode 

at a current of -0.4 A was reported to be 0.089 mmol min-1, equaling a faradaic efficiency of 

81.65% (Utesch and Zeng, 2018). Accordingly, the amount of hydrogen in this case can be 

obtained by:  

𝑐𝐻2,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 =
0.089 𝑚𝑚𝑜𝑙𝑚𝑖𝑛−1  ∙  𝑡 

𝑉𝑅
 (48) 

where 𝑡 stands for the total running time of the electrode (in min) and VR for the reactor working 

volume (in L). Equation (47) also contains the term 𝑐𝐻2,𝑃𝐹𝑂𝑅 . This is the amount of biotically 

produced hydrogen, theoretically released by the enzyme PFOR. This expression can be 

calculated from the following relationship:  

𝑐𝐻2,𝑃𝐹𝑂𝑅 = 𝑐𝐸𝑡ℎ𝑎𝑛𝑜𝑙 + 2 𝑐𝐵𝑢𝑡𝑎𝑛𝑜𝑙 + 2 𝑐𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒 + 𝑐𝐴𝑐𝑒𝑡𝑎𝑡𝑒 − 𝑐𝐹𝑜𝑟𝑚𝑎𝑡𝑒 (49) 

In addition to 𝑅𝐻
𝑀𝐴𝐶𝑅𝑂, a second approach to check the consistency of reducing equivalents was 

used in this work, named 𝑅𝐻
𝐻𝑆𝑃𝐴𝑇𝐻  in the following. In some cases, it has been shown that 

 𝑅𝐻
𝑀𝐴𝐶𝑅𝑂 is insensitive to measurement errors in products with a low degree of reductance. 

Therefore, Zeng (1995a) derived a novel semi-macroscopic approach, which also incorporates 

information about the metabolic pathways. This newly proposed balance overcomes the 

shortcomings of 𝑅𝐻
𝑀𝐴𝐶𝑅𝑂 and can be calculated by:  

𝑅𝐻
𝑆𝑃𝐴𝑇𝐻 = 

𝑐𝐸𝑡ℎ𝑎𝑛𝑜𝑙 + 𝑐𝐵𝑢𝑡𝑎𝑛𝑜𝑙 + 4 𝑐𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒 + 3 𝑐𝐴𝑐𝑒𝑡𝑎𝑡𝑒 + 𝑐𝐿𝑎𝑐𝑡𝑎𝑡𝑒 +  4/3 𝑐𝐵𝑀

𝑐𝑃𝐷𝑂 + 𝑐𝐹𝑜𝑟𝑚𝑎𝑡𝑒 + 𝑐𝐻2
 (50) 

In combination, the described balances and recoveries allow a reliable check of consistency for 

obtained data. Also, the electron and reducing energy balances allow concluding if measurable 

quantities of electrode-derived reducing energy were harvested by cells of C. pasteurianum or 

if metabolic pathways were affected. A mathematically more precise way to statistically check 

the measured experimental data for errors and inconsistency is represented by the MFA, as 

described in section 3.5.2. This method also allows quantification of intracellular, not directly 

measurable, reaction rates. 
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3.5 Fluxomics 

3.5.1 Definition and overview 

It is a crucial step in the development and optimization of biotechnological processes to gain a 

deep understanding of the biochemical pathways and mechanisms that take place inside the 

microbial systems. In this context, metabolic studies can help to evaluate theoretical maximum 

yields, optimal bioprocess conditions, and targets for strain optimization or pathway 

manipulation by biomolecular means (Maertens and Vanrolleghem, 2010). Accordingly, 

“fluxomics” is commonly used to describe different approaches with one common goal (Winter 

and Krömer, 2013): to quantify intracellular reaction rates inside a microbial system under 

specified conditions. The fluxome, which is the complete set of fluxes in a metabolic network, 

contains integrative information on several cellular processes and represents a unique 

characteristic of the cell’s phenotype (Cascante and Marin, 2008). Fluxomics rely on the 

mathematical representation of metabolic networks and use mathematical tools from linear 

algebra. The knowledge and relations required to understand the basics of the applied methods 

MFA, elementary mode analysis (EMA) and regulation analysis are briefly presented in the 

following subchapters.  

3.5.2 Metabolic flux analysis 

The first concepts to merge macroscopic (extracellular) measurements with available 

knowledge on metabolic pathways were developed in the 1970s. Here, Verhoff and Spradlin 

(1976) and some years later Aiba and Matsuoka (1979) used material balances on extracellular 

compounds to identify the most probable metabolic routes for the production of citric acid from 

glucose. Some years later, Papoutsakis and co-workers developed the first method for the 

mathematical representation of pathway and fermentation stoichiometry (Papoutsakis, 1984; 

Papoutsakis and Meyer, 1985). The same method was later applied for batch cultivations of 

C. acetobutylicum (Reardon et al., 1987). In several following research papers, methodologies 

and mathematical formulations for stoichiometric balancing of microbial metabolism were 

continuously improved and applied to further bioprocesses (Jørgensen et al., 1995; Jørgensen 

et al., 1992; Nielsen et al., 1991; Niranjan and San, 1989; Sikdar et al., 1990; Tsai and Lee, 

1988a; Vallino and Stephanopoulos, 1993; van Gulik and Heijnen, 1995; Varma and Palsson, 
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1994; Zupke et al., 1995). Since the mid-1990s, MFA is established as textbook knowledge 

and an essential tool in metabolic and bioprocess engineering (Nielsen and Villadsen, 1994; 

Stephanopoulos et al., 1998). Important advancements of classical MFA are isotope tracer 

experiments (13C-MFA) (Wiechert, 2001; Wiechert and Graaf, 1996) and dynamic metabolic 

flux analysis (DMFA) (Leighty and Antoniewicz, 2011), which will not be treated in this thesis. 

Hence, in the following, the basic theory and methodology for classical MFA are presented. In 

this work, the focus is settled on the treatment of determined and overdetermined systems 

which can be solved analytically. More detailed explanations and derivations can be found in 

current textbooks of metabolic and biochemical engineering (Kremling, 2014; Palsson, 2015; 

Stephanopoulos et al., 2008; Villadsen et al., 2011). 

Every flux analysis is based on a stoichiometric matrix, representing chemical reaction 

equations of an assumed biochemical network (Aris and Mah, 1963; Reder, 1988). The 

stoichiometric matrix N consists of n rows and q columns. Each row corresponds to a 

compound and each column to a reaction. The dimension of N (n x q) is therefore determined 

by the number of compounds (n) and reactions (q) in the considered system. In a growing 

microbial organism, the change of intracellular compound (metabolite) concentrations can then 

be described as: 

𝑑𝑐𝑚𝑒𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  

𝑑𝑡
=  𝑐𝑚𝑒𝑡̇⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =  𝑁 ∙  𝑟 −  𝜇 ∙  𝑐𝑚𝑒𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   (51) 

where 𝑐𝑚𝑒𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗    is the concentration vector of the intracellular metabolite, 𝑐𝑚𝑒𝑡̇⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is the timely change 

of this vector, N represents the stoichiometric matrix, 𝑟  is the rate vector containing the 

corresponding reaction rates for reactions in N, and 𝜇 is the specific growth rate. Thus, the 

concentration change of intracellular compounds is the sum of two terms: the net formation of 

the compound by chemical conversion and the dilution of this compound by cell growth, which 

equals an increase in cell volume. Usually, the formation rates are much higher than the dilution 

rates and the latter can be neglected. Furthermore, at steady state, the concentration of 

intracellular compounds is assumed to be constant, hence 𝑐𝑚𝑒𝑡̇⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   becomes zero. Equation (51) 

simplifies into (Kremling, 2012): 

𝑐𝑚𝑒𝑡̇⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =  𝑁 ∙  𝑟 = 0⃗  (52) 

This equation forms the basis for most fluxomic approaches. It clearly shows that the 

mathematical solution for 𝑟  at steady state is the kernel of the stoichiometric matrix N. The 

number of solutions, in this case, depends on the rank of N and the number of reactions 
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considered. Usually, a biochemical network has more reactions q than components n and 

following N is rank deficient (Palsson, 2015). In this case, due to the rank-nullity theorem of 

linear algebra, the following relation is valid (Kremling, 2012): 

𝑑𝑖𝑚(𝑁𝑢𝑙𝑙(𝑁)) = 𝑞 − 𝑑𝑖𝑚(𝑅𝑜𝑤(𝑁)) > 0 (53) 

This indicates that the number of solutions for the system at steady state equals the dimension 

of the null space of N. The degree of freedom of the system equals this dimension (Ingalls and 

Iglesias, 2010). The steady-state solutions for 𝑟  from equation (52) are so far only 

mathematically meaningful. Yet, these steady-state solutions obtained do not always make 

sense biologically. Furthermore, they are vectors and, therefore, scalable. The key idea of MFA 

in this relation is to incorporate measurable (known) rates into the system description. The 

remaining unknown fluxes in 𝑟  can then be determined by metabolic balancing with the help 

of mathematical means. For this, 𝑟  and N are split into a known (measured) and unknown 

(calculable) part: 

0⃗ =  𝑁 ∙  𝑟 =  𝑁𝑚  ∙  𝑟𝑚⃗⃗⃗⃗ + 𝑁𝑐  ∙  𝑟 𝑐 (54) 

Here, the index m indicates the measured rates and stoichiometric matrix, and c the one of the 

unknown rates (that need to be calculated) plus its stoichiometric matrix. Rearranging equation 

(54) yields (Kremling, 2012): 

 𝑟𝑐⃗⃗ =  𝑁𝑐
−1 ∙ 𝑁𝑚  ∙  𝑟𝑚⃗⃗⃗⃗  (55) 

Hence, information on 𝑟𝑐⃗⃗  can be obtained by the measurement of fluxes. If 𝑁𝑐 is not quadratic 

or if it is singular, it cannot be inverted. In this case, the pseudo-inverse (Moore-Penrose-

Inverse) can be applied (Palsson, 2015). Mostly, concentrations of extracellular compounds 

(substrates or products) are experimentally quantified. These values can then be used to 

calculate the time-specific rates, which are inserted into the equation for 𝑟𝑚⃗⃗⃗⃗ . Unfortunately, the 

measured information is not always sufficient to calculate all unknown rates in 𝑟𝑐⃗⃗ . So before 

continuing to mathematically solve the problem, the system has to be analyzed and classified 

(Klamt et al., 2002). In fact, relation (55) represents a simple system of linear equations. The 

measured parts in equation (55) yield a column vector. Therefore, the number of solutions is 

determined by the matrix 𝑁𝑐. Depending on the rank of 𝑁𝑐 the system can be classified into 

(Klamt et al., 2002; van der Heijden et al., 1994a): 

• Determined: all rates in 𝑟𝑐⃗⃗  can be calculated from the measured rates. The system is 

determined when the rank of 𝑁𝑐 equals the number of unknown rates (columns of 𝑁𝑐). 
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• Underdetermined: the measured rates are not sufficient to analytically calculate all 

rates in 𝑟𝑐⃗⃗ . The system is underdetermined when the rank of 𝑁𝑐 is smaller than the 

number of unknown rates (columns of 𝑁𝑐). In this case, one possible approach is the 

formulation of a minimization problem with specified constraints. This problem is then 

solved numerically by linear programming with the help of an objective function. This 

approach is called flux balance analysis (FBA). 

• Redundant: when the system is redundant two or more (but not necessarily all) of the 

rates in 𝑟𝑚⃗⃗⃗⃗  can also be calculated. Thus, a calculated value can be derived in addition 

to the measured value of a rate. This allows checking the consistency of measured data 

and assumed stoichiometries and can help to identify measurement or model errors 

represented by the stoichiometric matrix. The system is redundant when the rank of 𝑁𝑐 

is smaller than the number of equations (rows in N). 

• Not redundant: The system is not redundant when all rows in N (and therefore also 

in 𝑁𝑐) are linear independent. This means that the system cannot be checked for 

consistency. The system is not redundant when the rank of 𝑁𝑐 equals the number of 

equations (rows in N). 

Accordingly, components in 𝑟𝑐⃗⃗  and 𝑟𝑚⃗⃗⃗⃗  are also termed and classified (van der Heijden et al., 

1994a): 

• A rate in 𝑟𝑐⃗⃗  is called:  

o Calculable, when a unique solution is obtained using equation (55). 

o Noncalculable, when no exact solution is obtained using equation (55). 

• A rate in 𝑟𝑚⃗⃗⃗⃗  is called:  

o Balanceable, when the rate can also be determined by balancing in a redundant 

system. The consistency of the measurement and the model may then depend 

on this value. 

o Nonbalanceable, when no rate can be balanced. This is always the case in 

systems that are not redundant. 

Overall, the most straightforward system would be an exactly determined and not redundant 

system. In this particular but rare case, equation (55) can be directly used to calculate all values 

in 𝑟𝑐⃗⃗ . Here, 𝑁𝑐 would be a fully ranked quadratic matrix. The next part of this subchapter 

describes how a redundant system can be treated and exploited to check the balanceability and 

consistency of the system or measurements. 
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The idea to exploit statistical methods for balancing raw measurements, detection of gross 

measurement errors, and proof of consistency originates from classical systems and chemical 

engineering (Madron et al., 1977; Ripps, 1965; Václavek, 1969). The first to incorporate the 

beforehand developed methods and adjust them for use in bioprocesses were Wang and 

Stephanopoulos in 1983. Here, they presented a systematic method for detecting and 

identifying grossly biased measurement errors with the help of macroscopic balances. Later, it 

was concluded that a similar approach can not only be used for macroscopic balances but also 

for metabolic networks, if enough measured rates are available and the system is 

overdetermined (Tsai and Lee, 1988b). For this, equation (55) is inserted into equation (54), 

delivering: 

0⃗ =  𝑁 ∙  𝑟 =  𝑁𝑚  ∙  𝑟𝑚⃗⃗⃗⃗ +  𝑁𝑐  ∙  (𝑁𝑐
−1 ∙ 𝑁𝑚  ∙  𝑟𝑚⃗⃗⃗⃗ )  

0⃗ =  (𝑁𝑚 − 𝑁𝑐  ∙  𝑁𝑐
−1 ∙ 𝑁𝑚)  ∙  𝑟𝑚⃗⃗⃗⃗ = 𝑅 ∙  𝑟𝑚⃗⃗⃗⃗  (56) 

Again, if 𝑁𝑐 cannot be inverted, the pseudo-inverse can be used. 𝑅 in equation (56) equals the 

term in the brackets and is called the redundancy matrix (Klamt et al., 2002; van der Heijden 

et al., 1994b). Only if the system is not redundant, the redundancy matrix is the null matrix and 

equation (56) automatically fulfilled, regardless of the measured rates. In redundant systems, 

the rank of the redundancy matrix states the number of equations, which need to be satisfied 

by the measured rates to satisfy the system description. So, if the rank of 𝑅 is bigger than one, 

measured rates can be used to check the feasibility of the system and the measured rates. For 

checking the consistency, the first step is to reduce the matrix 𝑅 and form the reduced 

redundancy matrix, named 𝑅𝑟𝑒𝑑, which contains only the independent equations of 𝑅 and 

therefore has full rank. It follows (Stephanopoulos et al., 2008): 

𝑅𝑟𝑒𝑑  ∙  𝑟𝑚⃗⃗⃗⃗ = 0⃗  (57) 

Usually, measured experimental data always contain errors (due to noise or maybe even 

systematic errors). Hence, equation (57) is mostly not exactly fulfilled and slight deviations 

different from zero may be obtained by multiplying 𝑅𝑟 with 𝑟𝑚⃗⃗⃗⃗ . Assuming that the 

measurement error is distributed normally and that the mean residuals (between measured 

values and “real” values) are zero, new estimated rates, named 𝑟𝑚̂ in the following, can be 

derived (a detailed explanation and derivation of the rates can be found in Stephanopoulos et 

al. (2008)). Usually, these estimates have smaller standard deviations than the raw 

measurement data. These better estimates can then be used to calculate the unknown rates with 

the help of equation (55). 
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The estimated rates can then as well be used to check if a systematic measurement error is 

present or if the employed model, represented by the stoichiometric matrix, is incorrect. For 

this, a test function h can be applied that relies on the chi-squared (χ2) distribution with degree 

of freedom equalling the Rank of matrix 𝑅𝑟𝑒𝑑 (Stephanopoulos et al., 2008). If the value of the 

test function for the tested data is smaller than the value of the χ2-distribution at the 

corresponding degree of freedom, then the data satisfy the system requirements. When the 

value of the test function h is larger, then there is something wrong with the data or the assumed 

model. To a certain extent, it is possible to analytically detect the source of the error (system 

or measured data), but this is mathematically quite cumbersome and can lead to the wrong 

diagnosis if simultaneous errors occur (van der Heijden et al., 1994b). A more comfortable and 

faster way of error diagnosis would be to eliminate one measurement at a time from the given 

set of measured rates. The remaining data are then used for recalculating the new estimated 

rates. If one of the calculations delivers statistically satisfying results, the gross measurement 

error likely lies within the eliminated rate. If no elimination delivers acceptable results, the 

system description is probably defective. 

3.5.3 Elementary mode analysis 

Biochemical networks can be tremendously complex, and it can be challenging to identify all 

feasible and biologically meaningful pathway routes from a substrate to the desired product. In 

small networks, and when constraints in the form of measured data are available, MFA or FBA 

can help in this context. While the application of classical MFA might fail because of the 

network’s structure, FBA limits the solution space by the applied objective functions and 

sometimes additionally by the restriction of specific reactions to lie within a predefined range 

(Orth et al., 2010). In this context, EMA is a powerful approach, which enables the mapping 

and analysis of biochemical networks without preconceptions (Schuster et al., 2000). The 

concept of EMA was developed by Schuster and Hilgetag (1994). The method improves earlier 

work related to stoichiometric network analysis (Clarke, 1981; Mavrovouniotis and 

Stephanopoulos, 1990) and futile cycles (Fell, 1993; Leiser and Blum, 1987). A “flux mode” 

is a steady-state distribution of intracellular reaction rates at fixed proportions. “Elementary” 

denotes that the solution is non-decomposable. In contrast to earlier approaches, EMA 

considers the thermodynamic constraints of each metabolic reaction, which are contained in 

the stoichiometric matrix N by defining educts and products of each reaction. During EMA, all 

solutions are calculated that lie within the solution (flux) space of equation (52) in conjunction 
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with these thermodynamic constraints, including cycles. Additionally, the obtained vectors 

need to fulfill a non-decomposability constraint. Hence, all solutions lie in the null space of the 

stoichiometric matrix N and fulfill the stated thermodynamic reversibility constraint. Every 

biochemical network has a unique subset of elementary flux modes. Also, one elementary flux 

mode consists of the minimum number of reactions required to achieve a phenotypic steady 

state. If one reaction is removed, the mode cannot operate as a functional unit and steady state 

will not be achieved.  

Since the early 2000s, EMA is a mature tool that allows the unbiased decomposition of 

biochemical networks into biologically meaningful pathways (Jungreuthmayer and 

Zanghellini, 2012). It allows the systematic characterization of possible phenotypes, metabolic 

network regulations, network robustness, and it can be a beneficial tool for implementing 

metabolic engineering strategies (Trinh et al., 2009). Examples for specific applications of 

EMA can be found in a broad spectrum of related review articles (Horvat et al., 2015; 

Zanghellini et al., 2013) or book chapters (Klamt et al., 2014; Trinh and Thompson, 2012). 

One major application is the calculation of maximal theoretical product yields in an assumed 

biochemical network (Bommareddy et al., 2015; Melzer et al., 2009; Trinh et al., 2008). For 

this, first, EMs are calculated. Then the maximal ratio between the reaction rate for the 

synthesis of a desired compound and the substrate uptake rate is identified from all EMs. In 

this work, EMA was also used to unveil the theoretical maximal product yields of different 

reaction networks and from different substrates. 

One limitation of EMA is that it requires immense computational power. Mathematically, all 

obtained modes for EMA form a convex polyhedral cone and can be calculated by different 

computational algorithms. Even though approaches and algorithms have experienced 

significant improvements, which could speed up computation time by several orders of 

magnitude (Gagneur and Klamt, 2004; Hunt et al., 2014; Terzer and Stelling, 2008; Urbanczik 

and Wagner, 2005; van Klinken and van Willems Dijk, 2016), calculations may still take hours 

to days. EMA cannot yet be applied to nowadays increasingly available large genome-scale 

networks (Ullah et al., 2020). Therefore, it is mainly used for high-quality middle-scaled 

metabolic networks. 
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3.5.4 Metabolic control and regulation analysis 

MFA delivers valuable quantitative information about intracellular reaction rates. It also allows 

testing the consistency of measured rates with respect to the assumed network and the detection 

of gross measurement errors. But MFA does not provide any quantitative conclusion about the 

underlying regulation and explanations for the observed fluxes. More specifically, it is often 

not intuitively clear if the observed increase or decrease of an intracellular reaction can solely 

be attributed to changes in intermediate levels or enzyme activity and therefore simply be 

explained by kinetic reasons, or if other factors are responsible. To gain a better system-level 

understanding of microbial systems and observed reaction rates, Metabolic control analysis 

(MCA) was developed. It provides a mathematical framework to quantify how changes in 

enzyme activity or external factors affect and exert control on metabolite concentrations and 

fluxes. The foundations of MCA were laid independently by Kacser and Burns (1973) and 

Heinrich and Rapoport (1974). Since then, it has experienced manifold extensions and has 

proven to be a valuable tool in many different contexts (Meireles and Simoes, 2014; Moreno-

Sánchez et al., 2008). In this work, MCA is only used in connection with regulation analysis. 

Hence, in the following, only its basics are briefly outlined.  

In MCA, the elasticity of a metabolic process 𝑖 to a metabolite 𝑥 is given by: 

𝜀𝑥
𝑖 = 

𝑑𝑣𝑖
𝑑𝑥
·
𝑥

𝑣𝑖
 (58) 

where 𝑣𝑖 denotes the steady-state rate of the reaction of the metabolic process 𝑖. The elasticities 

reflect the local kinetics in relation to the metabolite level. Here, the metabolic process can be 

a single reaction or also a series of lumped reactions. Hence, the elasticities show how sensitive 

the metabolic process is to concentration changes in substrates, products, or other effectors. In 

MCA, the amount of control that a specific process (𝑖) exerts over a system variable (𝑎), is 

described by control coefficients. These control coefficients are systemic properties, which 

cannot be determined by studying only one process or reaction alone. The control coefficient 

is defined as: 

𝐶𝑖
𝑎 = 

𝑑𝑎

𝑑𝑣𝑖
·
𝑣𝑖
𝑎

 (59) 

where 𝑎 can be a system flux or a metabolite concentration. When 𝑎 is a flux, the coefficient 

is termed a flux control coefficient, and when 𝑎 is a metabolite concentration, it is called 
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concentration control coefficient. The control coefficients are used to describe how much 

influence or control a metabolic process has on a system flux or a metabolite. For instance, a 

control coefficient close to zero would mean that the metabolic process exerts no control over 

the respective flux or intermediate, while a value close to unity would indicate that it exerts 

maximal control over the system variable. The elasticities and control coefficients are related 

by several mathematical relationships (i.e. summation and connectivity theorems) (Heinrich 

and Schuster, 1996; Reder, 1988).  

Classically, control coefficients can be determined directly experimentally according to their 

definition, by introducing very small changes in the process (enzyme) activity and measuring 

the changes in fluxes or intermediates at the new steady state. A second option is to calculate 

them from elasticities, which is referred to as the indirect method. In this case, the elasticities 

can be obtained beforehand also experimentally or by partial derivation of the assumed rate 

law of the metabolic process. However, the latter requires prior knowledge of reaction 

mechanisms and kinetic constants. For the direct approaches, one particular challenge is to 

introduce the required small changes only in the process of interest and monitor the following 

changes in vivo. This is often difficult to achieve experimentally, and the obtained data often 

fail to yield reliable results (Giersch, 1995; Pettersson, 1996). A drawback of the indirect 

method is that the data for calculation of the elasticities are in most cases gained from isolated 

enzymes in vitro, where the process might show different behaviour and properties than in 

vivo. Therefore, MCA is, owing to its demanding experimental effort and despite its strong 

theoretical basis, a rather rarely used method. 

One important finding in the experimental determination of elasticities and control coefficients 

was made by Small and Kacser (1993). They showed that, for linear unbranched pathways, the 

MCA framework can also be applied for larger finite changes, which are easier to achieve 

experimentally. Another meaningful extension of MCA towards an easier experimental 

determination of control coefficients was developed by Wu et al. (2004), which allows the 

estimation of elasticities from large perturbation experiments based on lin-log kinetics. In 

addition, symbolic MCA represents an extension to the classical metabolic control analysis and 

enables the analytical calculation of algebraic control coefficient expressions (Christensen et 

al., 2018a). Based on the several known summation and connectivity relationships between 

control coefficients and elasticities, for small and simple linear systems, these expressions can 

be derived manually by hand. For larger and more complex systems, the algebraic expression 

might cover hundreds of terms and can be computed with the help of appropriate software. In 
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addition to the algebraic calculation of control coefficients in determined systems, symbolic 

MCA also allows conclusions and statements about the control patterns of a system, even if 

exact values of the elasticities and control coefficients are unknown. 

In relation with MCA, a regulation analysis provides a quantitative description of how a 

parameter causes changes in the fluxes and metabolite levels of metabolic systems and how 

they transmit through the system (Brand, 1997). To perform a regulation analysis, steady-state 

fluxes, elasticities, and control coefficients of the defined system must be available. First, the 

so-called integrated elasticities (𝐼𝐸𝛥𝑞
𝑖 ) are calculated (Ainscow and Brand, 1999). The 

integrated elasticities quantify the amount in observed flux that cannot be explained locally by 

the change of the intermediate. They can be calculated by: 

𝐼𝐸𝛥𝑞
𝑖 =  𝛥𝐽𝑖 − 𝜀𝑥

𝑖 ·  𝛥𝑥 (60) 

with the elements: 

𝛥𝑥 =  
𝑥𝛥𝑞 − 𝑥0

𝑥0
 (61) 

𝛥𝐽𝑖 = 
𝐽𝑖
𝛥𝑞
− 𝐽𝑖

0

𝐽𝑖
0  

(62) 

where 𝑥 and 𝐽 denote the metabolite concentration and fluxes at perturbed (𝑥𝛥𝑞 ,  𝐽𝑖
𝛥𝑞

) and 

reference steady state (𝑥0, 𝐽𝑖
0). In the next step, the partial integrated responses ( 𝐼 

𝑖 𝑅𝛥𝑞
𝑎 ) are 

determined. These partial integrated responses state, to which extend the process 𝑖 is involved 

in transmitting the response in the variable 𝑎 (which is a flux or intermediate) to a parameter 

change (𝛥𝑞) (Kholodenko, 1988). The partial integrated responses ( 𝐼 
𝑖 𝑅𝛥𝑞

𝑎 ) can be obtained by 

the known control coefficients and the integrated elasticities (Ainscow and Brand, 1999): 

𝐼 
𝑖 𝑅𝛥𝑞

𝑎 = 𝐶𝑖
𝑎 ·  𝐼𝐸𝛥𝑞

𝑖  (63) 

The partial integrated responses allow a conclusion if the observed metabolic response to an 

external factor is of a direct or indirect (transmitted) nature. Overall, the sum of the partial 

integrated responses quantifies the total strength of the observed response of the variable 𝑎 to 

the parameter change 𝛥𝑞. This sum is called the integrated response ( 𝐼 
 𝑅𝛥𝑞

𝑎 ):  

𝐼 
 𝑅𝛥𝑞

𝑎 = ∑ 𝐼 
𝑖 𝑅𝛥𝑞

𝑎

𝑎𝑙𝑙 𝑖

 (64) 
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3.6 Metabolomics 

3.6.1 Definition and overview 

Instead of using MFA, which relies on the measurement of external reaction rates and an 

assumed metabolic network, direct metabolomic investigation of intracellular compounds can 

also deliver more empirical and valuable information on metabolic shifts and mechanisms. In 

comparison to other "Omics", metabolomics focus on small molecules with a mass <1500 Da 

(Bowen and Northen, 2010). From all ‘Omic’ technologies, metabolomics is the one most 

predictive of the phenotype since it reflects the final complex result of metabolic adaptions and 

regulations on multiple levels (Patti et al., 2012). Figure 13 displays an overview of the standard 

workflow for metabolomic studies. The workflow can be separated into the following steps, 

which is treated in more detail within the remaining parts of this subchapter: 

• Cell cultivation: Cells are cultivated at defined conditions. Often, cells are only 

subjects to batch cultivation in shake flasks. This approach has the disadvantage that 

conditions are not well controlled and that data between experimental groups might be 

difficult to compare. Continuous cultivations at steady state should be preferred. 

• Cell sampling and quenching: The sampling process and sample processing are 

crucial for determining intracellular metabolite concentrations. Many intracellular 

reactions reach a steady state within only a few seconds (Taymaz-Nikerel et al., 2011). 

This means that too long sampling taking times deliver wrong information on the actual 

composition of the cells' metabolome. Ideally, the sample is taken instantly, and the 

cells are immediately quenched by chemical or physical methods.  

• Extraction: After the sampling and quenching step, cells and intracellular metabolites 

should be separated from extracellular chemicals (e.g. media components or excreted 

cellular metabolites). Then, the intracellular compounds are subject to physicochemical 

extraction procedures. The extraction is required to concentrate specific metabolites of 

interest and to make the sample matrix compatible with the following analytical 

methods. 

• Analytics: Here, the actual quantification of the extracted intracellular compounds 

takes place. Within the last decades, ongoing advancement in the field of bioanalytical 

chemistry has led to the development of extremely sensitive detection methods for a 

broad spectrum of molecules from different chemical compounds classes and with a 
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broad range of molecular weight (He and Toh, 2006; Keçili et al., 2019; Yoshimura et 

al., 2016). 

• Data interpretation: In metabolomic studies, vast amounts of data might be generated, 

which must be proceeded, normalized, and annotated to the metabolites. In this context, 

data analysis and interpretation are particularly critical and often neglected. Different 

mathematical and statistical methods can be applied. Also, the comparison of data from 

different experimental groups is essential in metabolomic studies. In this case, statistical 

significance has to be evaluated. Different statistical tests might be suitable depending 

on the study design, available experimental data, and the hypothesis.    

Overall, all the steps mentioned above need to be precisely planned in advance and carefully 

chosen in adjustment with each other. Especially the sampling process, the extraction method, 

and the following analytics need to harmonize and have to be selected under the government 

of the experimental question that shall be answered. In general, metabolomics can be roughly 

separated into two different approaches, namely targeted and untargeted. The meaning and 

difference between these two approaches are explained in the following. 

 

Figure 13: Experimental steps in the workflow of metabolomic studies. 
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3.6.2 Targeted and untargeted metabolomics 

Metabolomic studies can be targeted or untargeted. In targeted metabolomics, predefined 

metabolites are tracked to verify changes to environmental changes of cells (Roberts et al., 

2012). This approach requires a knowledge of the microbe’s biochemistry and a clear 

hypothesis that is intended to be proven. In untargeted metabolomics, the approach is much 

broader. It is applied when not much is known about the metabolic mechanisms or novel cell-

specific compounds that want to be measured. Usually, the untargeted approach, especially the 

data processing step, is much more time-consuming and labor-intensive than the targeted 

approach (Gorrochategui et al., 2016; Xiao et al., 2012). On the other hand, an advantage of 

the untargeted approach is that it can deliver information on completely unknown mechanisms 

and regulations (Dunn et al., 2013).  

3.6.3 Fast sampling and quenching 

Many different methods for sampling and quenching have been evaluated in the literature 

(Barnes et al., 2016; Marcinowska et al., 2011; Sellick et al., 2010). It is important not to 

damage the cells during quenching since this would lead to a mixture of intra- and extracellular 

compounds (van Gulik, 2010). The first fast sampling systems were developed in the 1990s 

and consisted of a valve connected to the bioreactor via a capillary and opened for sampling 

(Theobald et al., 1993). The sample was then collected in a precooled sampling tube, which 

was filled with acid to quench the metabolism of the cells. In another remarkable approach 

(Weuster-Botz, 1997), samples were drawn continuously for 200 s into a 4 mm thin sampling 

tube, in which the solution was immediately mixed with precooled perchloric acid for rapid 

inactivation and extraction. After the sampling was finished, the tube was frozen at -80°C and 

cut into pieces. Due to the axial dispersion of the liquid in the sampling tube, the concentration 

of different intracellular metabolites in the different pieces allowed a highly accurate and 

dynamic tracking of microbial metabolite concentrations. In 1999 Schaefer et al. developed a 

sampling system in which a magnetic valve connected to the bioreactor opened automatically. 

Then, the sampling solution was directly delivered into sampling tubes filled with precooled 

methanol solution. The sampling tubes were fixed in transport magazines and continuously 

moved forward by a stepper motor. After sampling, the solutions were centrifuged to separate 

cells from extracellular compounds and then extracted. The quantified metabolites from 

different sampling tubes allowed the dynamic monitoring of intracellular metabolites. One 
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advantage of this system was the high sampling frequency: one sample was taken within 

220 ms, resulting in a sampling rate of 4.5 s-1. The described approaches herein all relied on 

mixing the cells with precooled acidic solutions to stop the metabolism. This has the 

disadvantage that cells might disrupt and a mixing of intra- and extracellular compounds 

occurs, even when the cells are separated after the sampling (as conducted by Schaefer et al. 

(1999)). To avoid this problem, fast-filtration sampling techniques have been developed and 

are considered state-of-the-art for metabolic studies nowadays (Bordag et al., 2016; Lorenz et 

al., 2011). Here, cells are taken from the bioreactor and directly filtered and washed with a 

washing solution. After this, cells are quenched, usually by the addition of liquid nitrogen (LN). 

In comparison to other techniques, this filtration approach offers two significant advantages: 

the cells are reliably separated from extracellular compounds by the washing step and the 

quenching process does not extensively damage the cells. The use of LN instead of acid or base 

does also has the advantage that chemical alteration of the sample matrix is minimized. 

3.6.4 Sample extractions and analytical methods 

After sampling and extraction, the metabolites can be analyzed by different analytical methods. 

In modern metabolomics, the most common are proton nuclear magnetic resonance (H-NMR), 

gas chromatography-mass spectrometry (GC-MS), liquid chromatography-mass spectrometry 

(LC-MS), or merely the liquid chromatography of metabolites (Barnes et al., 2016; Buchholz 

et al., 2002; Gao and Xu, 2015; Madji Hounoum et al., 2016). For GC-MS, the compounds 

need to be derivatized to make them more volatile (Budzikiewicz and Schäfer, 2012). 

Furthermore, isotope-tracer experiments can be conducted. In that case, tandem mass 

spectrometry (MS/MS) is often applied (Choi and Antoniewicz, 2011). If exact quantitative 

results are desired (in contrast to relative metabolite quantification), samples need to be 

normalized with the help of standards or additional cell-specific normalization methods (Wu 

and Li, 2016). Data proceeding and interpretation are key steps in metabolic studies 

(Gorrochategui et al., 2016; Xiao et al., 2012). For compound identification and statistical 

analysis, a broad range of tools and software are commercially available (Blaženović et al., 

2018; Cambiaghi et al., 2017). 
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3.6.5 The rapid sampling unit for superior metabolomic investigations 

At the Institute of Bioprocess- and Biosystems Engineering of the TU Hamburg, a rapid 

sampling unit (RSU) with integrated half-automated sampling by fast filtration and quenching 

by LN has been developed (da Luz et al., 2017; da Luz et al., 2014). This machine makes the 

sampling and quenching process for metabolomic studies convenient, efficient, and more 

reproducible compared to other manual methods. Figure 14 shows the RSU. It consists of a 

bioreactor with peripheral devices and transmitters, a tubing system for sample delivery, and a 

pressurized system of magnetic valves. For the sampling process, the transport magazines (with 

the filtration modules attached) are moved forward into the sampling position by a stepper 

motor. Then the sampling process begins with the help of the valving system and a proven 

algorithm. 

 

Figure 14: Photo of the rapid sampling unit for metabolomic investigations at the Institute of Bioprocess- and 

Biosystems Engineering (TU Hamburg). Photo: Roman Jupitz. 

Figure 15 shows a simplified overview of the valving system's configuration. Table 2 states the 

status of each valve for every step of the sampling algorithm. In the first step, a sampling and 

washing loop are filled with the filter washing solution and a sample from the bioreactor. Both 

sample loops have a predefined length and diameter, allowing them to control the liquid volume 
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of each loop. The washing loop is filled by applying an overpressure with air or N2. Instead, 

the sampling loop is filled by an underpressure that is generated by a vacuum pump. After loop 

filling, the configuration of the valves is changed and the filled liquids (sample and washing 

solution) are delivered to the filter module by an adjustable pressure. After filtration and filter 

washing is finished, the filter module moves one position forward and the lines are entirely 

rinsed with the washing solution. Simultaneously, LN is manually added to the filters to stop 

the metabolism. The fast filtration, including quenching, is usually finished within 6-8 s. Then, 

the filter modules are removed and stored at -80°C for further analysis. In the end, all lines are 

additionally purged by air or N2, the magazine moves one further position forward, and the 

following sample is taken from the bioreactor. With one filter magazine, five samples can be 

taken. Internal standards in the fermentation medium allow the calculation of exact volumes 

and cell mass on the filter. After the sampling, all filters are then further processed and the 

metabolites are extracted from the filters for the quantification of the intracellular metabolites.   

 

Figure 15: Valving system and configuration of the rapid sampling unit (modified from da Luz et al. (2014)). 

 

Table 2: Valve statuses during fast filtration with the rapid sampling unit. The order and connection of the valves 

are displayed in Figure 15. 

Step Time, s V-1 V-2 V-3 V-4 V-5 

Loop filling 1 │ └ ┘ └ ┘ 

Filtration and filter washing 3 ─ ─ ─ ─ ─ 

Magazine movement, 

quenching and line rinsing 
2 │ └ ─ ─ ─ 

 ∑ = 6      

 

 



4  Materials and methods  63 
 

4 Materials and methods 

4.1 Strains and Media 

4.1.1 C. pasteurianum 

An electrocompetent strain C. pasteurianum R525 and a PDO lacking mutant strain, referred 

to as C. pasteurianum dhaB mutant strain in this work, were used in this dissertation. Both 

strains were evolved from the wild-type strain C. pasteurianum DSM 525. The generation of 

both strains was described in detail by Schmitz et al. (2018). Two media were used: Reinforced 

Clostridial Medium (RCM) and a modified medium from Biebl (Biebl, 2001). The medium 

composition is displayed in Table 3. The Biebl medium requires the addition of a trace element 

stock solution (Table 4). Preparation and strain maintenance were the same as described by 

Sabra et al. (2014). Initial glycerol concentration for the cultivations was 25 g L-1. The feeding 

solution in the fed-batch cultivations consisted of Biebl medium with 500 g L-1 pure glycerol. 

For the continuous cultivation, the glycerol concentration in the feeding solution was 36 g L-1 

and yeast extract was replaced with 2 µg L-1 of biotin. The biotin, iron, and cysteine solutions 

were prepared separately and added by sterile filtration into the fermenter and the feeding 

solutions. All used fermentation media and feeding solutions additionally contained 1 g L-1 of 

D-xylose as an internal standard for the calculation of the cell-specific concentration of 

intracellular compounds obtained from automated fast sampling. No metabolization of D-

xylose was observed. All chemicals were obtained from Carl Roth (Germany). During 

cultivation, cultures were regularly examined for contaminations under a light microscope. 
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Table 3: Composition of RCM medium (left) and Biebl medium (right) for the cultivation of C. pasteurianum.  

Component  concentration, g L-1 
 

Component  concentration, g L-1 

Yeast extract  3.0  Glycerol 25 

Meat extract   10.0  Yeast extract  1.0 

Peptone  10.0  KH2PO4 0.5 

Glucose  5.0  K2HPO4 0.5 

Soluble starch  1.0  (NH4)2SO4 5.0 

NaCl 5.0  MgSO4·7H2O 0.2 

Sodium acetate  3.0  CaCl2 0.02 

L-Cysteine 0.5  FeSO4 0.05 

  Trace element  2 mL 
   Resarzurin  0.2 mL 
   L-Cysteine 0.5 
   D-xylose 1.0 

 

Table 4: Composition of the Biebl medium trace element solution. 

Component  concentration, g L-1 

HCl (25 %) 1 mL 

ZnCl2 0.07 

MnCl2∙4H2O 0.1 

H3BO3 0.06 

CoCl2∙6H2O 0.2 

CuCl2∙2H2O 0.02 

NiCl2∙6H2O 0.02 

NaMoO4∙2H2O 0.04 

4.1.2 R. toruloides 

Strain (R. toruloides DSM 4444) and seed culture preparation were the same as described by 

Bommareddy et al. (2016a). Two different media were used: one semi-defined nitrogen-limited 

medium (described by Bommareddy et al. (2015) and Papanikolaou et al. (2002)) with 30 g L-1 

glucose and 0.5 g L-1 (NH4)2SO4 and a completely defined nitrogen-limited medium from Shen 

et al. (2017) with 60 g L-1 glucose and 1.0 g L-1 (NH4)2SO4. The composition of both media is 
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listed in Table 5. The defined medium contained a trace element solution (see Table 6), which 

was filtered sterile and added into the medium before inoculation. The defined medium was 

only used in the mediator experiments. All stock solutions for glucose, phosphate salts, calcium 

chloride, and iron solutions were autoclaved separately and filtered into the media after 

sterilization. The tested redox mediators Neutral red (NR) and Brilliant blue (BB) were 

dissolved in ultra-pure water and sterile-filtered into the medium before inoculation. All 

chemicals were obtained from Carl Roth (Germany). Cultures were regularly examined for 

contaminations and lipid accumulation under a light microscope. 

Table 5: Media composition for the cultivation of R. toruloides. Left: semi-defined medium. Right: defined 

medium.  

Component concentration, g L-1  Component concentration, g L-1 

Glucose 30  Glucose 60 

KH2PO4 7  KH2PO4 1 

Na2HPO4 2.5  Na2HPO4 1 

MgSO4·7H2O 1.5  MgSO4·7H2O 1.5 

ZnSO4·7H2O 0.02  (NH4)2SO4 5 

FeS04·7H2O 0.15 
 

Trace element solution 10 mL 

CaCl2 0.15 
   

MnSO4·H2O 0.06    

(NH4)2SO4 0.5    

Yeast Extract 0.5    

Table 6: Composition of the trace element solution used in the defined medium for the cultivation of R. toruloides. 

Component  concentration, g L-1 

ZnSO4·7H2O 0.1 

FeS04·7H2O 0.55 

CaCl2·2H2O 4.0 

MnSO4·H2O 0.076 

H2SO4 (18 M)  0.1 mL 
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4.2 Cultivation systems and conditions 

4.2.1 Fed-batch cultivations of C. pasteurianum  

The fermentations were carried out in a controlled glass bioreactor system with a working 

volume of 3 L from Bioengineering (Switzerland), coupled to the rapid sampling unit. The 

reactor was stirred at 300 rpm by a bottom-driven stirrer. In the fed-batch fermentations, the 

feeding was started 8 h after inoculation at a rate of 3 g L-1 h-1 of glycerol and after 20 h reduced 

to 1 g L-1 h-1. The electricity aided-fed-batch-fermentations were conducted with the help of 

the recently developed “All-In-One” electrode (Utesch and Zeng, 2018). The electrode was 

controlled chronopotentiometrically by an Interface 1000 potentiostat from Gamry (USA). The 

current supply was started together with feeding after 8 h of cultivation and kept at a constant 

level of -400 mA. Cell voltage was recorded. Gas volume fractions of hydrogen and carbon 

dioxide were measured by off-gas analyzers from BlueSens (Germany). The gas volume off-

gas stream was measured by Milligascounters (Dr. Ing. Ritter Apparatebau, Germany). The 

cultivation system was equipped with redox and pH probes from Mettler-Toledo (US). Before 

all fermentations, the probes were calibrated according to the manufacturer's instructions. pH 

was maintained at 6.0 by the automated addition of 5 mol L-1 potassium hydroxide. The 

temperature was controlled at 35°C. All reactors and periphery were sterilized for 20 min at 

121°C. In order to establish anaerobic conditions after sterilization, the reactors were purged 

with pure nitrogen for 10 min at 90°C and while cooling down to 35°C. The reactor system for 

the fed-batch fermentations was coupled to a self-developed automated fast-filtration system. 

The fast sampling procedure and sample preparations are described in the following section. 

4.2.2 Continuous cultivations of C. pasteurianum  

The fermentations for the continuous electricity-aided cultivations were also conducted in a 

glass bioreactor from Bioengineering, coupled to the fast-filtration system. Here, the reactor 

had a working volume of 1.33 L. This volume was the minimal volume possible to ensure that 

the mesh electrode of the All-in-One electrode was always covered with liquid. Preparations 

(probe calibration, sterilization, and establishing anaerobic conditions) and process conditions 

(pH, temperature, stirring rate) were the same as in the fed-batch experiments. Off-gas 

composition and volume stream were measured by a Balzer Omnistart GSD 300 mass 
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spectrometer coupled to highly accurate EL-FLOW mass flow meters from Bronkhorst 

(Netherlands). 

To study the influence of different ORP levels on the metabolism of C. pasteurianum, it was 

intended to apply MFA. For MFA with C. pasteurianum, off-gas measurements are of 

particular importance. To ensure high-quality off-gas data (gas composition but also gas flow), 

a special control for the dilution rate was implemented. In common continuous cultivations, 

the liquid level is controlled by placing an overflow pipe on the liquid surface and constantly 

pumping excess liquid out of the fermenter. In most cases, this is a satisfyingly good approach. 

However, this approach was avoided in this work because of two drawbacks of this method: 

1.) The overflow pipe method can lead to issues when foaming occurs, and 2.) The value for 

offgas-data might be underestimated since trace amounts of gas might also leave the reactor by 

a continuously running pump. Hence, the approach used in this work did couple the pumping 

rate of the outlet pump to the scale signal of feed and waste bottles. The pump was first 

activated when a traceable weight difference was measured. Furthermore, an additional 

algorithm controlled the feeding rate regularly to account for changes in pumping performance 

(due to tube or sealing tiredness during long process times) and ensure a genuinely constant 

dilution rate. The implemented algorithm did allow the successful control of the reactor volume 

at +- 2 mL. Since the used rapid sampling system relies on an ILC 350 ETH bus system from 

Phoenix Contact (Germany), it could not be used with the available scales. Therefore, Labview 

(National Instruments, USA) was used to receive and process the signal of the feed scale via a 

RS232/USB interface and make it available for control of the bus system governed outlet pump 

speed via an OPC server. Figure 16 displays the peripheral set-up and structure for the 

implemented volume control algorithm.  
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Figure 16: System structure for the fermenter volume control algorithm during the continuous cultivation of 

C. pasteurianum in the rapid sampling unit. 

Different ORP set-points were tested in the continuous cultivation. The control algorithms by 

applying electric current for ORP control had to be developed and were further optimized 

during the experiments. Hence, the ORP control is considered part of the results and discussion 

of this dissertation. The OPR control algorithm was implemented via Labview by a simple 

PID-function. The measured ORP signal was made available as controller input via the OPC 

server. The Labview interface of the Gamry Potentiostat Software was then used to control the 

electrode with applied current as controller outputs.  
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Figure 17: Experimental set-up for the electricity-aided continuous cultivation of C. pasteurianum in a system 

with automated fast-filtration.  

4.2.3 Cultivation of R. toruloides  

The cultivations were performed in 1.5 L DASGIP parallel reactor systems from Eppendorf 

(Germany). The experimental set-up is displayed in Figure 18. The initial working volume was 

1.25 L. 50 mL of 24 h old seed culture were used for inoculation of the main culture. pH was 

maintained at 6.0 using 5 M NaOH and 2 M H2SO4. The temperature was maintained at 30°C. 

All reactors were equipped with pH-, redox- and amperometric pO2-probes. Since controlling 

the dissolved oxygen (pO2) at very low set-points was one of the main experimental challenges, 

special attention was paid to regular proper maintenance (exchange of membranes and 

electrolytes) and correct calibration of the pO2-probes. The pO2 was controlled by adjusting 

stirrer speed and aeration rate with air. Initial values for all reactors were 400 rpm and 0.5 vvm. 

For maintaining different levels of pO2 during the lipid production phase, software controlling 

parameters were manually adapted constantly. For the anaerobic conditions, aeration was 

stopped entirely after the growth phase.  
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Figure 18: Cultivation of R. toruloides in DASGIP parallel bioreactors. 

The reactors for electricity-aided fermentations were equipped with a scaled-down version of 

the “All-In-One” electrode (Utesch and Zeng, 2018), as displayed in Figure 19. Electrodes were 

made of platinized titan and separated by a cylindrical ceramic, which was custom made and 

replaced regularly. A Gamry Interface 1000 potentiostat was used to operate the BES 

chronopotentiometrically at different current strengths (+0.4 A, -0.4 A , and –1.0 A). In 

addition, the cell voltage was recorded. All reactors were autoclaved together with probes and 

the All-In-One electrode at 121°C for 20 min.  
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Figure 19: Dimensions (in mm) of the scaled-down All-in-One electrode (left), scaled-down All-in-One 

electrode, and scaled-down All-in-One electrode in 1.5 L DASGIP bioreactors (Utesch and Zeng, 2018). 
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4.3 Sampling and analytics  

4.3.1 Cell growth 

Cell growth was tracked by measuring the OD600. For C. pasteurianum in the fed-batch 

experiments, the cell dry weight was obtained by multiplying the OD value with the constant 

factor of 0.336, according to Groeger et al. (2016). In the continuous fermentations and for 

R. toruloides, cell dry weight was determined gravimetrically from cell pellets of 2 mL culture 

broth, dried at 70°C for 24 h. The pellets were obtained by 5 min of centrifugation at 

13.000 rpm. 

4.3.2 Quantification of extracellular compounds 

In the experiments with C. pasteurianum extracellular concentrations of glycerol, PDO, lactate, 

formate, acetate, ethanol, butyrate, pyruvate, succinate, and n-butanol were quantified by an 

HPLC system from Kontron (UK). Separation took place on Aminex HPX-87H column at 

60°C with a flow rate of 0.6 mL min-1 5 mM H2SO4. For this, cells were centrifuged at 

13.000 rpm for 5 min and the supernatant was filtered through a 0.2 µm PVDF filter. For the 

continuous cultivations of C. pasteurianum, ethanol concentrations were verified by using the 

commercially available enzymatic “Ethanol-Kit K-ETOH” from the Megazyme (Ireland).  

For the experiments with R. toruloides, only glucose was quantified by HPLC. The system was 

the same as for the C. pasteurianum experiments, but the temperature was reduced to 40°C and 

flow rate to 0.4 mL min-1 to allow a clear separation of the glucose peak at high initial levels 

of ammonium salts. Glucose was detected by a refractive index detector. For HPLC 

measurements, cells were also centrifuged at 13.000 rpm for 5 min at 4°C and the supernatant 

was filtered through a 0.2 µm PVDF filter.     

4.3.3 Targeted metabolomics 

4.3.3.1 Fast sampling and extraction procedure 

For quantification of intracellular metabolites from fast-sampling, only minor changes were 

made to the set-up described by da Luz et al. (2017): the pressure-driven filtration used nitrogen 

at 1.5 bar instead of air and the solution for filter washing contained ammonium bicarbonate 
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instead of sodium chloride, since washing the filter with sodium chloride resulted in a non-MS 

compatible sample matrix. The ionic strength of the washing solution was adjusted to match 

the initial ionic strength of the fermentation medium. LN2 was used for quenching of the filters. 

The whole sampling process, including filtration, filter washing, and quenching was finished 

within 6-8 seconds. For the optimized quantification of nicotine adenine dinucleotide redox 

cofactors, the extraction solvents and workflow were adapted and modified from Lu et al. 

(2018). Extractions were carried out in 16 mL Nalgene polycarbonate centrifuge tubes (Thermo 

Fisher Scientific, Germany) and started directly after the fast sampling. After quenching, the 

filters were immediately removed from the filter modules and stored in 5 mL -20°C extraction 

solvent containing acetonitrile/methanol/water in the volume fractions 40/40/20 and 

0.1 mol L-1 formic acid. For every fast sampling time point, single two round extractions from 

3 separate filtrations were conducted. First, the quenching solutions containing the submerged 

filters were vortexed for 30 seconds and tubes flash-frozen in LN for 3 min. Then the solutions 

were allowed to thaw in an ultrasound bath for 2-3 min and vortexed for 30 seconds again. 

After this, 435 µL of ice-cold ammonium bicarbonate (15% w/v) were added and vortexed 

briefly. Then the solutions were centrifuged in a Heraeus Biofuge Stratos centrifuge (Thermo 

Fisher Scientific, Germany) for 15 min at 13000 rpm and -19°C. In experiments to validate the 

extraction and analytical methods, 80% Methanol (= 80% MeOH) was also tested as an 

extraction solvent. In this case, the acetonitrile/methanol/water mixture in the volume fractions 

40/40/20 with 0.1 mol L-1 formic acid (= ACN) was replaced by the methanol solution. 

The supernatant was removed and temporarily stored at -20°C. After this, 5 mL of extraction 

solvent were added to the filter pellet and the extraction procedure was repeated. The 

supernatants of two extraction rounds were pooled and finally filtered through a 0.2 µm PVDF 

filter. Extracts and also filtrates were stored at -80°C until all samples were taken and extracted. 

Finally, the extracts were lyophilized for 48-72 h and stored for further analysis at -80°C.  

4.3.3.2 LC-MS/MS measurements 

Concentrations of pyruvate, acetyl-CoA, crotonyl-CoA, butyryl-CoA, AMP, ADP, ATP, and 

NAD+ were determined using liquid chromatography coupled to tandem mass spectrometry 

(LC-MS/MS). For samples from the continuous cultivations, glyceraldehyde-3-phosphate was 

also measured. Standards of these compounds were purchased in the purest quality available 

from Sigma-Aldrich (US). For LC-MS/MS analysis in the central lab facilities of TU Hamburg, 

lyophilized samples were resuspended in ultrapure water and analyzed by an Agilent Sciex 

QTRAP 5500 coupled to an Agilent Model 1260 HPLC system (Thermo Fisher Scientific, 
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Germany). The HPLC system was equipped with a Bridge Amide column (3.5 µm, 100 mm x 

3 mm) from the company Waters (USA). The pump rate was 350 µL min-1. Two eluents were 

used: water with 20 mM ammonium hydroxide plus 20 mM ammonium acetate (eluent A) and 

acetonitrile (eluent B). The gradient of the mobile phase was changed in 5 steps over the data 

acquisition phase of 25 min. The exact composition of the mobile phase can be found in Table 

7. The injection volume was 5 µL and the column temperature 30°C.   

Table 7: HPLC elution profile of the LC-MS/MS method. *= 20 mM NH4OH and 20 mM CH3COONH4 in H2O; 

**= acetonitrile. 

Time, min Eluent A*, % (v/v) Eluent B**, % (v/v) 

0 15 85 

3 70 30 

12 98 2 

16 98 2 

16.1 15 85 

25 15 85 

4.3.3.3 Enzymatic kits 

Total amounts of NAD+ plus NADH were quantified by a commercially available enzymatic 

kit in 96-well plates. The used kit is named “AmpliteTM Colorimetric NAD/NADH Ratio Assay 

Kit” and was purchased from biomol (Germany). It was used according to the manufacturer’s 

instructions. NADH concentrations were obtained by subtracting NAD+ amounts from the 

measured overall amount of NADH plus NAD+.   

4.3.3.4 Adenylate Energy Charge 

The Adenylate Energy Charge (AEC) is an essential indicator of the energetic cellular state 

and was obtained from the measured intracellular molar concentrations of AMP (𝑐𝐴𝑀𝑃), ADP 

(𝑐𝐴𝐷𝑃) and ATP (𝑐𝐴𝑇𝑃) by the following equation (Atkinson and Walton, 1967): 

𝐴𝐸𝐶 =
𝑐𝐴𝑇𝑃 + 0.5 𝑐𝐴𝐷𝑃
𝑐𝐴𝑇𝑃 + 𝑐𝐴𝐷𝑃 + 𝑐𝐴𝑀𝑃

  (65) 

4.3.3.5 Statistical tests 

For the continuous cultivation of C. pasteurianum, a one-way analysis of variance (ANOVA) 

was conducted to test the metabolomic data's statistical significance, followed by a posthoc 

Tukey’s test. The analysis was performed with the Software Origin Version 2020 (OriginLab 

Corp., USA). Four data were available for each metabolite from one steady state. The 

significance level (α) was chosen to be 5%. 
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4.3.4 Lipid analytics 

4.3.4.1 Production of fatty acid methyl esters and GC-FID quantification 

For lipid quantification, 10 mL of culture broth were centrifuged for 10 min at 7000 g at 4°C 

and the supernatant discarded. The cell pellet was freeze-dried for 72 h and then used for the 

production of fatty acid methyl esters (FAMEs) by a protocol of direct transesterification 

(similar to Griffiths et al. (2010) and Meo et al. (2017)). First, the freeze-dried cells were 

homogenized and 10-20 mg weighted into rubber-sealed glass reaction vials. Then 400 µL of 

Toluol as solvent and 100 µL of 2,2-dimethoxypropane as water scavenger were added. After 

this, 1 mL of 0.5 M ice-cold Natriummethoxid in Methanol was added to start base-catalyzed 

transesterification, taking place in a rotary shaker at 600 rpm at 70°C for 40 min. After 

incubation, the samples were kept on ice for 5 min and additional acid-catalyzed 

transesterification was started by adding 1 mL HCl in MeOH (5% (v/v)). The incubation step 

(600 rpm for 40 min at 70°C) was repeated, and the cells were left on ice again for 5 minutes. 

Then 400 µL of ultra-pure water and 400 µL of hexane were added to each sample. Then the 

samples were carefully vortexed and rested on ice for 10 min to allow phase separation. The 

upper organic phase was finally used for FAME quantification by gas chromatography 

equipped with a flame ionization detector (GC-FID). Two internal standards were additionally 

used for the transesterification and final extraction steps: C12-TAG and C19-FAME. Each 

sample was extracted in duplicate. GC was performed with a Varian 3900 gas chromatograph 

equipped with a TR-FAME column from Thermo Scientific (Germany) with dimensions of 

50 m x 0.22 mm x 0.25 µm. The injector temperature was 250°C. The flow rate of the carrier 

gas hydrogen was 2.0 mL min-1. Oven start temperature was 150°C, held for 1 min and 

increased to 250°C by 30°C min-1. Nitrogen was used as make-up gas. The FID temperature 

was 280°C. All standards and chemicals used for extraction and calibration were bought in the 

purest quality available from Merck (Germany).  
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4.4 Fluxomics and calculations 

4.4.1 Carbon, electron and redox balances 

For the cultivations of C. pasteurianum, 𝐶𝑅, 𝑅𝐻
𝑀𝐴𝐶𝑅𝑂, 𝑁𝐴𝐷𝐻𝑅 and 𝑅𝐻

𝑆𝑃𝐴𝑇𝐻 were calculated 

according to the equations (44), (45), (46) and, (50), respectively. The amount of 

electrochemically produced hydrogen in the BES cultivations was obtained from equation (48) 

when a current of -0.4 A was applied. If other currents than -0.4 A were applied, the equation 

was adjusted with respect to the different faradaic efficiencies and production rate of hydrogen, 

based on the experimental data reported by Utesch and Zeng (2018). For experiments in which 

no electrode was used, 𝑐𝐻2,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒  is zero. 

For cultivations of R. toruloides, the experimental set-up did not allow the quantification of 

off-gas flow and composition. Hence, no carbon and electron balances could be calculated. 

4.4.2 Estimation and calculation of cell-specific reaction rates 

To make the dynamic physiological state of C. pasteurianum cells comparable in the fed-batch 

cultivations, the cell-specific substrate uptake and production rates for glycerol, PDO and n-

butanol were obtained in a similar approach as used by Niklas et al. (2011): cubic hermite 

splines were fitted to the measured extracellular metabolite (𝑐𝑖) and biomass (𝑐𝑥) data and then 

the specific rates (𝑞𝑖) were obtained by the following equation: 

𝑞𝑖 = 

𝑑𝑐𝑖
𝑑𝑡
𝑐𝑥
  (66) 

Fitting was conducted in Matlab (Version R2013a) using the function pchip. Spline first 

derivatives were obtained by the function fnder. For calculating the cell-specific rate from the 

experimental data of the continuous cultivations, equation (23) was applied. Concentrations of 

extracellular compounds and biomass at steady state were used. Off-gas data were corrected 

for CO2 absorption in the measurement of the CO2 evolution rate, according to Zeng (1995b). 
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4.4.3 Metabolic flux analysis 

For convenience and simple modification plus testing of different biochemical networks, MFA 

was conducted with the plugin CellNetAnalyzer (Version 2017.3; Kamp et al., 2017). A list of 

the final reaction network used for MFA of C. pasteurianum is appended to this work (Table 

A.3). This work only covers the MFA results for the continuous fermentation of 

C. pasteurianum. For rate estimation by variances-weighted least square regression, the 

variances of four independent measurements (taken in three 15 min intervals) at steady state 

were used for each condition. For off-gas values and the rate for the biomass formation 

reaction, a standard deviation of 5% was assumed. The final metabolic network used for MFA 

has a degree of redundancy of three. This allowed testing the measured rates and scenarios for 

consistency. In one case (D = 0.1 h-1 and -250 mV), the gas production rate was too low 

(< 5 mL min-1) to be measured by the off-gas MS. Here, the degree of redundancy was only 

one and the cell-specific production rates for H2 and CO2, required for calculation of CR and 

RH, were estimated by MFA. 

4.4.4 Sensitivity and regulation analysis 

For the continuous and ORP-controlled cultivations of C. pasteurianum, a sensitivity and 

regulation analysis were performed. To quantitatively describe the response of metabolic 

systems to large (finite) changes in external factors, Small and Kacser (1993) introduced the 

concept of deviation indices. In this context, a deviation index for the response of a reaction to 

a large (finite) change in an external factor can be described by: 

𝐷
𝑥𝐽
𝑟
𝐽𝑟 = (

∆𝐽

∆𝑋𝐽
) ·  
𝑋𝐽
𝑟

𝐽𝑟
  (67) 

where 𝐷
𝑥𝐽
𝑟
𝐽𝑟

 is the deviation index of flux 𝐽 to a large change in the concentration of an external 

effector 𝑋. Furthermore, the following relations apply: 

∆𝐽 =  𝐽𝑟 − 𝐽0  (68) 

∆𝑋𝐽 = 𝑋𝐽
𝑟 − 𝑋0  (69) 

Where 𝐽0 and 𝑋0 are flux and concentration at a reference state and 𝐽𝑟 and 𝑋𝐽
𝑟the corresponding 

values after an 𝑟-fold change of the external effector (𝑋𝐽
𝑟 = 𝑟 ·  𝑋0). In fact, equation (67) 
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equals the sensitivity of flux to an external effector, normalized with respect to flux and 

concentration at the new state. To quantify the effect of ORP change on the intracellular fluxes, 

the question arises which species and values should be chosen for the external effector 𝑋. Since 

it was expected that oxygen, produced by the used platinized-titan electrodes, was the main 

contributors to the increase in ORP value, the activity of oxygen (𝑎𝑂2) in the broth could be 

calculated for different redox levels by the following equation (Kjaergaard, 1977): 

𝑎𝑂2 = 𝑒
(
(𝐸ℎ−𝐸

0) · 𝐹
𝑅 · 𝑇

 + 2.303 · 𝑝𝐻) · 4
  (70) 

where 𝐸ℎ is the measured ORP value in V, 𝐸0 is the standards reduction potential of the O2/H2O 

couple (1.026 V vs. Ag/AgCl), F the Faraday constant, R the ideal gas constant, T the 

temperature and 𝑝𝐻 =  −log (𝑐𝐻+). For the sensitivity analysis, 𝑎𝑂2 was determined for all 

tested ORP values, used as value for the external effector 𝑋, and 𝐷
𝑥𝐽
𝑟
𝐽𝑟

 calculated for all 

intracellular fluxes, which were previously obtained from the MFA. Since the ORP was 

increased stepwise in four steps from -462 mV to -250 mV (-462 mV → -416 mV → -337 mV 

→ -250 mV), the reference state for the calculations was changed to each new steady state, 

respectively. Hence, the results do not all reflect the response to the reference state without 

electricity (-462 mV) but to the ORP value of the previous steady state. 

In addition to the sensitivity analysis, which quantifies how strong the intracellular reaction 

rates responded to the external ORP change but delivers no information about the underlying 

control pattern, a regulation analysis was performed. For this, as a first step the elasticities were 

estimated from literature data. As in the work of Li et al. (2011), simple one substrate 

Michaelis-Menten kinetics were assumed for the blocks. Therefore, elasticities could be 

obtained by: 

𝜀 =  
𝐾𝑠

𝐾𝑠 + 𝑐𝑠
  (71) 

Subsequently, after steady state fluxes (from MFA), intracellular metabolite concentrations and 

elasticities were known, the control coefficients were calculated by symbolic MCA. Symbolic 

MCA was performed with the tool SymCA within the PySCeSToolbox (Christensen et al., 

2018b; Olivier et al., 2005). The Jupyter Notebook with the code for the symbolic MCA and 

the simplified model for MCA are available via an online data repository (Arbter, 2021). 
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4.4.5 Elementary mode analysis 

For EMA, Matlab R2013a with the software tool CellNetAnalyzer (Version 2017.3; Kamp et 

al., 2017) was used. The first middle-sized metabolic model of R. toruloides was published by 

Bommareddy et al. (2015) and recently cured by Castañeda et. al (2018). The cured model is 

charge as well as mass balanced and was used in this study. A comprehensive description of 

the model can be found in the work of Castañeda et. al (2018). The model in SBML format and 

all calculated EMs and yields are available online at a mendeley data repository (Arbter, 2019). 

EMs were calculated for three conditions: without artificial electron supply (no BES), for 

cathodic electro-fermentation (CEF), and for anodic electro-fermentation (AEF). For CEF, it 

was assumed that electrode-derived electrons can specifically reduce NAD and NADP. For 

AEF, it was assumed that NADH and NADPH can deliver their electrons to the electrode and 

use them as an additional electron sink. To maintain charge neutrality, electron transport from 

or into the cytosol can only occur in conjunction with proton balancing. To account for this, 

two different mechanisms for electron transfer (named mech1 and mech2 in the following) 

were tested with the model in cathodic and also anodic mode. Briefly, the first one (mech1) 

assumes that only electrode-derived electrons (ee-) are transferred into the cytosol and that 

intracellular protons are used to balance the charges (compare to Pandit and Mahadevan (2011) 

and cases “Cat1” and “An1” in the work of Kracke and Krömer (2014)), while for the second 

mechanism (mech2) it is assumed that electrons plus protons are shuffled into the cells. Both 

mechanisms are explained in more detail in the following and summarized in Figure 20. 
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Figure 20: a) Mechanism of extracellular electron transport denoted as mech1 for CEF, in which only electrons 

but no protons are transferred into the cytosol. Intracellular protons are required to maintain charge balance. b) 

Mechanism of extracellular electron transport denoted as mech2 for CEF, in which electrons plus protons from 

the extracellular space are transferred into the cytosol. ee-= electrode derived electrons; M+/MH2 = 

oxidized/reduced electron mediators; H+ = Protons; [e] = extracellular. ? = exact mechanism is unknown and 

hypothetical (see text). For AEF, the direction of arrows needs to be reversed. 

Substrates glucose, xylose, arabinose, and glycerol were tested with mech1 and mech2. For 

calculation of EMs from the different single substrates, all but the respective substrate uptake 
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rate of interest were defined as zero. Hence, to minimize computational time and dataset size, 

EMs were calculated for each carbon source separately (by defining other carbon influxes as 

zero). EMs were finally calculated with the help of the tool CellNetAnalyzer by using the 

calculation method “CNA functions” and enabling the options of considering constraints and 

checking reversibility. Theoretical maximal TAG yields (YL/S in mol mol-1) from the different 

substrates were then obtained by dividing the calculated fluxes of TAG production by the 

transport reaction of the tested substrate: 

𝑌𝐿/𝑆 =
𝑟𝑇𝐴𝐺𝑒𝑥
𝑟𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

 (72) 

The corresponding yields in g g-1 were calculated by multiplying the molar yield with the ratio 

of the TAG’s molecular weight (C51H98O6 = 807.34 g mol-1) to the tested substrate.  

4.4.5.1 Scenario mech1 

mech1 for cathodic electrode mode 

In this case, an extracellular electron mediator is expected to act as an electron carrier and 

deliver its electrons to the cells, but not its protons. The mediator (M+/MH2) might be an 

artificial electron shuttle added to the medium or an excreted soluble redox species produced 

by the yeast cells, such as flavins or uric acid (Hubenova and Mitov, 2015a, 2015b; Williams 

et al., 2014; Wu et al., 2014). The protons required by the mediator are gained from 

extracellular protons, which are expected to be available at a constant level due to pH control. 

As a first step, the mediator is reduced at the electrode surface: 

2 ee-[e] + M+[e] + 2 H+[e]  →  MH2[e] 

Then it is assumed that the extracellular reduced mediator is oxidized by unknown redox-active 

compounds in the outer yeast cell wall (which existence has already been reported by (Rawson 

et al., 2012)), that transfer the electrons but not the protons into the cytosol: 

MH2[e] →  M+[e] + 2 H+[e] + 2 ee- 

Finally, the electrons are shuffled towards the cytosolic oxidized cofactors NAD+ and NADP+. 

Since no protons are transferred into the cytosol, intracellular protons have to be used to 

maintain charge balance: 

2 ee-+ NAD+ + H+   →  NADH2  

2 ee-+ NADP+ + H+   →  NADPH2  
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This equation was also used in the work of Pandit and Mahadevan (2011) to describe external 

electron uptake in a BES. Finally, the equations from above can be simplified into two final 

equations for the calculations of elementary modes for CEF with mech1:  

NAD+ + MH2[e] +  H+   →  NADH2 + M+[e] + 2 H+[e] 

NADP+ + MH2[e] +  H+   →  NADPH2 + M+[e] + 2 H+[e] 

mech1 for anodic electrode mode 

For AEF, the direction of electron transfer compared to mech1 with a cathodic WE needs to be 

reversed, resulting in the following final equations: 

NADH2 + M+[e] + 2 H+[e]  →  NAD+ + MH2[e] + H+ 

NADPH2 + M+[e] + 2 H+[e]  →  NADP+ + MH2[e] + H+ 

 

4.4.5.2 Scenario mech2 

mech2 for cathodic electrode mode 

For mech2, it is expected that both electrons and protons of extracellular origin can be 

transferred into the cytosol. First, an extracellular mediator is reduced at the electrode surface: 

2 ee-[e] + M+[e] + 2 H+[e]  →  MH2[e] 

Then, the mediator delivers its electrons but also extracellularly gained protons to NAD and 

NADP. This might happen by I) the diffusion of the mediator into the cytosol and direct 

reduction of the cofactors or II) with the help of membrane-bound enzymes, which can 

specifically interact with the mediator and reduce intracellular cofactor pools. Both options 

result in the following reaction equations: 

MH2[e] + NAD+ →  M+[e] + NADH2 + H+ 

MH2[e] + NADP+ →  M+[e] + NADPH2 + H+ 

mech2 for anodic electrode mode 

For AEF, the direction of electron transfer compared to mech2 with a cathodic WE needs to be 

reversed, resulting in the following final two equations: 

M+[e] + NADH2 + H+ →  MH2[e] + NAD+ 

M+[e] + NADPH2 + H+ →  MH2[e] + NADP+ 



5  Results and discussion  83 
 

5 Results and discussion 

5.1 BES cultivations of R. toruloides for improved microbial lipid production 

Major parts of the results presented in this subchapter were published as an original research 

paper in the peer-reviewed journal Bioresource Technology (Arbter et al., 2019). In addition, 

all in silico results (containing excel-files with all calculated EMs) and the used metabolic 

model of R. toruloides can be accessed online in a data repository (Arbter, 2019). The model’s 

reaction equations are also listed in the appendix of this thesis. 

5.1.1 In silico calculation for maximal lipid yield increase by electro-fermentation 

Before experimental studies, it was first elucidated in silico if, based on the biochemical 

network stoichiometry and structure, EF can improve TAG production by R. toruloides. For 

this, EMA was performed and the calculated modes were used to identify maximal theoretical 

yields. The network was tested with the substrates glucose, xylose, arabinose, and glycerol. 

Both mechanisms mech1 and mech2 were tested without electricity, for CEF and AEF. Table 

8 gives an overview of the obtained results. Figure 21 additionally contains a graphical 

comparison of the calculated theoretical maximal TAG yields for each substrate and scenario. 

 

Figure 21: Maximal yields of TAG production from different carbon sources with R. toruloides based on in silico 

elementary mode analysis. The numbers above bars indicate the increase in percent. White numbers indicate the 

total number of calculated EMs for each tested condition.   
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Table 8: Result overview of the elementary mode analysis of R. toruloides for TAG production by electro-

fermentation. 

 

Substrate 

 

EF mode 

and scenario 

Maximal TAG yield Maximal BM yield*   

YL/S,  

mol mol-1 

YL/S,  

g g-1 
Number, - 

YX/S,  

mol mol-1 
Number, - Total EMs 

Glucose - 0.068 0.305 4 0.067 30 25453 

Glucose CEF mech1 0.068 0.305 4 0.073 80 145597 

Glucose AEF mech1 0.068 0.305 4 0.067 30 47570 

Glucose CEF mech2 0.080 0.359 164 0.070 80 98854 

Glucose AEF mech2 0.068 0.305 4 0.067 30 164650 

Arabinose - 0.052 0.277 9 0.049 30 6028 

Arabinose CEF mech1 0.052 0.277 9 0.054 80 25178 

Arabinose AEF mech1 0.052 0.277 9 0.049 30 18304 

Arabinose CEF mech2 0.067 0.359 132 0.051 80 19460 

Arabinose AEF mech2 0.052 0.277 9 0.049 30 115999 

Xylose - 0.054 0.291 9 0.053 30 10841 

Xylose CEF mech1 0.054 0.291 9 0.058 80 50839 

Xylose AEF mech1 0.054 0.291 9 0.053 30 29924 

Xylose CEF mech2 0.067 0.359 138 0.054 80 36893 

Xylose AEF mech2 0.054 0.291 9 0.053 30 129485 

Glycerol - 0.037 0.324 9 0.036 80 48201 

Glycerol CEF mech1 0.037 0.324 9 0.037 14647 312851 

Glycerol AEF mech1 0.037 0.324 9 0.036 80 87124 

Glycerol CEF mech2 0.040 0.351 340 0.037 1970 178258 

Glycerol AEF mech2 0.037 0.324 9 0.036 80 279727 
*The equation for biomass formation in the used model is derived from Sarrachomyces cerevisiae and not perfectly charge and mass balanced 

(for details, see work of Castaneda et al. (2018)). Hence, the stated values for biomass yields are quantitatively uncertain and should just be 

compared between the different scenarios. 

The maximal lipid yields calculated for the four non-EF conditions are in accordance with the 

data from Castañeda et al. (2018), suggesting that the used network and method are valid. It 

becomes clear that an increase in lipid yield can be expected only with the tested electron 

transfer mechanism mech2 and cathodic electrode mode. Interestingly, in this scenario, the 

relative increase is the highest for the often lignocellulose derived C5-sugars arabinose (+29%) 

and xylose (+23%), followed by glucose (+18%) and glycerol, for which only an increase of 

8% can be expected. The pathway can explain the gain in yield for the C5-sugars. Both sugars 

are utilized by the cells: as a first step, D-xylose is reduced to xylitol by xylose reductase, while 

L-arabinose is converted to arabitol by the L-arabitol 4-dehydrogenase. Both catalyzed 

reactions require cytosolic NADPH and protons, which are simultaneously supplied by the 

electrode-derived reactions in the CEF mech2 scenario. In non-mech2 scenarios, other 

pathways and reactions need to provide the required reducing power or protons. Avoiding these 

pathways leads to an increase in TAG yield by CEF mech2. For glucose, the explanation for 



5  Results and discussion  85 
 

the possible increase in maximal lipid yields is more complex and is examined in more detail 

in the following. 

For glucose as carbon source and CEF mech2, 164 flux distributions were identified, which 

delivered the maximal TAG yield of 0.36 g g-1. From these fluxes, the ones were selected, 

which achieved the maximal yield by NADPH formation solely from the electrode, and no 

electrode-derived NADH was produced. Furthermore, flux scenarios that showed no flux from 

isocitrate to α-ketoglutarate (catalyzed by ICD) were identified to be the most biologically 

meaningful since lipid accumulation is triggered by the depletion of AMP in the mitochondria 

under nitrogen limitation, which leads to a downturn in ICD activity (Ratledge and Wynn, 

2002). The fluxes for one chosen distribution (at CEF mech2) are shown in Figure 22 and 

compared to the fluxes for one mode with maximal TAG yield with only substrate-dependent 

NADPH formation. Flux values of both displayed modes are also listed in the appended Table 

A.1 and Table A.2. One can see that without electricity-driven NADPH supply, 90% of the 

substrate is shuffled through the PPP. Furthermore, the ME, which converts malate to pyruvate, 

is also used for NADPH generation. In contrast to this, in the visualized CEF mech2 case, all 

substrate would be shuffled through glycolysis and more substrate is used to directly produce 

the precursors of TAGs (acetyl-CoA and glycerol-3-phosphate).  

Since metabolic fluxes through the PPP and use of ME always lead to carbon loss in the form 

of CO2, avoiding these pathways results in higher TAG yields. On the downside, shuffling more 

molecules through glycolysis inevitably results in higher production of cytosolic NADH. 

Besides NADH consuming cellular respiration, the cells show two different mechanisms to 

release excess cytosolic reduction equivalents in the CEF mech2 mode. The first is to transport 

more cytosolic NADH into the mitochondrion and consume it by converting more 

mitochondrial oxaloacetate into mitochondrial malate by the enzyme malate dehydrogenase. 

The second used mechanism to maintain cytosolic redox homeostasis in the CEF mech2 mode 

is the activation of the well-known eukaryotic glycerol-3-phosphate shuttle (Larsson et al., 

1998). In this loop, cytosolic DHAP is first converted into glycerol-3-phosphate, a step that 

requires NADH. Then glycerol-3-phosphate passes the gained electrons towards mitochondrial 

FAD producing mitochondrial FADH and cytosolic DHAP. The latter reaction is catalyzed by 

the glycerol-3-phosphate dehydrogenase, which is situated in the inner membrane of the 

mitochondria projecting its active side towards the cytosol (Rigoulet et al., 2004). The gained 

FADH can finally be used for energy generation in the respiratory chain while cytosolic NADH 

levels are lowered. The glycerol-3-phosphate shuttle is only active in the EF mode.   
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Figure 22: Normalized metabolic fluxes at maximal TAG yield from glucose for R. toruloides obtained from the 

analysis of elementary modes (for substrate-dependent NADPH formation / electrode derived NADPH formation 

at CEF with mech2). Only reactions with fluxes bigger than zero are shown. Cofactors (ATP/ADP/AMP, H+, 

NAD(H)/NADP(H)) and CO2 are not displayed in the reactions. Red reaction arrows indicate NADPH generating 

reactions. NADPH_e = electrode derived NADPH. 

In general, the presented in silico results point out that theoretically, an increase in maximal 

TAG yield can be expected by CEF, if concurrently protons of extracellular origin will also be 

transferred into the cytosol. Nevertheless, the used approach purely relies on reaction 
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stoichiometry at metabolic steady state, which is a general limitation of EMA. Furthermore, 

EF might also affect pathway activity by regulatory effects caused by environmental ORP 

alteration, as outlined earlier in this work. Hence, subsequent experimental work focused not 

only on testing redox mediators aiming to mimic mech2 but also on the cultivation of cells 

without the artificial addition of mediators. 

5.1.2 Electrochemical ORP alteration under aerobic and microaerobic conditions 

After the promising results of the in silico analysis, batch fermentations were carried out with 

the semi-defined medium and glucose (30 g L-1) as carbon source. All cells were grown 

aerobically (pO2 > 50%) until 34-36 h (named growth phase in the following) and the 

conditions were changed for the remaining time of cultivation (named lipid production phase 

in the following). When anaerobic conditions were established during the lipid production 

phase, substrate uptake, cell growth and lipid accumulation ceased. Hence, lipid accumulation 

had to be run under at least oxygen-sufficient conditions. Usually, CEF is conducted under the 

absence of oxygen, probably because it is expected that the available oxygen takes up the 

electrons supplied by the cathode and equalizes its effect. Nevertheless, it was possible to 

conduct experiments under microaerobic conditions (pO2 controlled at 5%) with a constant 

current supply (-0.4 A) in the BES. In later experiments, also CEF with an applied current 

of -1.0 A at a pO2 of 50% were conducted. 

Figure 23 shows the measured online ORP data for all conditions tested in this and following 

experiment with the semi-defined medium. In the BES, it was observed against initial 

expectations that the ORP level of the fermentation broth could be electrochemically lowered 

to less than -430 mV while maintaining pO2 at 5%. Even with a pO2 of 50%, the ORP could be 

reduced down to -202 mV. In aerobic bioprocesses, it is usually assumed that the presence of 

oxygen governs the ORP since it has a very high standard potential (𝐸0= 1223 mV (Kjaergaard, 

1977)). Already very low amounts of oxygen in the fermentation medium can, therefore, 

increase ORP drastically. This is the main reason why the ORP value is used as an indicator 

for the presence of oxygen during anaerobic or microaerobic processes (Dahod, 1982): upon 

detecting the lowest quantities of oxygen, the ORP value begins to increase, while pO2-probes 

will not indicate any change in their measurement value. If oxygen is considered the governing 

factor for the ORP value, the redox potential can be calculated with the help of the Nernst 

equation (equation (43)). For the process conditions (pH 6.0 and temperature of 303.15 K), the 
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equation yields a fourfold decrease in the pO2–value (experimentally tested with pO2 = 20% 

and pO2 = 5%) can theoretically only cause an ORP change of 9.1 mV. As indicated by the 

recorded ORP online values, the measured difference is considerably higher for most of the 

recording period in the non-BES conditions. Because of this, it can be assumed that other 

redox-active compounds in the fermentation broth influence the ORP value, particularly when 

the concentration of dissolved oxygen is low. Additionally, it seems that hydrogen and other 

highly reducing compounds in the chemical broth contributed to the electrode-driven ORP 

decrease. This is based on the following consideration: the maximal solubility of hydrogen in 

an aqueous solution at ambient pressure is 0.752 mmol L-1 (Reardon, 1995), which equals an 

amount of 4.529 x 1020 atoms L-1. Presuming that the solution is saturated with hydrogen, the 

hydrogen alone can maximally lower ORP by a magnitude of -712.3 mV. The recorded ORP 

difference between the microaerobic conditions (pO2 = 5%) and the microaerobic BES 

conditions (pO2 = 5% with -0.4 A) instead was larger at the beginning of the lipid production 

phase: after 40 h it was 345 mV without, and -430 mv with use of the electrode, representing 

an absolute difference of -775 mV. Hence, the remaining reducing energy of -63 mV has to 

origin from the electrochemical reduction of other medium components or by metabolites 

excreted by the cells. For the calculation, it was assumed that the contribution of oxygen to the 

ORP at the same pO2 (5% in the compared data) was the same. The final confirmation of the 

described theory will also require further experimental investigations.  

 
Figure 23: On-line redox (oxidation-reduction potential (ORP)) signal during the cultivation of R. toruloides 

under different conditions. The thick vertical line indicates the change from aerobic growth towards lipid 

production conditions. Applied conditions were: ● = aerobic (pO2 = 20%); ● = microaerobic (pO2 = 5%); ● = 

aerobic AEF (pO2 = 20% and +0.4 A); ● = aerobic CEF (pO2 = 50% and -1.0 A); ● = microaerobic CEF (pO2 = 

5% and -0.4 A). 
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When operating the system chronopotentiometrically at -0.4 A or -1.0 A, it was assumed that 

mainly hydrogen was produced by the electrode. To address safety issues and avoid hydrogen-

oxygen (Knallgas) reactions, the minimal set-point for the aeration rate of the bioreactor for all 

conditions was chosen high enough to ensure that the gas phase in the reactor always contained 

less than 4% (v/v) hydrogen. 4% (v/v) is the lower flammability limit for hydrogen in air. 

Higher aeration rates with air theoretically lead to a higher dilution of hydrogen and are 

therefore even beneficial regarding safety concerns. Calculations for the amount of hydrogen 

produced by the electrode were based on the work of Utesch and Zeng (2018). It was concluded 

that the minimal aeration rate with air should not fall below 4.73 L h-1. The minimal set-point 

for aeration under microaerobic conditions was set to 7.5 L h-1, equaling 0.1 vvm. It was 

assumed that similar molar amounts of CO2 were excreted by the cells when O2 was 

metabolized. Hence, it was ensured that the amount of hydrogen in the bioreactor was always 

below the lower flammability limit.   

One practical issue during the pO2-control at microaerobic conditions occurred in the BES 

system. As reflected in Figure 23 for the red line after about 65 h, controlling problems 

occurred and the controls had to be adjusted manually. The problems with the control of 

microaerobic conditions in the BES are attributed to the assumption that also oxygen might be 

reduced in small amounts at the electrode surface or by the produced hydrogen, resulting in the 

highly dynamic behaviour and unexpected responses of the pO2-value to controller inputs. 

Especially the increase of agitation did not always result in an increase in the pO2 in the BES. 

Therefore, further experiments were conducted to avoid these problems and still study the 

influence of artificial ORP decrease on lipid production. In these experiments, the pO2 value 

was kept at 50% and the applied current was increased from -0.4 A to -1.0 A. Here, the ORP 

decrease was smaller than at a pO2 of 5%, but the control was much easier and more reliable, 

as reflected by the online values in Figure 23. 

Overall, the most important experimental findings gained from the presented results in this 

subchapter concern the process conditions: the ORP can be manipulated to a broad extent with 

the help of the All-in-One electrode, even at high pO2 levels. This enables the studying of 

different ORPs on numerous biological systems. In the following, it is shown how different 

ORPs influence the lipid accumulation by the oleaginous yeast R. toruloides. 
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5.1.3 Influence of cathodic and anodic current in mediatorless BES 

First, to experimentally elucidate the effect of AEF and CEF on lipid production, the following 

conditions were applied during the lipid production phase: aerobic (pO2 = 20%) as control, 

microaerobic (pO2 = 5%), microaerobic (pO2 = 5%) with a cathodic current of -0.4 A and 

aerobic (pO2 = 20%) with an anodic current of +0.4 A. In the last case, the applied anodic 

current was insufficient to produce enough oxygen by the electrode to meet the cells’ oxygen 

demand. Therefore, additional aeration was also required in the AEF.   

 

 

Figure 24: Glucose (solid lines) and cell mass (dashed lines) concentrations during the cultivation of R. toruloides 

under aerobic (a) and microaerobic (b) conditions in the semi-defined medium with 30 g L-1 glucose and 0.5 g L-

1 (NH4)2SO4. The thick vertical line indicates the change from aerobic growth towards lipid production conditions. 

Applied conditions were: ● = aerobic (pO2 = 20%), ● = aerobic AEF (pO2 = 20% and +0.4 A), ▲ = microaerobic 

(pO2 = 5%), ▲ = microaerobic CEF (pO2 = 5% and -0.4 A). 

Figure 24 shows the measured values for cell mass and substrate concentrations. Table 9 lists 

the calculated values for lipid yield, final lipid content, and volumetric productivities of the 

lipid production phase. The highest yield was observed for the microaerobic CEF, which is 
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almost 2.7 times higher than the product yield in the aerobic control with pO2 = 20%. Applying 

microaerobic conditions already lead to a doubling in yield. An increase in lipid content and 

productivity for lower pO2 was also reported by Yen and Zhang (2011) for the yeast 

Rhodotorula glutinis. The achieved product yield for the aerobic control appears comparably 

low with 0.110 g g-1. Bommareddy et al. (2015) found an experimental yield of 0.150 g g-1 with 

the same medium under pO2-controlled conditions (0.120 g g-1 under pO2-uncontrolled 

conditions) but with a three times higher carbon to nitrogen ratio and longer fermentation time. 

Surprisingly, space-time yield for the AEF was the highest and the lipid content under these 

conditions was also higher than under microaerobic conditions and the aerobic control.  

Table 9: TAG on glucose yield (YL/S), final lipid content (YL/X), final dry biomass concentration (Cx), final lipid 

concentration (CL), and space-time yield (STY) for the conditions tested during the lipid accumulation phase of 

R. toruloides. The stated pO2-values and electric currents indicate the controlling set-points during fermentations. 

Fermentations were carried out in the semi-defined medium with 30 g L-1 glucose and 0.5 g L-1 (NH4)2SO4.  

Condition 
pO2,  

% 

Current, 

A 

YL/S,  

g g-1 

YL/X,  

g g-1 

Cx,  

g L-1 

CL, 

 g L-1 

STY, 

 g L-1 h-1 

Aerobic 20 - 0.110 0.565 14.17 8.01 0.023 

Microaerobic 5 - 0.241 0.508 9.88 5.02 0.035 

Microaerobic CEF 5 -0.4 0.295 0.464 13.60 6.31 0.045 

Aerobic AEF 20 +0.4 0.259 0.448 12.32 5.52 0.074 

Aerobic 50 - 0.171 0.356 13.32 4.79 0.071 

Aerobic CEF 50 -1.0 0.227 0.468 12.17 5.69 0.091 

In addition to lipid yield and volumetric productivity, the final lipid composition was of special 

interest. It was expected that under low ORP and use of the electrode, a higher amount of 

saturated fatty acids might be formed by R. toruloides. The lipid pattern for each tested 

condition with the semi-defined medium is stated in Table 10. Both microaerobic and 

microaerobic CEF offer a higher saturated fatty acid content than the aerobic control with 

pO2 = 20%. The content of C18:0 is lower than that in the control, but the amount of C16:0 is 

higher. Simultaneously, less C18:1 can be observed for both microaerobic conditions tested. 

This observed change in the fatty acid profile under low levels of dissolved oxygen for the used 

strain is in good agreement with the data of Papanikolaou et al. (2017). In the referenced work, 

the same strain was cultivated but with glycerol as carbon source and lipid profile plus oxygen 

tension were reported yielding that during later stages of the fermentation, the cells find 

themselves in an oxygen-limited environment, which also appears to coincide with an increase 

of C16:0 and a decrease of C18:0. Nevertheless, no change in C18:1 was reported. In contrast 

to initial expectations, the use of CEF in this work does not increase the degree of saturation 
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compared to the microaerobic condition with the same pO2 set-point. Very interesting is the 

pattern obtained from the AEF at 20% pO2: the degree of saturation with 40.3% is comparable 

to those of the CEF conditions and C14:0, C16:0, C16:1, and C18:0 contents are very similar 

to the aerobic control and microaerobic CEF, but C18:1, C18:2, and C18:3 deliver a different 

picture. Here, the amount of C18:1 is less with 44.7% compared to all other conditions, but 

C18:2 and C18:3 are increased. The sum of the PUFAs C18:2 and C18:3 yields 14.5% for the 

aerobic AEF, while for all other conditions, it is only 11.2-11.7%. Hence, a slight increase in 

PUFAs by AEF could be achieved. 

Table 10: Relative content (w/w) of fatty acids on the overall measured lipids from the cultivation of R. toruloides 

at the end of the lipid accumulation phase. Cultivation took place in the semi-defined medium with 30 g L-1 

glucose and 0.5 g L-1 (NH4)2SO4. Saturated gives the sum of C14:0, C16:0 and C18:0. Applied currents were -

0.4 A for the microaerobic CEF, +0.4 A for aerobic AEF and – 1.0 A for the aerobic AEF. 

Condition C14:0 C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 Saturated 

Aerobic (pO2 = 20%) 1.3% 27.8% 0.5% 9.8% 49.0% 9.8% 1.9% 38.9% 

Microaerobic 2.3% 31.5% 0.7% 8.1% 45.7% 9.9% 1.8% 41.9% 

Microaerobic CEF 1.7% 30.1% 0.6% 8.3% 48.2% 9.5% 1.7% 40.0% 

Aerobic AEF 1.7% 29.1% 0.4% 9.6% 44.7% 11.8% 2.7% 40.3% 

Aerobic (pO2 = 50%) 1.2% 26.4% 0.4% 10.8% 49.9% 9.4% 1.9% 38.1% 

Aerobic CEFs 1.5% 29.0% 0.3% 10.6% 47.3% 9.7% 1.6% 41.2% 

As already described in the previous subsection, controlling the microaerobic conditions during 

EF was quite troublesome. It was constantly necessary to readjust the controlling parameters, 

which led to changes in the pO2 and ORP. This made the reliable reproduction of the obtained 

results difficult. Due to the pO2-controlling issues, occasionally longer anaerobic periods 

during the lipid production phase occurred, which often resulted in lower yields than in the 

results mentioned herein. To avoid controlling issues, further experiments were conducted in 

which the pO2 was kept at 50% and additionally, cathodic current was applied with –1.0 A. 

Even under those high oxygen concentrations in the liquid phase, it was possible to lower ORP 

to about -200 mV during the lipid production phase (which began after 36 h). Growth, substrate 

consumption, and lipid concentration are shown in detail in Figure 25. Lipid yield and 

productivity are also listed in Table 9. For the aerobic control, all initial glucose was 

metabolized at the final sample point after 93 h. Although the achieved improvement compared 

to the aerobic control by CEF under aerobic conditions is not as high as under microaerobic 

conditions, the data for yield and productivities still point out that CEF can even be applied 

under strictly aerobic conditions showing a positive effect on process performance. 
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The influence of the applied current can also be recognized by the lipid pattern of the final 

sample after 93 h, which is also included in Table 10. One can see an increase in the relative 

overall amount of saturated fatty acids for CEF compared to the aerobic control with the same 

pO2 set-point. The difference is again established by producing less C18:1 and more C16:0 in 

the BES. 

 

Figure 25: Glucose (solid lines), cell mass (dashed lines), and lipid (dotted line) concentrations during the aerobic 

cultivation of R. toruloides under different conditions in a semi-defined medium with 30 g L-1 glucose and 0.5 g 

L-1 (NH4)2SO4. The thick vertical line indicates the change towards lipid production conditions. Conditions were: 

● = aerobic (pO2 = 50%), ● = aerobic CEF (pO2 = 50% and -1.0 A). 

Overall, the data gained from the experiments with the semi-defined medium suggest that EF, 

both anodic and cathodic, represents a so far neglected technology to increase the performance 

of microbial lipid production. EF enables an increase in yields compared to control 

fermentations and affects the pattern of produced lipids towards a higher degree of saturation 

(in aerobic CEF) or slightly higher PUFAs (in AEF) content. However, all experimental TAG 

yields for the cultivation in the semi-defined medium stated above are beneath the theoretical 

maximum calculated in silico with only substrate-dependent NADPH generation. Therefore, 

in order to facilitate electron transfer between electrode and cells and push the yield above the 

theoretical maximum with only substrate-dependent reduction energy, the mediators BB and 

NR were tested in the following experiments. 
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5.1.4 Influence of the redox mediators Brilliant blue and Neutral red 

The mediator experiments were conducted with a completely defined medium and initial 

glucose concentrations of 60 g L-1 with 1.0 g L-1 (NH4)2SO4. It is essential to study the 

influence of mediators in the absence of yeast extract, which can already introduce artificial 

mediators and lead to the misinterpretation of results regarding electron transfers phenomena 

between electrodes and suspended cells in BES (Logan et al., 2019; Sayed et al., 2012).  

BB is a redox mediator, which is barely used in electricity-aided cultivations so far. However, 

it has been shown in a recent study that it can influence and trigger the formation of reduced 

compounds in C. pasteurianum by use of the All-in-One electrode (Utesch et al., 2019). NR 

was chosen as the second mediator since it is low toxic and has a lower standard reduction 

potential than the nicotinamide adenine dinucleotide couples NADPH/NADP+ and 

NADH/NAD+ (Park and Zeikus, 1999). Therefore, reduced NR can theoretically enhance 

NADPH and NADH levels, but observed in vivo mechanisms of NR-mediated EF are often 

much more complex and take place on different metabolic levels (Harrington et al., 2015). 

Furthermore, NR is a well-known compound for the estimation of cell viability of eukaryotic 

cells and is expected to penetrate cell walls by non-ionic diffusion (Repetto et al., 2008). 

Reduced forms of NR should consequently mimic the electron transfer mechanism mech2, 

which showed the only potential increase of product yield from glucose in the in silico analysis. 

First, the cultivations with BB were conducted. The cells were grown in the defined medium 

with initial glucose concentrations of 60 g L-1. After 34 h, conditions were changed to aerobic 

(pO2 kept at 50% as control), microaerobic with BB addition (pO2 kept at 5%), and 

microaerobic CEF (pO2 kept at 5% with cathodic current of -0.4 A), also with addition of BB. 

BB was added at the beginning of the lipid production phase at a concentration of 60 mg L-1, 

which was identified as the optimal value in previous mediator-supported EFs (Utesch et al., 

2019). Figure 26 displays cell growth, glucose, and lipid concentration.  
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Figure 26: Glucose (solid lines), biomass (dashed lines), and lipid (dotted line) and during the cultivation of 

R. toruloides in defined medium with 60 g L-1 glucose and 1.0 g L-1 (NH4)2SO4. Conditions were: ● = aerobic 

(pO2 = 50%), ▲ = microaerobic BB (pO2 = 5% with 60 mg L-1 Brilliant blue addition) and ▲= microaerobic CEF 

BB (pO2 = 5% with -0.4 A and 60 mg L-1 Brilliant blue addition). The thick vertical line indicates the change 

towards lipid production conditions. 

Table 11: TAG on glucose yield (YL/S), final lipid content (YL/X), final dry biomass concentration (Cx), final lipid 

concentration (CL), and space-time yield (STY) for the conditions tested during the lipid accumulation phase of 

R. toruloides. The stated pO2-values and electric currents indicate the controlling set-points during fermentations. 

Fermentations were carried out in the defined medium with 60 g L-1 glucose and 1.0 g L-1 (NH4)2SO4. BB indicates 

the addition of the redox mediator Brilliant blue with 60 mg L-1 after 34 h. 

Condition 
pO2,  

% 

Current, 

A 

YL/S,  

g g-1 

YL/X,  

g g-1 

Cx,  

g L-1 

CL, 

 g L-1 

STY, 

 g L-1 h-1 

Aerobic 50 - 0.163 0.361 25.05 9.14 0.096 

Microaerobic BB 5 - 0.159 0.337 21.15 7.13 0.072 

Microaerobic BB CEF 5 -0.4 0.105 0.280 16.35 4.57 0.052 

One can see that both cultures with BB addition reached a lower final cell concentration than 

the aerobic control. Furthermore, BB addition also results in lower lipid concentrations and 

slower substrate uptake. This is also reflected in the overall lipid yields and the space-time 

yield (as depicted in Table 11). The application of current in the BB cultivations seems to affect 

lipid yield and cell mass formation also in a negative way. Here, the values with an application 

of -0.4 A are almost one third lower than for the BB cultivation without electricity. It was 

observed that supernatants of the BB samples with and without application of electricity 

differed (Figure 27): supernatant the BES sample had a much more faded blue color tone, 
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indicating that the BB concentration BB was lower than in the non-BES cultivations. This 

might be owed to BB uptake by the cells or degradation by chemical or electrochemical means.  

 

Figure 27: Supernatant of 10 mL R. toruloides culture broth (82 h of process time) after centrifugation at 7000 g 

for 10 min. Left: Addition of 60 mg L-1 Brilliant Blue and application of -0.4 A at pO2 = 5% (Microaerobic BB 

CEF). Right: Addition of 60 mg L-1 Brilliant blue at pO2 = 5% without application of electricity. Picture taken by 

the author.  

Table 12 shows the determined lipid pattern from the BB mediator experiments and its control. 

The use of BB shifted the lipid composition to a slightly higher content of C18:1 and less 

C18:0, C18:2, and C18:3 compared to the aerobic control. Surprisingly, despite the differing 

yields, the lipid pattern appears not to be substantially affected by electricity in the BES 

cultivations. Overall, the results of the cultivations with the redox mediator BB yielded that the 

mediator does not improve lipid accumulation or lipid pattern. The redox mediator NR was 

then tested in subsequent experiments. 

Table 12: Relative content (w/w) of fatty acids on the overall measured lipids from the cultivation of R. toruloides 

at the end of the lipid accumulation phase. Cultivations took place in the defined medium with 60 g L-1 glucose 

and 1.0 g L-1 (NH4)2SO4. Saturated gives the sum of C14:0, C16:0 and C18:0. BB indicates the addition of the 

redox mediator Brilliant blue with 60 mg L-1 after 34 h and CEF the application of -0.4 A. 

Condition C14:0 C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 Saturated 

Aerobic (pO2 = 50%) 1.0% 24.7% 0.0% 12.6% 49.0% 10.7% 2.0% 38.3% 

Microaerobic BB 1.4% 27.2% 0.3% 8.4% 53.5% 7.9% 1.2% 37.0% 

Microaerobic BB CEF 1.6% 28.1% 0.3% 7.7% 53.6% 8.5% 0.2% 37.4% 
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The cultivations with NR were also conducted in the defined medium with initial glucose 

concentrations of 60 g L-1. After 34 h, conditions were changed to aerobic (pO2 kept at 50%), 

microaerobic (pO2 kept at 5%), and microaerobic CEF (pO2 kept at 5% with cathodic current 

of -0.4 A) with addition of NR. NR was added in three steps after 34 h, 57 h, and 81 h to yield 

a final concentration of 162 mg L-1
. In each step, 54 mg L-1 were added to the reactor. Figure 

28 displays growth, substrate, and lipid concentration for the mentioned conditions. One can 

see that lipid production and growth are lower for CEF with NR compared to the aerobic control 

and the microaerobic conditions. By comparing final values for lipid and biomass 

concentrations as listed in Table 13, it becomes clear that overall NR in the applied amounts is 

detrimental to cell growth and also lipid accumulation in the BES. 

Table 13: TAG on glucose yield (YL/S), final lipid content (YL/X), final dry biomass concentration (Cx), final lipid 

concentration (CL), and space-time yield (STY) for the conditions tested during the lipid accumulation phase of 

R. toruloides. The stated pO2-values and electric currents indicate the controlling set-points during fermentations. 

Fermentations were carried out in the defined medium with 60 g L-1 glucose and 1.0 g L-1 (NH4)2SO4. NR indicates 

the addition of the redox mediator Neutral red in three steps with 54 mg L-1 after 34 h, 57 h, and 81 h. 

Condition 
pO2,  

% 

Current, 

A 

YL/S,  

g g-1 

YL/X,  

g g-1 

Cx,  

g L-1 

CL, 

 g L-1 

STY, 

 g L-1 h-1 

Aerobicd 50 - 0.217 0.574 19.95 11.45 0.171 

Microaerobic 5 - 0.181 0.573 19.17 10.99 0.154 

Microaerobic NR CEF 5 -0.4 0.135 0.394 13.23 5.21 0.068 

 

 

Figure 28: Glucose (solid lines), biomass (dashed lines), and lipid (dotted line) and during the cultivation of 

R. toruloides in defined medium with 60 g L-1 glucose and 1.0 g L-1 (NH4)2SO4. Conditions were: ● = aerobic 

(pO2 = 50%), ▲ = microaerobic (pO2 = 5%) and ▲= microaerobic (pO2 = 5% with -0.4 A and Neutral red 

addition). The thick vertical line indicates the change towards lipid production conditions.  
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Table 14 lists the pattern of the produced lipids after 93 h. Similar to the semi-defined medium, 

under microaerobic conditions, less C18:0 and more C16:0 is produced compared to the aerobic 

control. The degree of saturation is the same for the non-EF conditions. The use of NR in the 

CEF sharply increased the relative amount of saturated fatty acid (>50% after 93 h). Figure 29 

gives an overview of the degree of saturation during the lipid production phase. One can see 

that until 93 h, the amount of saturated fatty acids is constantly increasing during the 

microaerobic CEF with NR addition. The increase appears to occur mainly after the addition 

of NR after 34 h, 57 h, and 81 h. The higher degree of saturation with NR is accounted for a 

lower content in C18:1 and a higher content in C16:0. Hence, it appears that NR does not only 

enter the cells and uses its electrons to saturate C18:1 to C18:0. Instead, it might cause 

regulatory effects and interferes directly with lipogenesis, which is subject to complex 

metabolic control on multiple levels (Tehlivets et al., 2007). 

Table 14: Relative content (w/w) of fatty acids on the overall measured lipids from the cultivation of R. toruloides 

at the end of the lipid accumulation phase. Saturated gives the sum of C14:0, C16:0 and C18:0. Microaerobic 

conditions were controlled at pO2 = 5%. Fermentations were carried out in the defined medium with 60 g L-1 

glucose and 1.0 g L-1 (NH4)2SO4. NR indicates the addition of the redox mediator Neutral red in three steps with 

54 mg L-1 after 34 h, 57 h, and 81 h. CEF indicates current application of -0.4 A. 

Condition C14:0 C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 Saturated 

Aerobic (pO2 = 50%) 1.2% 25.5% 0.2% 10.5% 51.1% 9.2% 2.4% 37.2% 

Microaerobic 1.6% 28.5% 0.5% 7.0% 52.1% 8.7% 1.6% 37.1% 

Microaerobic NR CEF 2.2% 37.2% 0.2% 10.8% 39.1% 8.7% 1.8% 50.2% 
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Figure 29: Development of the relative content of saturated fatty acids in the overall lipid content during the 

cultivation of R. toruloides under different conditions in the defined medium with 60 g L-1 glucose and 1.0 g L-1 

(NH4)2SO4. Conditions were: ● = aerobic (pO2 = 50%), ▲ = microaerobic (pO2 = 5%) and ▲= microaerobic (pO2 

= 5% with -0.4 A and Neutral Red addition). The thick vertical line indicates the change towards lipid production 

conditions. Arrows indicate time points of NR addition. 

In wild-type OY strains, the amount of saturated fatty acids does rarely reach 50%. This is 

considered the limiting step for the production of microbial analogues to expensive highly 

saturated fats, such as cocoa butter (CB) like lipids (Papanikolaou and Aggelis, 2011a). CB 

usually consists of TAGs with about 26% C16:0, 36% C18:0, 34% C18:1, and trace amounts 

of longer chain fatty acids (>C18) and PUFAs (Lipp et al., 2001).   

Table 15 lists different strategies from the literature that aim to increase the amount of saturated 

fatty acids and might help to produce cocoa butter equivalents (CBE) from OY in the future. 

Compared to the other strategies presented in Table 15 (use of mutant strains, cultivation on 

fat-containing waste materials, inducing of a specific substrate limitation), the supplementation 

of NR appears to offer two interesting advantages: the first is that it can shift the ratio from 

C18:1 to C16:0, which are fatty acids differing in their carbon chain length and not only in their 

saturation. The second is that it can potentially be used with different media plus strains and is 

non-toxic. Nevertheless, more research in this context is required to unveil the full potential of 

NR for the production of CBE from microbial sources.   
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Table 15: Overview of strategies to produce cocoa butter equivalents by oleaginous yeast. C16:0, C16:1, C18:0, 

C18:1, and C18:2 stand to the weight percentage of the corresponding fatty acid. Sat. gives the sum of C16:0 and 

C18:0. n.s. = not stated. 

Strain/Lipid 
YL/S, 

g g-1 

YL/X, 

g g-1 

Cx, 

g L-1 

CL, 

g L-1 
16:0 16:1 18:0 18:1 18:2 Sat. 

Strategy 

(reference) 

R. toruloides 

DSM 70398 
n.s. n.s. n.s. n.s. 35% 2% 12% 37% 9% 47% 

Screening of OY 

for CBE 

production 

(Wei et al., 2017) 

R. toruloides 

IFO 0559 
0.12 0.30 11.63 3.57 15% 1% 35% 20% 16% 50% 

Use of desaturase 

inhibitors 

(Moreton, 1985) 

R. toruloides 

Y4 
0.21 0.58 12.10 7.10 39% 1% 17% 37% 2% 60% 

Applying sulfate-

limited conditions 

(Wu et al., 2011) 

R. toruloides 

DSM 4444 
0.14 0.39 13.23 5.21 37% 0% 11% 39% 9% 50% 

Addition of NR in 

a BES 

(Arbter et al., 

2019) 

Y. lipolytica 

LGAM S(7)1 
0.15 0.20 8.70 1.70 14% n.s. 67% 9% 3% 89% 

Cultivation on 

aggro-industrial 

residues 

(Papanikolaou et 

al., 2003) 

Y. lipolytica 

LGAM S(7)1 
0.38 0.36 8.00 3.04 14% n.s. 50% 24% 4% 64% 

Cultivation on 

industrial fats 

(Papanikolaou et 

al., 2001) 

A. curvatum 

ATCC 20509 
0.14 0.41 12.97 5.37 23% 0% 23% 42% 3% 53% 

Limiting oxygen 

availability 

(Davies et al., 

1990) 

A. curvatum 

ATCC 20509 
0.16 0.46 13.79 6.30 29% n.s. 30% 28% 8% 63% 

Lipid production 

by ufa revertants 

(Ykema et al., 

1990) 

Cocoa butter         26% n.s. 36% 34%   62%   
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5.2 BES cultivations of C. pasteurianum for production of 1,3-propanediol and n-

butanol 

Parts of this chapter were published in two original research articles. This concerns the results 

from the electricity-aided fed-batch cultivations of C. pasteurianum (Arbter et al., 2020) and 

the results of the ORP-controlled continuous fermentation (Arbter et al., 2022). 

5.2.1 Method validation for the quantification of intracellular metabolites 

The RSU was so far only used for the analysis of intracellular amino acids from E. coli and 

C. glutamicum (da Luz et al., 2017; da Luz et al., 2014). Before the device could be used to 

quantify intracellular metabolites from C. pasteurianum, the developed method required 

validation and modification for the use with the new strain. This mainly concerned two aspects: 

the filtration step and the extraction method.  

Previously, for the filtration, a costume-made filter module was used that consisted of three 

layers: a prefilter (glass fiber; 1 µm pore size; 25 mm diameter), a membrane filter (0.8 µm 

pore size, 25 mm diameter; hydrophilic polyethersulfone) and an additional metallic mesh for 

filter support and stabilization. This filter combination was also tested for C. pasteurianum 

cells in this work. The filter should allow full cell retention on the filter module, not clog and 

allow a reproducible drawing of defined sample volumes and filter washing. For filter testing, 

C. pasteurianum was grown in anaerobic culture in the RSU, and at seven different time points, 

fast-filtration was conducted (as displayed in Figure 30 a)). Then, the volume of the filtrate was 

determined gravimetrically. The quantification of the internal standard xylose in the filtrate and 

the resuspended filters allowed the exact quantification of sample and filter washing volumes 

by mass balancing. The results are shown in Figure 30 b).  

The volumes of the drawn sample and the washing solution are usually predefined by the 

sample loop (0.7 mL) and the washing loop (2.8 mL). Nonetheless, the exact filtered volumes 

can differ since a pressure-driven filtration (1.5 bar N2) is used. Depending on the status of the 

cells, which refers to the cell density, morphology, and metabolic state, the pressure might not 

be sufficient to push all liquid in the lines through the filter. If the filter resistance is too high, 

small amounts of sample and washing solution might retain in the lines and are rinsed off before 

the next filtration step. This makes determining exact volumes with the help of internal 

standards inevitable for later calculation of cell-specific intracellular metabolite concentrations. 
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Figure 30: a) Growth of C. pasteurianum during fed-batch fermentation in the rapid sampling unit. Red data 

points indicate time points of fast-filtration. b) Determined filtration volumes of samples (from the bioreactor) 

and washing solution (for filter washing). Filtration was driven by 1.5 bar N2. Values on the x-axis of b) state the 

sample numbers, as indicated in a). 

Figure 30 indicates that the OD but also the time point of cultivation influences the filtration 

properties. Especially during early and middle exponential growth (sample points 2 to 4), a 

large deviation in sampling and washing volumes can be recognized. Furthermore, the total 

filtration volumes are the lowest at these time points, indicating the highest filter resistance 

during fast-filtration. Foley (2006) and Chew et al. (2020) reviewed cell filtration processes in 

detail. They concluded that mainly cell morphology influences the filter cake compressibility, 

which governs the filtration performance for filtrations with high velocity and a high specific 

cake resistance. For C. pasteurianum, it is well-known from literature and also visible under a 

light microscope that the cells show immense morphological changes and diversity in response 
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to changing environmental conditions (Sandoval et al., 2015). Usually, at the beginning of the 

exponential phase, this diversity is highest. Presumably, this led to the observed variations in 

filtration performance. The final achieved OD did not lead to filter clogging. Also, the OD was 

measured in all of the obtained filtrates and was zero in all tested cases. Hence, full cell 

retention was achieved by the used filter combinations. Overall, it was concluded that the same 

filters, as used by Da Luz et al., are suitable for the fast-filtration of C. pasteurianum cells. In 

the next step, the extraction method for intracellular compounds was adapted and optimized.  

In previous studies, the RSU was used for the determination of intracellular amino acids. For 

this, the metabolites were extracted with boiling ethanol, based on the protocols described by 

Gonzalez et al. (1997) and Mashego et al. (2004). The boiling ethanol method has the advantage 

of allowing a highly-efficient extraction of thermo-stable compounds and is relatively easy to 

handle. Nonetheless, for the application of metabolite analysis from EF, this method is not 

suitable. Metabolomic studies on EF require the quantification of cellular compounds related 

to energy and redox metabolism. Especially NADH molecules (Gil et al., 2015; Ying, 2008), 

but also ATP/ADP/AMP (Pradet and Raymond, 1983), are very chemically labile and sensitive 

to oxidation, hydrolyzation or degradation. This is a severe problem in many metabolomics 

studies and often neglected (Sander et al., 2017), resulting in the circumstance that reported 

NADH/NAD ratios for clostridia span an extensive range between 0.03-1.10 (Beri et al., 2016; 

Cui et al., 2013; Lovitt et al., 1988; Meyer and Papoutsakis, 1989; Vasconcelos et al., 1994).  

In addition to the extraction method, the detection method for the metabolites differed from 

previous studies conducted with the RSU. While the amino acids were beforehand determined 

by HPIC after chemical derivatization, in this study, the use of LC-MS/MS was possible to 

quantify the intracellular metabolites. Specifically for clostridia, it has been reported that signal 

suppression in mass spectrometry-based quantification of NADH occurs (Sander et al., 2017), 

although fast-filtration methods are considered to minimize this effect. Therefore, NADH was 

additionally quantified using commercial enzymatic kits in this work. Based on a broad 

literature review, two extraction solvents (80% Methanol (v/v) (= MeOH) and 

acetonitrile/methanol/water in a ratio (v/v) of 40/40/20 with 0.1 M formic acid (= ACN)) were 

tested with the protocol derived from Lu et al. (2018). For evaluation, C. pasteurianum was 

grown in fed-batch culture and fast-filtration was conducted. Four filtrations were conducted 

at each time point and two samples were extracted using one solvent mixture. Afterward, the 

metabolites ATP, ADP, AMP, butyryl-CoA, crotonyl-CoA, and NAD plus NADH were 

quantified by LC-MS/MS. NADH was additionally measured by the enzymatic kit. 
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Unfortunately, systematic spiking experiments for the tested extraction solvents could not be 

conducted due to the tremendous prices of the related targeted metabolites. 

Figure 31 displays the determined concentrations of AMP, ADP, ATP, and butyryl-CoA. One 

can see that the ACN extraction leads to a higher ATP level in the samples, while levels of 

ADP and AMP appear to lie within the same range. It has been shown in other studies that the 

addition of acids (such as formic acid) prevents ATP from hydrolyzation in the extraction 

process and leads to a higher ATP recovery (Bennett et al., 2009). The same might be valid for 

CoA-esters: here, the concentration for butyryl-CoA was immensely higher for the ACN 

extractions after 16 h. Crotonyl-CoA could not be detected in any of the samples. This is 

probably due to the low intracellular concentration of the compound since it was possible to 

use the LC-MS/MS method with the internal standard for calibration. 

 

 

Figure 31: By LC-MS/MS quantified intracellular concentrations of a) nucleotide triphosphate and b) butyryl-

CoA in C. pasteurianum. Samples were taken by fast-filtration and 2 different extraction solutions were tested: 

MeOH = 80% Methanol in water and ACN = acetonitrile/methanol/water in a ratio (v/v) of 40/40/20 with 0.1 M 

formic acid. Displayed values are averages of two separate extractions. 
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Figure 32 displays the determined concentrations of NAD and NADH with the two different 

extraction solvents. The graphs also compare LC-MS/MS (a) and enzymatic kit (b) results. One 

can see that, except for the last point, NADH levels obtained from the LC-MS/MS 

measurement are zero. Hence, this quantification method is not suitable for detecting the 

compound with the applied sampling and extraction procedure. NADH could be successfully 

detected by the LC-MS/MS method, as verified with the measurement of the internal standard 

for calibration. This leads to the assumption that matrix effects of the extracted sample lead to 

ion suppression, resulting in the false detection of NADH. The values for NADH from the 

commercial enzymatic kit deliver a better picture: here, NADH concentrations are consistently 

above the detection limit. Absolute intracellular concentrations and NADH/NAD ratios are in 

good agreement with values reported in the literature (Beri et al., 2016; Sander et al., 2017). 

 

Figure 32: Intracellular concentrations of NAD and NADH in C. pasteurianum, obtained from a) LC-MS/MS 

and b) Enzymatic determination by a commercial kit. Samples were taken by fast-filtration and 2 different 

extraction solutions were tested: MeOH = 80% Methanol in water and ACN = acetonitrile/methanol/water in a 

ratio (v/v) of 40/40/20 with 0.1 M formic acid. Displayed values are averages of two separate extractions. 
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Overall, it was concluded to use the ACN extraction solvent in future experiments. The two 

main reasons are that ATP degradation is minimized compared to the MeOH extraction and 

also that NADH degradation appears lower, as indicated by the higher levels of NAD for the 

MeOH measurements. Here, it was presumed that small amounts of NADH were oxidized to 

NAD by using MeOH as an extraction solvent. Therefore, the commercial enzymatic kit was 

used for NADH analysis instead of LC-MS/MS for the subsequent studies. 

5.2.2 Influence of electricity-aided cultivation on the metabolism of 

C. pasteurianum R525 and C. pasteurianum dhaB KO 

After validation, the method for quantifying intracellular metabolites was used to study the 

metabolism of two different strains (R525 and dhaB mutant) of C. pasteurianum with and 

without electricity. The first strain, named R525, offers a higher electrocompentence compared 

to the wild-type strain. This enables more efficient metabolic engineering of this particular 

strain. The strain was the basis to evolve a mutant, named dhaB, which lacks the first step of 

PDO synthesis, namely the conversion of glycerol into 3-hydroxypropanal by the enzyme 

glycerol dehydratase, which is encoded by the dhaBCE genes. It was expected to increase n-

butanol formation from glycerol by this means. Generation of the strains and first cultivation 

results were reported by Schmitz et al. (2018). Schmitz et al. only deleted the gene for the 

subunit (dhaB). Commonly, it has been assumed that C. pasteurianum cannot grow redox 

balanced without the formation of PDO, since this pathway is inevitably required to re-oxidize 

excess amounts of NADH, which is formed in biomass synthesis and ATP generation 

pathways. This assumption was strengthened by the work of Schwarz et al. (2017). They 

followed a similar approach to Schmitz et al.: also PDO synthesis was targeted to increase n-

butanol production, but all genes for the glycerol dehydratase (dhaBCE) were knocked out. 

Both options, knocking out dhaB only and the whole dhaBCE gene, resulted in the cessation 

of PDO production. However, Schwartz et al. reported that the modified strain could only grow 

redox balanced in complex media with glycerol as the sole carbon source. Schmitz et al. instead 

reported successful growth of the mutant in semisynthetic medium on glycerol, demonstrating 

that redox homeostasis can be maintained solely by the production of butanol. Hence, first goal 

of the work with the C. pasteurianum strains was to elucidate the redox metabolism of the 

mutant strain (dhaB) in comparison to the electrocompetent wild type strain (R525) of 

C. pasteurianum and quantitatively describe how intracellular cofactor and metabolite levels 

are altered.  
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After this, the effect of electricity was studied and compared to the non-BES cultivations. It 

was reported that C. pasteurianum (Utesch et al., 2019; Utesch and Zeng, 2018) and also other 

Clostridia (Engel et al., 2019b; He et al., 2016) show improved butanol yield and metabolic 

shifts by the supply of a cathodic current in mediatorless BES. Accordingly, Choi et al. (2014) 

demonstrated that cellular NADH/NAD ratios in C. pasteurianum are more than fivefold 

increased in a cathodic BES, concluding that the cells are electroactive and able to harvest 

electrode derived reducing energy. Nevertheless, calculations yield that in the quoted work, 

electricity can only account for less than one percent of electrons recovered in the final product 

(Moscoviz et al., 2016). Hence, special emphasis was placed in this context to describe these 

indirect effects of EF with the help of kinetic data and metabolomics. 

In total, four fed-batch cultivations were performed: two with the R525 strain and two with the 

dhaB mutant strain. Both strains were tested in standard stirred tank bioreactors and 

additionally in a BES with an applied cathodic current of -0.4 A. For all experiments, 

extracellular substrate and product concentrations were determined (Figure 33 and Figure 34), 

from which carbon and reducing energy balances were derived (Table 16). The final 

distribution of reducing energy and carbon atoms is listed in Table 17. Graphs for the 

determination of µmax from the four experiments are appended to this work (Figure A.1). Also, 

cell-specific substrate uptake and metabolite production rates were estimated from the data 

(Figure 35). Due to the used estimation procedure and low sampling intervals, the absolute 

values of the estimated cell-specific rates should be regarded with caution but enable a fair 

comparison of the cell's metabolic state between the different experiments. The dataset is 

complemented by intracellular concentrations of targeted metabolites obtained from fast-

filtration sample treatment and quantified in 2 h intervals between 8 and 18 h of the cultivation. 

Figure 36 displays the determined NADH/NAD ratio and the AEC. Graphs for the absolute 

intracellular concentrations of NAD, NADH, AMP, ADP, and ATP are appended (Figure A.2 

and Figure A.3). Figure 37 displays intracellular concentrations of acetyl-CoA, pyruvate, and 

butyryl-CoA. Crotonyl-CoA levels were always under the analytical limit of detection in the 

samples and no data are not shown. In the following, first, the R525 strain is compared to the 

dhaB mutant strain without electricity and subsequently, the effect of cultivation in the BES is 

described and discussed. Unfortunately, not time period could be identified, which would allow 

the statistically sound description and comparion of intracellular reaction rates. Hence, MFA 

results are not shown and discussed for the fed-batch cultivations. 
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Table 16: Maximal specific growth rate (µmax), carbon recovery (CR), NADH recovery (NADHR), macroscopic 

reducing energy recovery (RH
MAKRO), semi-pathway reducing energy recovery (RH

SPATH), final yield for 1,3-

propanediol (YPDO/Gly), final yield for butanol (YBut/Gly), final 1,3-propanediol to butanol ratio (YBut/PDO), final 1,3-

propanediol concentration (cPDO) and final butanol concentration (cBut) for the conducted fed-batch cultivations. 

BES indicates application of -0.4 A. 

Cond. 
µmax,   

h-1 

CR,       

% 

NADHR, 

% 

RH
MAKRO, 

% 

RH
SPATH, 

% 

YPDO/Gly,            

mol mol-1     

(g g-1) 

YBut/Gly,         

mol mol-1     

(g g-1) 

YBut/PDO,       

mol 

mol-1    

(g g-1) 

cPDO,      

mmol L-1    

(g L-1) 

cBut,       

mmol L-1    

(g L-1) 

R525 0.31 102.8 133.9 103.5 106.2 
0.13±0.01   

(0.11±0.01) 

0.31±0.01 

(0.25±0.01) 

2.38 

(2.32) 

80±4 

(6.13±0.31) 

165±8 

(12.22±0.61) 

dhaB  0.33 101.6 102.6 102.3 100.5 
0.00±0.00      

(0.00±0.00) 

0.33±0.01 

(0.26±0.01) 
- 

0.00±0.00      

(0.00±0.00) 

98±5 

(7.30±0.36) 

R525 

BES  
0.30 99.4 91.7 96.1 103.4 

0.09±0.01 

(0.07±0.01) 

0.29±0.01 

(0.23±0.01) 

3.22 

(3.14) 

59±3 

(4.50±0.22) 

147±7 

(10.89±0.54) 

dhaB 

BES  
0.22 97.1 119.7 99.5 98.5 

0.00±0.00 

(0.00±0.00) 

0.24±0.02 

(0.19±0.02) 
- 

0.00±0.00      

(0.00±0.00) 

64±3 

(4.71±0.24) 

Comparing the growth curves of the R525 and dhaB mutant strains in the non-BES conditions, 

it appears evident that the dhaB mutant strain offered a slightly longer lag-phase but reached a 

higher maximal specific growth rate with 0.33 h-1 (0.31 h-1 for the R525 strain). Both strains 

began declining into the stationary phase after about 15 h of cultivation. Growth and gas 

production for the dhaB mutant strain ceased abruptly after about 18 h. With 2.81 g L-1 the 

mutant strain also yielded lower final biomass than the R525 strain with 4.38 g L-1.  

Regarding product formation, the most significant difference between the two strains is that 

the dhaB strain expectedly produced no PDO. Furthermore, the dhaB strain produced less 

butyrate than R525. Even though the value of the final butanol concentration for the R525 

(12.22 g L-1) was higher than that for the dhaB mutant strain (7.30 g L-1), the mutant reached 

an overall higher butanol yield than the electrocompetent R525 strain (0.33 mol mol-1 vs. 

0.31 mol mol-1). This is because the R525 strain consumed a much higher total amount of 

glycerol (49.02 g L-1) than the dhaB strain (26.40 g L-1). Nevertheless, it is surprising that the 

butanol yields display such minor differences since shuffling molecules towards butanol and 

butyrate production is the only option for the dhaB mutant strain to regenerate excess amounts 

of NADH by exploitation of the electron bifurcating reaction of crotonyl-CoA to butyryl-CoA 

(Buckel and Thauer, 2018a). Here, the data suggest that in total, the dhaB mutant strain shuffled 

57% of the flux from crotonyl-CoA to butyryl-CoA through this reaction, while for the R525 

strain, it were only 24%. The higher use of the bifurcation pathway by the dhaB mutant can 

also be recognized by the higher H2/CO2 ratio (Figure 33 F).  
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Figure 33: Measured dry cell weight (DCW) (A), extracellular concentrations of 1,3-propanediol (PDO) (B), 

butanol (C), ethanol (D), glycerol (E) and total amount of consumed glycerol (F) during the fed-batch cultivation 

of C. pasteurianum in Biebl medium. Initial glycerol concentration was 25 g L-1. Feed started after 8 h with 

3 g L h-1, reduced after 20 h to 1 g L h-1. Application of -400 mA current after 8 h in the BES cultivations. 
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Figure 34: Extracellular concentrations of lactate (A), formate (B), acetate (C), and butyrate (D) during the fed-

batch cultivation of C. pasteurianum in Biebl medium. Initial glycerol concentration was 25 g L-1. Feed start after 

8 h with 3 g L h-1, reduced after 20 h to 1 g L h-1. Application of -400 mA current after 8 h in the BES cultivations. 

Overall, the R525 regenerated 45% of the produced NADH through the bifurcation pathway. 

A further difference in product formation can be recognized by evaluating the final 

distributions for reducing energy and carbon (Table 17). Here, one can see that the dhaB strain 

shuffled more carbon atoms and reducing energy towards ethanol. However, ethanol 

production in the dhaB strain was first triggered at later fermentation time points, when growth 

slowed down or ceased already, allowing the strain to maintain NADH neutral glycerol 

consumption. 

Table 17: Final distribution of reducing energy (top) and carbon atoms (bottom) for fed-batch cultivations of 

C. pasteurianum strains. BES indicates application of -0.4 A. PDO = 1,3-propanediol; Eth. = ethanol; But. = 

butanol; Acet. = acetate; Form. = formate; Suc. = succinate; Lac. = lactate; BM = biomass. 

Condition PDO Eth. But.  Buty. Acet.  Form. Suc. Lac. BM H2 CO2 

R525 16.7% 8.0% 51.3% 2.2% 0.8% 0.3% 0.4% 0.0% 9.0% 11.3% - 

dhaB 0.0% 13.9% 57.4% 0.0% 1.2% 1.0% 0.0% 0.1% 12.5% 13.9% - 

R525 BES 13.6% 11.2% 50.7% 0.1% 0.9% 0.3% 1.6% 2.0% 8.9% 10.6% - 

dhaB BES 0.0% 19.8% 51.6% 1.2% 1.7% 1.2% 0.6% 1.8% 7.5% 14.6% - 

R525 14.7% 6.3% 40.1% 2.1% 1.0% 0.7% 0.5% 0.0% 10.6% - 24.1% 

dhaB 0.0% 10.9% 45.0% 0.0% 1.4% 2.3% 0.0% 0.1% 14.6% - 25.7% 

R525 BES 11.8% 8.6% 39.0% 0.1% 1.0% 0.8% 2.1% 2.3% 10.3% - 24.0% 

dhaB BES 0.0% 15.4% 40.2% 1.1% 2.0% 2.7% 0.8% 2.1% 8.8% - 26.9% 
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Figure 35: Estimated cell-specific rate of glycerol uptake (A, B) and butanol production (C, D) of 

C. pasteurianum cells during fed-batch and electricity-aided fed-batch cultivation. PDO production is only shown 

for the R525 strain (E), since no PDO production was observed for the dhaB mutant strain. F: online measured 

H2/CO2 ratio from all four conducted cultivations. 
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Figure 36: Intracellular NADH/NAD ratio (A, B) and adenylate energy charge (C, D) of C. pasteurianum cells 

during fed-batch and electricity-aided fed-batch cultivation. Errors indicate the standard deviation of 

concentrations obtained from three separate metabolite extractions. When no error bar is stated, the average of 

two samples is shown. 

The different mechanisms of the two strains to maintain redox homeostasis are also reflected 

in the development of the intracellular NADH/NAD ratios, as shown in Figure 36. The absolute 

quantified cell-specific concentrations of intracellular NAD and NADH can be found in the 

appendix (Figure A.2). At the time points of feed start and first fast-filtration after 8 h, the 

initial NADH/NAD ratio in the dhaB mutant strain (0.66) was higher than that in the R525 

strain (0.44). At this time of cultivation, the R525 strain already produced PDO (as reflected in 

Figure 35 E), allowing to maintain a lower NADH/NAD ratio than the dhaB mutant strain, 

which lacks this option. In agreement with the observations of Johnson and Rehmann (Johnson 

and Rehmann, 2016), PDO formation in C. pasteurianum generally begins prior to butanol 

production and potentially served the R525 strain as an initial valve for excess intracellular 

reducing energy caused by initially high substrate uptake rates. Instead, the dhaB mutant solely 

relies on butanol production, which began later for both strains after about 10 h. In this context, 

it is notable that the estimated rate for butanol production at this time point is more than double 

as high for the dhaB mutant strain as for the R525 strain. From approximately 11 h onwards, 

the butanol production by the dhaB strain was then maintained in a magnitude of 5 to 

10 mmol g-1 h-1 until 17 h and decreased to zero when growth and substrate uptake ceased. In 
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the dhaB mutant strain, the production of butanol between 10 to 18 h was evidentially sufficient 

to drive a constant lowering of the observed intracellular NADH/NAD ratio in this period.  

After 18 h no NADH could be detected in the samples for the dhaB strain. Therefore, no 

NADH/NAD ratio is displayed. In contrast to the dhaB strain, the NADH/NAD ratio in the 

R525 strain increased between 10 to 14 h, although the butanol production rate reached similar 

levels as for the dhaB strain. As outlined earlier, this might be because the strain did not use 

the bifurcation pathway to the same extent as the dhaB mutant. Interestingly, the R525 strain 

appeared to tackle the high NADH/NAD ratio after 14 h by reactivating PDO production and 

also increasing ethanol levels. Also, the substrate uptake rate declined after 14 h and began 

increasing when the NADH/NAD ratio in the R525 strain was at a lower level again. 

Conclusively based on the presented results, the following summarized mechanism is 

suggested for the dhaB mutant strain’s redox metabolism: initially, high substrate uptake rates 

and PDO deficiency lead to elevated NADH/NAD ratios. Compared to the R525 strain, this 

results in a higher upregulation of the butanol producing pathway and allows sufficient and 

constant NADH re-oxidation by the activated bifurcating reaction of crotonyl-CoA to butyryl-

CoA. In C. acetobutylicum, butanol formation is controlled by the redox sensitive regulator 

Rex, which is activated (derepressed) by high NADH/NAD ratios and governs the expression 

of genes involved in butanol synthesis and NADH consuming pathways (Wietzke and Bahl, 

2012; Zhang et al., 2014b). The Rex protein of C. pasteurianum possesses 76% identity to the 

corresponding protein from C. acetobutylicum (Wietzke and Bahl, 2012). Hence, it is assumed 

that the observed increase in the butanol production for the dhaB mutant strain is driven by Rex 

activation at high NADH/NAD ratios. The assumption might also be supported by the fact that 

less butyrate was produced compared to the R525 strain. In C. acetobutylicum, Rex has also 

been shown to cause downregulation of the two enzymes phosphate butyryltransferase and 

butyrate kinase (Yang et al., 2018). Both are inevitably required for butyrate formation. For the 

R525 strain, butyrate production took place from the beginning of fermentation. The dhaB 

strain contrarily only showed significant butyrate production after about 13 h at already 

decreased NADH levels and also lowered butanol production rates. Schwartz et al. (2017) also 

observed lower butyrate production and re-utilization in Rex mutants of C. pasteurianum. 

When butyrate is re-assimilated by cells of C. pasteurianum, the butyrate molecule reacts with 

acetoacetyl-CoA and butyryl-CoA plus acetoacetate are formed (Malaviya et al., 2012). The 

latter is then converted into acetone. However, no acetone could be detected in the samples by 

HPLC, even when butyrate was taken up by the cells.     
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Figure 37: Intracellular concentrations of pyruvate (A, B), acetyl-CoA (C, D), and butyryl-CoA (E, F) in 

C. pasteurianum cells during fed-batch and electricity-aided fed-batch cultivation. Errors indicate the standard 

deviation of concentrations obtained from three separate metabolite extractions. When no error bar is stated, the 

average of two samples is shown. 

Also, while determined intracellular concentrations for acetyl-CoA and butyryl-CoA (Figure 

37) followed a similar pattern and lie within the same range in both strains during the tracked 

period from 8 to 18 h, a further indicator for activation of Rex genes is the lower intracellular 

concentration of pyruvate in the dhaB mutant strain. Except for the data from 16 h, pyruvate 

was always under the detection limit of the applied quantification method in the dhaB samples. 

This points towards a higher flux downstream of pyruvate compared to the R525 strain. 

Crotonyl-CoA could not be detected in any of the extracted samples. Although the 

hypothesized mechanism of Rex activation in the dhaB mutant strain might explain why the 

strain’s NADH/NAD ratio was decreased again without PDO formation, it remains unclear 

why the strain abruptly stopped growing after 18 h. One possible explanation might be that the 

initially high NADH/NAD ratio somehow led to overcompensation of NADH re-oxidation by 
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Rex controlled pathways, which then decreased absolute NADH levels in the cells below a 

critical value for cell viability. A similar phenomenon was observed for Streptococcus mutants 

strains (Baker et al., 2015), but without resulting in cell death. Hypothetically, this 

overshooting of Rex-associated pathways did not occur in the R525 strain since PDO formation 

allows fast intracellular correction of critically high NADH levels and less Rex-regulated 

proteins are transcribed. This also highlights the importance of quantifying not only the often 

stated NADH/NAD ratios in metabolic investigations but also the absolute intracellular 

concentrations of the nicotinamide adenine dinucleotides. Nonetheless, in summary, the data 

of the fed-batch cultivations conducted without electricity clearly show that C. pasteurianum 

can grow redox balanced in semisynthetic medium even without producing PDO. Next, the 

influence of the EF on the two strains is described. Here, the BES fed-batch cultivations were 

conducted with the help of the All-in-One electrode. A current of -0.4 A was applied after 8 h 

until the end of the cultivation. All results are contained in the already presented graphs and 

tables of this section. This was done to allow a fair and easy comparison of the BES and non-

BES cultivations. 

Compared to the fermentations conducted without electricity, the R525 strain showed similar 

growth behavior with electricity. On the other hand, the growth curve of the dhaB mutant strain 

delivers a different picture: with the application of -400 mA, the strain reached a 33% lower 

maximal specific growth rate with 0.22 h-1. Moreover, cell growth stopped after 14 h and the 

final biomass value was the lowest of all conducted fermentations with only 1.40 g L-1.  

The macroscopic electron balances Table 16 suggest that the strains could not harvest a surplus 

of electricity-derived electrons and incorporate them into the measured products. However, the 

application of electric current showed an influence on product formation, e.g., the molar ratio 

of produced butanol to PDO is increased for the R525 strain from 2.38 to 3.22. Since the molar 

yield for butanol was not higher for both strains in the BES, this was achieved by the R525 

strain by shuffling less substrate towards PDO, resulting in a lower yield for PDO compared to 

the fermentations without artificial electron supply. A further electricity-induced change in the 

product formation can be found in the butyrate concentration: in contrast to the fermentation 

without electricity, R525 stopped producing butyrate after 15 h. In fact, the butyrate 

concentration even decreases to almost zero until the end of fermentation. The decreased 

butyrate production in the BES cultivations agrees with the observation of Engel et al. (2019b), 

who reported 57% lower butyrate yield in an optimized BES for the cultivation of 

C. acetobutylicum. Again, no acetone was detected when butyrate was presumably re-



116  5  Results and discussion 
 

 

assimilated by the cells. Moreover, the R525 and also the dhaB mutant strain produced more 

lactate when supplied with electricity.      

Even though Choi et al. (2014) used glucose as substrate (and not glycerol), used graphite felt 

electrodes (and not platinized titan), and worked chronoamperometrically at much lower 

voltages, similar observations were made in this work regarding the NADH/NAD ratio when 

the C. pasteurianum cells were exposed to an artificial electron source: within 2 h after starting 

current flow ratios increased from 0.17 to 0.74 (R525) and from 0.27 to 1.16 (dhaB mutant). 

The lower increase in the R525 strain can be accounted for the production of PDO, which again 

was observed before butanol production. The dhaB mutant is not able to produce PDO and the 

NADH/NAD ratio only slightly began to decrease when butanol production rate peaked after 

about 11 h. Similar to the fed-batch fermentations without electricity, the specific butanol 

production of the dhaB mutant strain was almost doubled compared to the R525 strain. For 

both BES fed-batch cultivations, the intracellular NADH/NAD ratio remained >0.8 until 16 h 

of cultivation. Both options, butanol and PDO production, were not sufficient in the BES 

scenario to lower the ratio into regions observed in the non-BES cultivations. Only for the R525 

strain, the NADH/NAD ratio was decreased again after 18 h in the BES. In the BES, the dhaB 

mutant strain’s maximal NADH/NAD ratio was also absolutely higher than in the cultivations 

without electricity. In this case, it is assumed that the high cofactor ratio (1.16 after about 10 h) 

and insufficient NADH re-oxidation limited cell growth, as also observed for other Clostridia 

at excess NADH/NAD ratios (Payot et al., 1998).   

It is assumed that that the increase of intracellular NADH/NAD levels was mainly driven by 

the electrochemically caused reduction of the fermentation broth, as also reflected in the 

measured ORP online values. The ORP is well known to influence gene expression (Murray et 

al., 2011; Vemuri et al., 2006) and metabolic regulation on different levels for several 

microorganisms (Liu et al., 2013; Mason et al., 2006; Riondet et al., 2000). The monitored 

ORP online values are shown in Figure 38. In the BES cultivations, the ORP was 50-100 mV 

lower than in fermentations without the electrode. The lower ORP values in the BES are 

expected to be due to the electrochemically generated amounts of hydrogen or the 

electrochemical reduction of excreted cellular redox-active compounds. Also, it was shown in 

other bioelectrochemical studies with C. pasteurianum that iron compounds influence ORP 

(Utesch et al., 2019; Utesch and Zeng, 2018). Usually, ORP values for iron-limited cultivations 

are more negative. This might be attributed to the fact that the redox couple Fe2+/Fe3+ has a 

more positive standard potential (+0.77 V vs. the standard hydrogen electrode at standard 
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conditions) than hydrogen. Hence, when iron is available in the broth, the measured ORP 

should be higher. Accordingly, the use of electricity might impose electrochemical adsorption 

of iron compounds and lead to a decrease of iron species in the medium, as demonstrated for 

H-cell reactors by Utesch and Zeng (Utesch and Zeng, 2018). The described mechanism is then 

also contributing to ORP decrease of the fermentation broth. Furthermore, it is well known that 

iron availability has a significant effect on product formation and distribution in 

C. pasteurianum (Dabrock et al., 1992; Groeger et al., 2017). It cannot be excluded that the 

electrochemically imposed change of iron availability in the medium also contributed to the 

observed metabolic changes and the shift in product pattern. Nonetheless, in the referred work 

of Groeger et al., iron limitation led to a decrease of the butanol to PDO ratio, contrary to this 

study's results. 

 

Figure 38: Measured online values of the oxidative-reduction potential (ORP) during the BES and non-BES fed-

batch cultivations of C. pasteurianum.  

Based on the high NADH/NAD ratios in the BES, it is expected that also for the R525 strain, 

Rex-controlled pathways were upregulated in the electricity-aided cultivation. This might have 

been especially the case after about 14 h of cultivation when butyrate production ceased. 
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Simultaneously, glycerol uptake trended toward zero and also, the PDO production rate did not 

reach the same level again as in the non-BES cultivation. This finally led to a lower PDO 

concentration and a higher butanol to PDO ratio for the R525 strain in the BES. Another hint 

towards Rex influence was the higher lactate production in the BES. The enzyme lactate 

dehydrogenase is activated at high NADH/NAD ratios upon Rex depression, triggering lactate 

production in C. acetobutyricum (Wietzke and Bahl, 2012). Contrarily, Schwartz et al. (2017) 

could not identify Rex sequences in the lactate dehydrogenase genes of C. pasteurianum. 

However, unexpectedly higher lactate production was experimentally observed in cultivations 

of Rex lacking mutant strains.  

For all intracellular BES samples, no pyruvate and no crotonyl-CoA could be detected in the 

extracted samples. The concentration course of butyryl-CoA and acetyl-CoA also indicates that 

the BES cultivation strongly influences the metabolic pathways downstream of pyruvate, 

which was presumably driven by the artificially increased NADH/NAD ratio. But accordingly, 

the R525 strain did only shuffle 9% of the flux from crotonyl-CoA to butyryl-CoA through the 

bifurcation pathway, equalling the regeneration of only 17% of the total produced NADH. 

Hence, higher relative usage of the bifurcation pathway for elevated NADH levels was not 

observed in the R525 strain. The opposite was the case for the dhaB mutant strain: here, the 

usage of the bifurcation reaction increased from 57% (no BES) to 72% (BES). The differing 

activities of the bifurcating reaction were also again reflected in the recorded H2/CO2 ratio: the 

ratio for the mutant was higher than for the R525 strain in the BES, but the signal from the 

R525 of the electricity-aided cultivation was not higher than the signal from the cultivation 

conducted without the electrode. Summarizing, this suggests that a higher NADH/NAD alters 

the activity of the butanol and butyrate production pathway but does not necessarily increase 

the usage of the bifurcation reaction. This again points out that other, yet unconsidered or 

unknown regulations and mechanisms play a role in the BES. In this context, one possible 

explanation for the early growth cessation of the dhaB strain in the BES might be that the 

prospectively lower iron availability resulted in a decrease of electron transfer flavoproteins. 

These proteins are involved in the bifurcation reaction of crotonyl-CoA to butyryl-CoA, and 

Groeger et al. (2017) showed that these proteins have a 1.5-1.7 higher abundance at iron excess 

conditions. Hence, it is hypothesized that a decrease of the iron availability in the BES limited 

the use of the bifurcation pathway, which is essential for the dhaB mutant to maintain redox 

homeostasis under growth conditions. Besides, the lower iron availability in the BES might 

also be one explanation for the fact that the butanol yields from glycerol are lower than in the 
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non-BES cultivations, although Rex-related pathways might be upregulated by the high 

NADH/NAD ratios. 

Concerning the measured AEC (as displayed in Figure 36), it is remarkable that in the BES, 

the dhaB mutant showed higher initial values than all other strains. This might be explained by 

the assumption that the strain is limited in anabolic pathways due to high initial NADH/NAD 

ratios. Except for this, the AEC's magnitude and chronological development in the other 

cultivations appeared similar. Here it is surprising that the dhaB mutant (non-BES) reached a 

similar growth rate as the R525 strain, even though for the dhaB strain, only trace amounts of 

butyrate and similar amounts of acetate were produced.  

5.2.3 Continuous cultivation of C. pasteurianum R525 at fixed dilution rate with 

electrochemically controlled ORP 

The fed-batch BES fermentations yielded that C. pasteurianum is not able to harvest significant 

amounts of electricity-derived reducing energy but is still affected by the applied current. 

Therefore, it was decided to subsequently study the observed indirect electricity-induced 

metabolic shifts in more detail by continuous culture at different ORP levels. These different 

ORP levels were considered to be established and controlled by the All-in-One electrode at 

fixed dilution rates. The obtained data (reaction rates and intracellular metabolite 

concentrations) at steady state should then be used for MFA and allow a quantitative phenotype 

characterization. Unfortunately, before the experiments, it was unknown how far it is possible 

to control ORP at fixed dilution rates electrochemically. No examples of similar approaches 

could be found in the literature. Hence, knowledge and strategies for this kind of control had 

to be developed and experimentally implemented initially. The demanding experimental set-

up and long cultivation times made data generation very time-consuming and reliable results 

for only one different rate (0.1 h-1) were obtained. 

For the continuous cultivations, cells were initially grown to steady state without power 

application. Then, the first attempts to control ORP used a constant cathodic current of -

100 mA with a simple on/off controller. Here, the first finding was that the ORP could, in 

contrast to the results obtained in previous fed-batch fermentations not be reduced further at 

the fixed dilution rate of 0.1 h-1 in the BES. This remained the case even when the current (and 

electrochemical hydrogen production rate) was increased up to -1.0 A. Also, even when the 

system was operated overnight with the constant application of only low currents (cathodic or 
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anodic were tested both), washout of the cells was observed. Here, it is assumed that the 

electrochemical adsorption of charged trace elements may have prevented the cells from 

achieving the required growth rate at the set dilution rate.  

In the next step, to avoid cell washout in subsequent experiments, a pulse control algorithm 

was implemented for the ORP control. The controller was a simple manually tuned PI-

controller (implemented via Labview), using the ORP online value as the input variable and 

the applied current as output. The pulsing time was 100 ms, followed by 100 ms without the 

application of electricity. Here, it turned out that the initial duration of 100 ms could not 

increase the ORP sufficiently, even at the used potentiostat’s maximal current (1.0 A). In this 

case, when no increase of ORP was observed after 3 h, the pulsing time was manually increased 

stepwise by 100 ms. The period without electricity was kept constant at 100 ms. With this 

strategy, it was possible to maintain the ORP at the desired set-point at a dilution rate of 0.1 h-

1 (+- 10 mV). Overall, four different ORP levels at dilution rates of 0.1 h-1 were achieved and 

evaluated, while the first steady state was without application of electrical energy. The online 

ORP values for the tested conditions, including the final controller output values, are shown in 

Figure 39. At each steady state, which was assumed to be reached after a minimum of five 

hydraulic retention times (and verified by an unchanging off-gas composition), fast sampling 

and filtration for metabolomics analysis were conducted, and four samples in 15 min intervals 

were taken for analysis of extracellular metabolites. From the latter, rates, yields, and balances 

were calculated. The determined rates and variances were then also used for MFA and 

subsequently for sensitivity and regulation analysis. 
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Figure 39: Online ORP values (in mV) during the continuous electrochemically ORP-controlled cultivation of 

C. pasteurianum in a BES at D = 0.1 h-1. Captures indicate the following: Number of steady state (I-IV); set-points 

for the electrochemical ORP control (in mV) / applied current (in mA) / pulsing time (in ms). A detailed 

description of the control mechanism is given in the text. The electrochemical pulsing was interrupted by 100 ms 

without current application. Black blocks indicate time points of fast-sampling and changing of controller set-

points. 

Table 18 shows the concentrations of extracellular metabolites at each steady state. One can 

see that the steady-state substrate concentration always increased with a more positive ORP. 

Hence, overall substrate uptake (per L culture volume) decreased. Decreases in absolute 

steady-state concentrations were also observed for biomass and the primary products PDO and 

n-butanol. In conclusion, the macroscopic data show that ORP strongly affects cell growth and 

cellular metabolism. C. pasteurianum converts less substrate at a more positive ORP and the 

cell concentration decreases drastically. This might essentially be contributed to the production 

of oxygen by the electrode when running in anodic mode to control the ORP. Already 

at -416 mV 4% oxygen were detected in the off-gas. At -337 mV it were 6%. At -250 mV, the 

microbes’ gas production could not be measured since the off-gas stream was lower than the 

minimum requirement of the used MS (5 mL min-1). Here, estimated and balanced CO2 and H2 

production rates for calculating carbon and electron recoveries were obtained from the MFA. 

In general, oxygen has a negative influence on clostridia’s growth (Bahl and Dürre, 2001), and 
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oxygen-induced stress appears to be the primary reason for the overall decrease in product and 

cell concentrations.  

Table 18: Extracellular concentrations and standard deviation (in g L-1) of glycerol (Gly), 1,3-propanediol (PDO), 

ethanol (Eth), n-butanol (BuOH), lactate (Lac), formate (Form), acetate (Ace), butyrate (Buty) and dry biomass 

(BM) at steady-state conditions during the continuous ORP controlled cultivation of C. pasteurianum grown on 

glycerol (D = 0.1 h-1 and 𝑐𝑠,𝑖𝑛 = 36 g L-1).   

ORP, 

mV 

Gly, 

g L-1 

PDO, 

g L-1 

Eth, 

g L-1 

BuOH, 

g L-1 

Lac, 

g L-1 

Form, 

g L-1 

Ace, 

g L-1 

Buty, 

g L-1 

BM, 

g L-1 

-462 
7.65 

± 0.11 

3.64 

± 0.09 

0.39 

± 0.08 

6.16 

± 0.11 

0.00 

± 0.00 

0.36 

± 0.02 

0.25 

± 0.01 

1.45 

± 0.03 

2.09 

± 0.25 

-416 
13.73 

± 0.18 

2.47 

± 0.05 

0.37 

± 0.05 

4.88 

± 0.18 

0.63 

± 0.01 

0.65 

± 0.02 

0.28 

± 0.01 

0.25 

± 0.01 

1.59 

± 0.14 

-337 
22.75 

± 0.35 

2.2 

± 0.11 

0.48 

± 0.14 

2.14 

± 0.05 

1.13 

± 0.03 

0.48 

± 0.02 

0.05 

± 0.1 

0.32 

± 0.03 

0.98 

± 0.17 

-250 
31.12 

± 0.89 

1.17 

± 0.09 

0.39 

± 0.08 

0.46 

± 0.05 

1.21 

± 0.18 

0.00 

± 0.00 

0.00 

± 0.00 

0.00 

± 0.00 

0.40 

± 0.06 

Table 19 shows the calculated molar yields and recoveries for the experimental data from the 

continuous fermentation. Even though overall substrate consumption and product formation 

generally declined with the ORP increase, the molar yields for some products could be 

improved by the ORP alteration. Here, it is remarkable that the PDO yield could be increased 

from 149 mmol mol-1 (at -462 mV) to a maximum of 234 mmol mol-1 (-250 mV), equalling an 

improvement of 57%. Also, lactate yield and concentration increased significantly with a more 

positive ORP while butanol yields decreased. In general, the carbon and electron recoveries for 

the obtained data are not satisfactory. Even when no electricity was used (at -462 mV), the 

carbon recovery yielded only 89%. Here, one explanation might be that the low growth rate 

stressed the cells and triggered the formation of product(s) not tracked by the analytical method. 

However, no unknown peak could be found in the HPLC chromatograms.  
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Table 19: Molar yields and standard deviation (in mmol mol-1) of 1,3-propanediol (PDO), ethanol (Eth), n-butanol 

(BuOH), lactate (Lac), formate (Form), acetate (Ace), butyrate (Buty) and dry biomass (BM) plus macroscopic 

carbon (CR) and electron recoveries (RH) at steady-state conditions during the continuous ORP controlled 

cultivation of C. pasteurianum grown on glycerol (D = 0.1 h-1 and 𝑐𝑠,𝑖𝑛 = 36 g L-1).   

ORP, 

mV 

PDO,  

mmol 

mol-1 

Eth,  

mmol 

mol-1 

BuOH, 

mmol  

mol-1 

Lac,  

mmol 

mol-1 

Form, 

mmol 

mol-1 

Ace,  

mmol 

mol-1 

Buty,  

mmol 

mol-1 

BM, 

mmol 

mol-1 

CR, 

% 

RH, 

% 

-462 
149  

± 4 

26  

± 6 

258 

 ± 5 

0  

± 0 

24  

± 1 

13  

± 1 

51  

± 1 

1356  

± 322 
89 85 

-416 
127 

 ± 4 

31 

 ± 5 

257  

± 10 

28  

± 1 

55  

± 2 

18  

± 1 

11  

± 1 

981 

 ± 173 
88 84 

-337 
183 

 ± 4 

66  

± 20 

183  

± 8 

80  

± 2 

66  

± 2 

5  

± 11 

23  

± 2 

606  

± 196 
84 80 

-250 
234  

± 2 

129  

± 1 

95  

± 0 

209  

± 3 

0  

± 0 

0  

± 0 

0  

± 0 

239 

 ± 2 
84* 81* 

*CO2 and H2 production rates estimated from MFA 

While the product yields and final concentrations of the conducted experiments are important 

parameters to assess the overall process performance, these values can only deliver hints on 

how the changed process conditions affected the cells’ different pathways. Here, the data 

generated by MFA and the subsequent regulation analysis are more helpful. Also, by the 

mathematical representation of the assumed reaction network and the implementation of 

measured rates, MFA allows the statistical testing of consistency and the detection of gross 

measurement errors. The basis for the biochemical network used for MFA was developed 

within the framework of a previous publication (Schmitz et al., 2018). ATP was not considered 

in the original network because it was expected to be directly consumed for growth. Since, 

based on the previous results, it was of high interest to understand more about the energy 

metabolism of C. pasteurianum, ATP generation, and depletion by biomass formation were 

added to the network. The yield of biomass per mol ATP was taken from the literature (Zeng 

et al., 1997). Additionally, the whole model was charge and mass balanced. First, MFA results 

indicated that the measured rates and the initially assumed network of reactions are statistically 

not consistent. This was concluded from the value of the test function h, which should yield 

values of <7.815 (at a confidence interval of 95%) for the network, which has a degree of 

redundancy of three. No specific rate could be identified that contained gross systematic errors. 

Nonetheless, it could be concluded that intracellular protons cannot be sufficiently balanced by 

the assumed reactions at the measured rates. The main sink for protons in the network is the 

formation of H2 from reduced ferredoxin and protons. The primary source is the conversion of 
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glycerol to pyruvate and acid production. In the following, possible reasons for the issue of 

proton deficiency are elucidated and treated in more detail. 

In literature, it has been taken for granted that organic acids are mainly excreted passively in 

their membrane-permeable, protonated, and non-charged form, which is pH-dependent. This is 

also reflected in the transport reactions of most metabolic models. Nonetheless, this long-

standing paradigm is currently on debate since it has been shown to contradict numerous 

experimental findings. In particular, it has been shown that most metabolic models 

underestimate the diversity of metabolite secretion and that simulation results are not in 

agreement with results of empirical exometabolomic studies (Pinu et al., 2018). In most of 

these studies, significant numbers of extracellularly quantified metabolites could not be 

explained by the metabolic model, even if leakage by cell lysis was considered as a source of 

error in exometabolomic studies (Paczia et al., 2012). This points out the future necessity to 

complement metabolic models for yet unknown transport reactions and mechanisms.  

In this context, for C. pasteurianum the intracellular pH is expected to be more alkaline than 

the extracellular environment. Based on the data of Riebeling et al. (1975), an intracellular pH 

of 6.5 is assumed at the applied external pH of 6.0. This leads to the situation that more than 

98% of the main organic acids (butyric acids, acetic acid, lactic acid, formic acid) would be 

intracellularly present in their dissociated form. If these deprotonated acids could not be 

excreted by the cells, these metabolites would accumulate rapidly and severely inhibit cell 

growth, prevent steady state or even lead to a washout of cells in continuous cultures. Hence, 

it is expected that C. pasteurianum can excrete both forms of metabolites, protonated but also 

deprotonated. The metabolic model was adjusted accordingly: the degree of deprotonation was 

calculated with respect to the approximated intracellular pH of 6.5 and the pka values of the 

corresponding acid. Furthermore, the protonated/deprotonated forms of each acid are only 

represented by one metabolite in the equations, which are both expected to be excreted by the 

cells. This enables the cells to balance significant parts of the proton deficiency, created by the 

hydrogenases, with the help of acid production. Nonetheless, the MFA results with the updated 

network, which includes the secretion of deprotonated acids, still did not deliver statistically 

satisfying results. The proton deficiency was still too large. 

Subsequently, an ATPase was considered as a further option of proton balancing by enabling 

proton flow into the cells. The F1F0 ATP synthase peptide of C. pasteurianum is well 

characterized (Das and Ljungdahl, 2003), but only a few studies exist that elucidate its 

physiological role. It was concluded from these studies that the ATPase complex shows only 
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low ATP-synthase activity and is inhibited by high ATP levels (Clarke et al., 1979; Clarke and 

Morris, 1979). Together with the finding that the intracellular pH of C. pasteurianum is more 

alkaline than its environment (Riebeling et al., 1975), this led to the assumption that the ATPase 

mainly uses ATP as an energetic driver to facilitate proton translocation out of the cells to 

maintain a more alkaline pH. Instead, it might also be an option that the hydrogenases establish 

the intracellular more alkaline pH, and the ATPase can then be used for ATP synthesis. Similar 

energy-conserving systems have been reported to exist in other microbes (Sapra et al., 2003). 

To examine this possibility for C. pasteurianum, a reaction equation for the ATPase was added 

to the metabolic model and MFA was conducted again. This time, when allowing proton influx 

and ATP generation by the ATPase, the statistical tests for data consistency with respect to the 

assumed metabolic model were satisfying for all tested conditions. The MFA results obtained 

by the final model are displayed in Figure 40. The list of metabolic reactions for the final model 

can be found in the appended Table A.3. 

In this context, it must be pointed out that the intracellular pH, ATP demand for cell growth, 

and the amount of stoichiometrically produced ATP per proton (YATP/H+ = 0.25 mol mol-1) by 

the ATPase are only estimates from the literature. This leads to the situation that in one scenario 

at -250 mV, the reaction, which represents ATP requirements for maintenance (r15), slightly 

yielded a negative value in the calculations (artificial ATP generation). Hence, most likely, the 

actual ATP demand for growth is different from the value used in the model and varies among 

the tested scenarios. Moreover, it might also be that the ATPase-efficiency was underestimated 

or that additional ATP generating mechanisms existed in C. pasteurianum. Further 

experimental validation of the ATPase efficiency and improved metabolic models with more 

detailed biomass formulation equations are required in this relation. Nonetheless, the suggested 

mechanism of ATP generation, which is indirectly driven by the hydrogenase-established 

proton deficiency, explains how C. pasteurianum can generate sufficient ATP, even when only 

small amounts of acids are formed.  
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Figure 40: Results of the metabolic flux analysis during the continuous and ORP-controlled cultivation of 

C. pasteurianum in Biebl medium with glycerol (36 g L-1 feed concentration and D = 0.1 h-1. For better 

visualization, data points obtained from the flux analysis are connected by linear curves. For all graphs: y-axis 

gives the reaction rate in mmol g-1 h-1 and x-axis ORP in mV. For simplicity, only NADH, ATP, Ferredoxin 

(Fdred), and protons are shown as cofactors. Dashed lines indicate measured reaction rates at steady state. Solid 

lines indicate calculated rates. 
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The analysis of the metabolic data is shown in Figure 41. Here, it is remarkable that the 

NADH/NAD ratio shows no statistically significant difference for the different tested ORP 

levels, demonstrating redox homeostasis. The AEC increases statistically significantly with a 

more positive ORP. This might be the result of growth inhibition by excess amounts of 

produced oxygen. The intracellular concentration of pyruvate increases strongly and 

significantly with higher ORP. Here, the cells showed a 5-fold increase in pyruvate 

concentration by the transition from -337 mv to -250 mV. Since the concentration of acetyl-

CoA decreased in the concerned ORP range, and also the reaction rate of PFOR (r5 in Figure 

40) and pyruvate-formate lyase (PFL; r6 in Figure 40) declined, the accumulation of pyruvate 

already hints towards an inhibition at the pyruvate node. The PFOR is well known to be 

inhibited by oxygen, presumably because the iron-sulphur cluster of the required cofactor 

ferredoxin is inactivated upon oxidation (Imlay, 2006; Meinecke et al., 1989). But how exactly 

the intracellular reaction rates were influenced by the ORP change and how these changes were 

achieved (by mediated or direct effects) was evaluated more systematically and in more detail 

by the followingly presented sensitivity and regulation analysis. 

For the sensitivity analysis, first, the deviation index (equation (67)) was calculated for 

intracellular reactions r1 to r13 in response to the three ORP transitions. The results are shown 

in Figure 42, where it is important to notice that the displayed values are normalized to the new 

steady. Therefore, the deviation indices for some rates with very low absolute reaction rates – 

in particular r11 and r13 – display very extreme negative values. However, the sensitivity 

analysis shows that some reaction rates reacted to all transitions with a more positive ORP with 

the same trend: r4 (lactate formation) and r7 (ethanol formation) increased while r5 (PFOR) and 

r9 (crotonyl-CoA formation) declined. Reactions downstream of crotonyl-CoA (r10 to r13), 

formate and acetate formations (r6 and r8), and reactions upwards of pyruvate (r1 to r3) show a 

mixed picture. Interestingly, the substrate uptake rate (r1) appeared almost unaffected by the 

change in ORP levels.  
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Figure 41: Molar NADH/NAD ratio, adenylate energy charge (AEC), and intracellular concentrations of 

glyceralaldehyde-3-phosphate (G-3-P), pyruvate, butyryl-CoA and acetyl-CoA during the continuous and ORP 

controlled cultivation of C. pasteurianum in Biebl medium with glycerol (36 g L-1 feed concentration and 

D = 0.1 h-1). Small letters above the blue curve denote that the data point belongs to a statistically significantly (α 

= 0.05) differing group. When no letters are shown in the subpanels, data did not differ significantly, as tested by 

ANOVA. 
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Figure 42: Sensitivity analysis of intracellular reactions in response to electrochemically-controlled ORP changes 

during the continuous cultivation of C. pasteurianum grown on glycerol. Δq1: -462 mV → -416 mV; Δq2: -416 mV 

→ -337 mV; Δq3: -337 mV → -250 mV. If no value is shown, the reaction rate was zero at the new state and 

normalization not possible. 

The sensitivity analysis shows quantitatively which reaction rates are influenced by the ORP 

change, but it does not provide any information about the underlying control patterns and how 

the observed changes in reaction rates were achieved. Therefore, a regulation analysis was 

performed. For this, first the system was simplified into blocks and redefined to cover only 

reactions for which intermediates were experimentally measured (G3P, pyruvate, acetyl-CoA 

and butyryl-CoA). The system is displayed in Figure 43. For these reaction blocks, the 

elasticities were estimated based on the intracellular concentration measurements and kinetic 

data from the literature. The calculated values are listed in Table A.4. Together with the 

obtained steady-state fluxes from the MFA, this enabled the calculation of concentration and 

flux control coefficients by symbolic MCA.  
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Figure 43: Reaction block network used for symbolic MCA and regulation analysis. G3P = Glyceralaldehyde 3-

phospate; CoA = Coenzyme A. 

 

 

 

 



5  Results and discussion  131 
 

After calculation of all elasticities for the intermediates and reaction blocks displayed in Figure 

43, the control coefficients were determined. The data of all four determined control patterns, 

each for one tested ORP set-point, can be found in Table A.5. The regulation analysis results 

in the form of the (partial) integrated responses are listed in Table 20 and visualized in Figure 

44.  

Each row in Table 20 lists the partial integrated responses and their sum (integrated response) 

in the last column. Hence, the rows indicate how much a system component (reaction block or 

intermediate) was positively or negatively affected by the respective ORP change. The columns 

show through which reaction block the observed change, which cannot be explained locally by 

kinetic effects, was achieved. For instance, for the first ORP change (Δq1) from -462 mV 

to -416 mV, reaction block J0 shows a slightly positive response, as indicated by the partial 

integrated response ( 𝐼 
 𝑅𝛥𝑞1

𝐽0 ) of 0.07. Here, all partial integrated responses, except for reaction 

block J0 (= 𝐼 
𝐽0 𝑅𝛥𝑞1

𝐽0 ) , are zero. Hence, the observed effect was not transmitted through any 

other reaction blocks than J0 and is of direct nature. In contrast to this, J6 shows a positive 

response ( 𝐼 
 𝑅𝛥𝑞1

𝐽6 = 0.73), but the partial integrated response for the reaction block itself 

( 𝐼 
𝐽6 𝑅𝛥𝑞1

𝐽6 ) is negative. Therefore, the ORP exerted a negative influence on the reaction block 

itself but the observed overall positive response was transmitted through other reaction blocks. 

The highest positive influence had block J7, which did not show an increased steady-state flux 

by the ORP change from -462 mV to -416 mV. Also, the positive response of J6 was transmitted 

through J0, J4 and J5.  

Figure 44 illustrates the described responses and also distinguishes between positive and 

negative responses. For example, for 𝐼 
 𝑅𝛥𝑞1

𝐽0 only one thin green line is drawn, which is only 

connected to J0 since there was only one slightly positive response that originated from J0 itself. 

Accordingly, for 𝐼 
 𝑅𝛥𝑞1

𝐽6 the positive and negative parts of the integrated response are displayed 

by the first link (from the center) and through which reaction blocks these were transmitted (by 

the second respective link to the outsides). Note that the thickness of the links in Figure 44 

refer to the absolute values of the (partial) integrated responses. 
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Table 20: Regulation analysis of intracellular reactions in response to electrochemically-controlled ORP changes 

during the continuous cultivation of C. pasteurianum grown on glycerol. a) Δq1: -462 mV → -416 mV; b) Δq2: -

416 mV → -337 mV; c) Δq3: -337 mV → -250 mV. 𝐼 
𝑖 𝑅𝛥𝑞

𝑎 = integrated partial response;  

𝐼 
 𝑅𝛥𝑞

𝑎 = ∑ 𝐼 
𝑖 𝑅𝛥𝑞

𝑎  = integrated response; G3P = glyceralaldehyde-3-phosphate; PYR = pyruvate; AcCoA = acetyl-

CoA; ButyCoA = butyryl-CoA; n.d. = not defined (since 𝐽𝑖
0 = 0). a stands for a system variable (flux and 

metabolite level), which responds to the parameter change through block i. For further explanation, see text.    

𝑰 
𝒊 𝑹𝜟𝒒

𝒂
 

 i =   

0 1 2 3 4 5 6 7 8 9 𝑰 
 𝑹𝜟𝒒

𝒂
 

Δq1 a =  

0 0.07 0.00  n.d. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 

1 0.07 0.00 n.d. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 

2 0.48 0.00 n.d. 0.03 -0.87 0.00 0.00 0.00 0.00 0.00 -0.36 

3 0.04 0.00 n.d. 0.00 -0.08 0.00 0.00 0.00 0.00 0.00 -0.04 

4 0.08 0.00 n.d. 0.00 1.28 0.00 0.00 0.00 0.00 0.00 1.36 

5 0.20 0.00 n.d. -0.01 0.17 -0.29 0.04 0.47 0.00 0.00 0.58 

6 0.22 0.00 n.d. -0.01 0.18 0.10 -0.27 0.51 0.00 0.00 0.73 

7 0.03 0.00 n.d. 0.00 0.03 0.01 0.01 -0.04 0.00 0.00 0.04 

8 0.03 0.00 n.d. 0.00 0.03 0.01 0.01 -0.04 -0.01 0.05 0.07 

9 0.03 0.00 n.d. 0.00 0.03 0.01 0.01 -0.04 0.27 -1.15 -0.84 

G3P 0.08 0.88 n.d. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.95 

PYR 0.49 0.00 n.d. 0.03 -0.89 0.00 0.00 0.00 0.00 0.00 -0.37 

AcCoA 0.25 0.00 n.d. -0.01 0.21 0.11 0.05 0.58 0.00 0.00 1.19 

ButyCoA 0.04 0.00 n.d. 0.00 0.03 0.02 0.01 -0.05 0.32 0.06 0.42 

Δq2 a =  

0 -0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.11 

1 -0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.11 

2 -0.65 0.00 0.08 1.27 -0.08 0.00 0.00 0.00 0.00 0.00 0.62 

3 -0.03 0.00 -0.01 -0.23 0.00 0.00 0.00 0.00 0.00 0.00 -0.27 

4 -0.05 0.00 -0.02 0.09 0.11 0.00 0.00 0.00 0.00 0.00 0.13 

5 -0.13 0.00 -0.05 -0.85 0.05 0.23 -0.17 1.13 0.00 0.00 0.20 

6 -0.15 0.00 -0.06 -0.97 0.06 -0.50 -2.32 1.29 0.00 0.00 -2.65 

7 -0.02 0.00 -0.01 -0.10 0.01 -0.05 -0.02 -0.16 0.00 0.00 -0.34 

8 -0.01 0.00 -0.01 -0.10 0.01 -0.05 -0.02 -0.16 -0.06 -0.06 -0.47 

9 -0.02 0.00 -0.01 -0.10 0.01 -0.05 -0.02 -0.17 0.57 0.55 0.77 

G3P -0.14 0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.43 

PYR -0.68 0.00 -0.26 1.32 -0.08 0.00 0.00 0.00 0.00 0.00 0.30 

AcCoA -0.19 0.00 -0.07 -1.20 0.07 -0.61 -0.25 1.59 0.00 0.00 -0.66 

ButyCoA -0.02 0.00 -0.01 -0.12 0.01 -0.06 -0.03 -0.21 0.71 -0.08 0.19 

Δq3 a =  

0 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 

1 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 

2 0.05 0.00 -0.02 0.48 0.00 0.00 0.00 0.00 0.00 0.00 0.51 

3 0.00 0.00 0.02 -0.33 0.00 0.00 0.00 0.00 0.00 0.00 -0.31 

4 0.00 0.00 0.03 0.01 -1.26 0.00 0.00 0.00 0.00 0.00 -1.22 

5 0.00 0.00 0.03 -0.59 0.00 0.40 0.00 0.51 0.00 0.00 0.34 

6 0.00 0.00 0.03 -0.62 0.00 -1.06 -0.42 0.53 0.00 0.00 -1.54 

7 0.00 0.00 0.01 -0.15 0.00 -0.26 0.00 -0.33 0.00 0.00 -0.73 

8 0.00 0.00 0.01 -0.15 0.00 -0.26 0.00 -0.33 0.00 0.00 -0.73 

9 0.00 0.00 0.01 -0.15 0.00 -0.26 0.00 -0.33 -0.20 -0.31 -1.25 

G3P 0.02 -0.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.43 

PYR 0.06 0.00 1.51 0.57 0.00 0.00 0.00 0.00 0.00 0.00 2.14 

AcCoA 0.00 0.00 0.03 -0.66 0.00 -1.12 0.00 0.56 0.00 0.00 -1.19 

ButyCoA 0.00 0.00 0.01 -0.16 0.00 -0.27 0.00 -0.34 -0.21 0.00 -0.97 
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Figure 44: Visualization of regulation analysis in response to electrochemically-controlled ORP changes during the continuous cultivation 

(D = 0.1 h-1) of C. pasteurianum grown on glycerol. a) Δq1: -462 mV → -416 mV; b) Δq2: -416 mV → -337 mV; c) Δq3: -337 mV → -250 mV. 

Green links indicate an activation/positive response of the flux or metabolite, and red links indicate an inhibition/negative response. Starting 
from the center node (Δqi), the first edges in both directions indicates the negative and positive response of a flux or intermediate (sum of 

negative and positive partial integrated responses). The second respective link towards the outer vertices shows through which flux the 

response was transmitted (equals partial integrated response). Thickness of the links corresponds to the relative strength/value of the (partial) 

integrated responses. Missing fluxes or intermediates in one scenario means that they were not affected by the external parameter change. 
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The data enable interesting, yet highly complex, insights into the response of the microbial 

system to the ORP changes. For the first transition (from -462 mV to -416 mV, a) in Figure 

44), the positive response of the system outweighs the negative effects. Here, the largest overall 

positive effects, as reflected by the integrated responses, are seen for J4, J6, G3P and acetyl-

CoA. While the activation of J4 is mainly of direct nature, J6 profits, as already described, most 

from the increase in J0 (system influx) and J7 (conversion of acetyl-CoA to butyryl-CoA), 

which remained almost unchanged by the parameter change from -462 mV to -416 mV. Also, 

the increase in the rate of the PFL (J4) has a positive effect on J6. G3P concentration does 

almost exclusively profit from the slightly increased system influx. The concentration of acetyl-

CoA is positively affected by reaction block J7, which did not show an increased flux in 

comparison to the reference state. Accordingly, fluxes J5 and J6 did not increase sufficiently to 

compensate for the local increase in acetyl-CoA concentration, caused by the increase in J4. 

For the first ORP change from -462 mV to -416 mV, the highest negative responses are seen 

for J2, J9 and pyruvate. While the negative effect on lactate production (J2) can completely be 

explained by the increase of flux for PFL (J4), the negative response of J9 appears to be majorly 

of direct nature. The negative effect of the effector change on pyruvate can also mainly be 

explained by an increase in J4. 

The second change in external effector (transition from -416 mV to -337 mV; b) in Figure 44) 

has an overall negative influence on the system. Here, J6 show the highest negative response. 

The response is transmitted directly but also through J3 (PFOR), which is reduced, and J5 

(ethanol formation), which is increased. In this context, it is noteworthy that the decrease in the 

flux of J3 that exerts strong influence on several system components, does almost exclusive 

occur from a direct response. Only a small proportion (11%) can be accounted to a reduced 

system influx after the transition. The highest overall positive response (as indicated by the 

total integrated response 𝐼 
 𝑅𝛥𝑞

𝑎 ) can be recognized in J2 and J9. Here, J2 (lactate formation) 

increases mainly because of the negative response of J3 (PFOR) and J9 is activated directly and 

positively affected by less butanol production (J8). The observed increase in pyruvate and G3P 

concentrations (as shown in Figure 41) can mainly be contributed to decrease of J3 and J1, while 

acetyl-CoA is mainly negatively affected by a decrease in J3. 

For the third ORP change (from -337 mV to -250 mV, c) in Figure 44) the negative response 

of the system clearly predominates. For the fluxes, only J2 (lactate formation) and J5 (ethanol 

formation) show an overall positive response. This time, the positive response of J2 is again 

mainly transmitted by a further decrease in J3. J5 profits from a direct activation and also from 
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a strong flux reduction in reaction block J7. The highest negative responses were calculated for 

J4 (PFL), J6 (acetate formation) and J9 (butyrate formation). PFL is, identical to PFOR during 

this final ORP change, solely affected directly by the change of the external effector. In general, 

PFOR is engaged in transmitting the negative effects of the external effector on all reactions 

and intermediates downstream of it. Also, the decreasing value of J3 is the main reason for the 

observed concentration increase of pyruvate and the increase in lactate formation (J2). 

Overall, the regulation analysis draws, in combination with the MFA results, a cohesive picture 

of the metabolic response to the ORP alterations. Although the applied method is hampered by 

the derivation of the elasticities from kinetic data from literature and the assumption of a simple 

one substrate Michaelis-Menten kinetic, it still enables a reliable semi-quantitative elucidation 

of the triggered metabolic phenomena and how they were achieved from a systems level 

perspective. As represented by the analysis of the first change in ORP parameter (-462 mV to -

416 mV), a moderate increase of ORP stimulates the metabolism of C. pasteurianum and 

results in an increased substrate influx towards pyruvate. Here, the reaction of PFOR remains 

almost unaltered and the additional flux towards pyruvate is captured by the PFL. To maintain 

redox homeostasis, the cells produce more ethanol. The next ORP change (from -416 mV 

to -337 mV) results in a drastic inhibition of PFOR, which is presumably caused by a higher 

oxygen activity, driven by the higher amounts of applied currents. Here, the cells again utilize 

the PFL reaction to compensate the lower PFOR activity. In addition, upstream of pyruvate 

more lactate is produced as a response. At the highest ORP level (-250 mV) and the highest 

activity of oxygen in the system, not only PFOR but also PFL are directly affected. Both 

enzymes carry iron sulphur clusters and are inhibited by molecular oxygen (Meyer, 2000; 

Morvan et al., 2021). However, it is interesting to notice that PFL inhibition is first observed 

at the highest effector level, while PFOR is negatively affected already at lower levels. As a 

response to the blockage of pyruvate conversion to acetyl-CoA, the cells shuffle even more 

molecules towards lactate. Although ethanol yields still increase for the last ORP shift, the 

regulation analysis indicates that the decrease in the PFOR reaction rate exerts a strong negative 

effect on ethanol formation. Moreover, even though lactate yields are more than doubled in the 

last ORP parameter change, the cells are obviously not able to re-oxidize the required amounts 

of NADH, which are produced during glycerol conversion and biomass formation. Hence, the 

direct inhibition of pyruvate conversion to acetyl-CoA (PFOR and PFL) by the external effector 

oxygen indirectly causes the observed increase in PDO yield. The level of this effector in the 

system can be controlled by the developed algorithm for electrochemical ORP control. 
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6 Conclusions 

6.1 Electricity-aided production of microbial lipids 

Overall, it was demonstrated experimentally that EF offers the potential to improve the 

performance of lipid production. The improvement concerns two aspects: 1. The increase in 

lipid yield and productivity by lowering the ORP by CEF and 2. The increase in relative 

amounts of PUFAs by AEF. The tested redox mediators BB and NR had no positive influence 

on lipid yield or volumetric productivity. In fact, both mediators appeared to be detrimental to 

cell growth and lipid formation. Nonetheless, the redox mediator NR led to a significant 

increase in C16:0 and a decrease in C18:1, which might be of future interest for the production 

of CBE or other tailor-made microbial lipids.  

It was successfully shown that ORP could be electrochemically lowered even at strongly 

aerobic conditions. The decrease of ORP coincided with an increase in lipid yield. However, it 

cannot be concluded that this yield increase can be owed to the microbial incorporation of 

electricity-derived reducing power and its subsequent use for lipid synthesis. The basis for this 

conclusion is that the achieved lipid yields in the BES are still under the theoretical maximal 

limit, as calculated by the in silico analysis. It is more likely that the ORP decrease caused 

changes in pathway regulation and gene expression, which finally resulted in higher lipid 

yields. More detailed future studies with more measurement information and transcriptomic 

studies might be helpful to elucidate the observed yield increase in more detail. Another reason 

for the observed increase in lipid yield in the BES might be that the supply of cathodic current 

by platinum electrodes enabled the formation of small amounts of H2O2, as also observed in 

other EF studies (Li et al., 2012; Liu et al., 2016a; Tashiro et al., 2018). H2O2 is considered to 

be an important reactive oxygen species (ROS). It has just recently been observed that ROS 

can trigger metabolic shifts in OY and enhance lipid accumulation (Shi et al., 2017; Zhang et 

al., 2020). Nonetheless, the exact effects of ROS on lipid accumulation are still not well-studied 

and require further research. In this regard, it is essential to elucidate the right balance for 

enhancing lipid accumulation and damaging the cells by too high levels of ROS. 
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6.2 Electricity-aided cultivation of C. pasteurianum 

In the present work, first, the growth and metabolism of C. pasteurianum grown on a 

semisynthetic medium on glycerol without the formation of PDO were elucidated without 

electricity. In this case, cellular redox metabolism is heavily perturbed, and initial intracellular 

NADH/NAD ratios are elevated. However, subsequent activation of butanol production 

enables a sufficient re-oxidation of NADH by exploiting the bifurcation reaction of crotonyl-

CoA to butyryl-CoA. Furthermore, cultivation in a cathodic BES showed that C. pasteurianum 

is not able to harvest significant amounts of electricity-derived reducing energy in a cathodic 

BES and should not be considered electroactive. But the applied current still causes a 

significant increase of the intracellular NADH/NAD ratio, driven by electrochemically 

lowering of ORP values. This results in a higher butanol to PDO ratio for the electrocompetent 

wild-type strain of C. pasteurianum. Without the ability of PDO formation, growth of the PDO 

lacking dhaB mutant strain ceased early in the BES. Here, the use of electricity did not provide 

any advantages for n-butanol production. 

Nonetheless, more detailed work in this context is required to understand which particular yet 

unknown mechanisms lead to the observed elevation of the intracellular NADH/NAD ratio in 

the BES and if the higher observed activity of the butanol producing pathways can indeed be 

accounted to the upregulation of Rex controlled enzymes. In this context, detailed 

transcriptomic or proteomic studies might help to unveil these uncertainties. For further BES 

studies, it would be interesting to elucidate if a flavin-based mechanism is responsible for 

transferring small amounts of electrode-derived reducing equivalents into the cells, as 

suggested for C. acetobutylicum (Engel et al., 2020; Engel et al., 2019a). Here, it would be of 

particular concern to doubtlessly clarify if almost negligible small (not quantifiable on a 

macroscopic level) amounts of transferred electrons can indeed facilitate the observed increase 

in the NADH/NAD ratio and metabolic shifts. This would, even more, highlight the use of EF 

not mainly as an electron source or sink but also as an indirect tool to control microbial 

metabolism by secondary (regulatory) effects.  

In this work, a system for electrochemical anodic ORP control during the continuous 

cultivation of C. pasteurianum was successfully developed. An increase in PDO yield of 57% 

was observed by a stepwise increase of ORP from -462 mv to -250 mV at a dilution rate of 

0.1 h-1. The ORP increase was driven by the electrochemical production of oxygen, which on 

the one hand directly negatively influenced the conversion of pyruvate to acetyl-CoA, and, on 
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the other hand, positively influenced product yields of compounds upstream of pyruvate. 

Therefore, the developed technique might also be of interest for other anaerobic or 

microaerobic processes. However, since the artificial ORP increase also resulted in lower 

biomass and product concentrations, it is important for future application of this approach to 

find the right balance between product yield and volumetric productivity. In order to optimize 

the process specifically for C. pasteurianum, more detailed data about the in vivo inhibition 

kinetics of PFOR and PFL are required. Also, it would be beneficial to get improved data on 

the related control patterns by not deriving the elasticities from kinetic literature data and the 

metabolite concentrations but directly experimentally. This could be achieved by experiments, 

in which parallel short-term perturbations (similar to Tröndle et al. (2020)) are applied or 

enzyme concentrations are determined at steady state, which would allow the calculation of the 

coefficients by the lin-log method (Wu et al., 2004). Nonetheless, the first approach (short-

term perturbation experiments) would require further improvement of the electrochemical 

ORP-control under more dynamic conditions. In general, a galvanostatic approach might be 

more suitable for future experiments in this context. 

Besides, it also remains debatable in this case, which particular advantage the electrochemical 

control of the ORP has in comparison to common strategies, such as gassing with oxygen. One 

decisive advantage of the electrochemical control might be that the All-in-One electrode allows 

a highly efficient and precise gas-liquid transfer of the produced O2 and H2 molecules. Yet 

unpublished results from the Institute of Bioprocess- and Biosystems Engineering suggest that 

this is especially the case at low energy input levels. Here, the electrode can achieve higher kLa 

values by electrochemical gas production than classical sparging and stirring with the same 

level of energy input. Hence, for anaerobic processes, electrochemical ORP control might be a 

suitable tool to control the ORP and alter product selectivity. However, more experiments are 

required in this context that directly and systematically compare the two approaches in more 

detail. 
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7 Outlook 

The overall character of this work is very interdisciplinary. Methods and tools from 

biochemical engineering, electrochemistry, control theory, and (bio)systems engineering were 

used and applied to two different bioprocesses. Thus, more than highlighting one major result 

or conclusion that could be the primary starting point for one consecutive study, the results 

gained in this work might build the basis for different research projects with distinctive focuses. 

Accordingly, some ideas are presented in the following. 

The finding that ORP can be lowered significantly with the help of the All-in-One electrode, 

even at high levels of oxygen, might lead to an improvement of other further bioprocesses in 

addition to microbial lipid production. These processes should profit from the availability of 

oxygen, but also require reducing energy in their metabolic production pathway for a 

compound of interest. Currently, such bioprocesses are mainly run under microaerobic 

conditions, i.e., production of 2,3-butanediol and PDO by Klebsiella pneumonia (Huang et al., 

2002; Zeng and Deckwer, 1992), production of alginate by Azotobacter vinelandii (Sabra et 

al., 1999), production of isobutanol by Pseudomonas putida (Ankenbauer et al., 2021) or 

biosynthesis of plasmid DNA by E. coli (Jaén et al., 2019). In this context, it would be desirable 

to conduct a more comprehensive evaluation, studying the effects of different ORP on gene 

expression (transcriptomics) and more intracellular metabolite concentrations. However, 

applying non-natural environmental conditions with low ORP and high pO2 might also result 

in lower process performance since these conditions do not occur naturally and microbial 

metabolism is not optimized for them. Hence, additional metabolic engineering strategies 

might be necessary in most cases. Moreover, for following studies, control strategies for ORP 

and pO2-values under microaerobic conditions and simultaneous application of cathodic 

current needs to be improved. Accordingly, it would be very beneficial to learn which major 

compounds, in addition to hydrogen, also contribute to ORP decrease in the respective 

fermentation process. From this, a mathematical description could be derived and used in future 

fermentations for process control and simulation. 

Regarding the electricity-aided lipid production by R. toruloides, it would be interesting to 

study the metabolic reasons for the yield increase, which was observed in the BES cultivations 

compared to the non-BES cultivations, in more detail. Here, it would be most promising to 

evaluate the influence of electrochemically generated ROS species, such as H2O2, on lipid 
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yields and metabolism. In the corresponding experimental studies, other than platinized titan 

electrodes should be used. Alternatively, hierarchically structured porous carbon selectively 

catalyzes the formation of H2O2 under aerobic conditions and might be used as electrode 

material (Zhao et al., 2018). For oleaginous microbes, it is known that moderate ROS formation 

(such as H2O2) triggers cellular stress responses and exerts a positive effect on lipid 

accumulation (Wu et al., 2020; Zhang et al., 2020). Here, as also in several biocatalytical 

processes (Burek et al., 2019), correct dosing of H2O2 is a major challenge. The electrochemical 

approach could help to overcome this obstacle. Furthermore, independent of studies on ROS-

induced cell stress, other redox mediators than NR and BB might also be tested in future 

experiments. Here, not only the influence of the mediator on lipid yield but also on the lipid 

pattern would be of interest. 

Concerning C. pasteurianum and based on the gained results, electricity might be an interesting 

option to manipulate and improve PDO yields in a future continuous fermentation process. 

Nonetheless, to reasonably continue pursuing the BES approach, the development of new 

strains or process concepts is complementary required. Here, strains that are more tolerant 

towards oxygen could be generated and achieve higher biomass yields under anodic ORP 

alteration. However, it will be interesting to see if these generated strains still offer such an 

increase in PDO production yields. The finding of this work that C. pasteurianum probably 

possesses a hydrogenase-driven and ATPase-based energy generating system lays the 

foundation for a variety of possible future studies. In this context, the first priority should be to 

clarify if the strain possesses additional proton/acid antiporters, which were not yet considered 

in the used metabolic model. Also, the incorporation of thermodynamic constraints might be 

beneficial for future models and calculations. Combined with more data gained from future 

continuous cultivations, this might finally confirm or disprove the suggested mechanism for 

the hydrogenase-driven generation of ATP.  

In a broader perspective, this work might be a meaningful contribution to the development of 

EBT, since it quantitatively showed that the indirect effects of EF offer the potential for 

bioprocess optimization and intensification. These effects have widely been neglected in 

literature so far and most research in the field of EBT does currently focus on improving 

electrode-microbe interactions. Thus, it might be another option to develop specific modular 

BES in the future, in which selected electrodes facilitate desired electrochemical reactions in 

the medium (and ORP alterations). These electrochemically induced changes will then 

influence the expression of targeted genes and pathways that might be inserted into several 
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microbes. Here, the technology might be merged with metabolic engineering approaches to 

identify and modify gene and pathway patterns accordingly. In long term, it might even be an 

option to use the electrochemically altered environmental conditions as a trigger for the 

synthesis of desired products, similar to the currently used chemically induced formation of 

metabolites.  
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9 Appendix 

9.1 Tables 

Table A.1: This table contains the reaction equations for the metabolic model of R. toruloides DSM 4444. The 

model was developed by Castañeda et al. (2018). The equations are listed in alphabetical order. A detailed 

description of the model and the abbreviated metabolites can be found in the work of Castañeda et al. (2018). [e] 

= extracellular compounds; [m] = mitochondrial compounds; All other compounds are cytosolic. Additionally, 

the last two columns contain all flux values of the reaction rates for the scenario displayed in Figure 22. 

Reaction name Reaction equation 
Flux bounds 
for EM 
calculations 

CEF 
mech2 

no 
BES 

  ACH  CIT <==> ICI  [-100,100] 0% 0% 

  ACL1  ATP + CIT + CoA ==> ADP + AcCoA + OAA + Pi  [0,100] 192% 135% 

  ACO1  CIT[m] <==> ICI[m]  [-100,100] 0% 0% 

  ACS2  
ATP + ACET + H2O + CoA ==> AMP + AcCoA + H + 2 
Pi 

 [0,100] 0% 28% 

  ADK1,2  ATP + AMP <==> 2 ADP  [-100,100] 0% 28% 

  AKGtm  AKG[m] + H[m] <==> AKG + H  [-100,100] 0% 0% 

  ALD6  NADP + ACE + H2O ==> NADPH + ACET + 2 H  [0,100] 0% 28% 

  AR  ARB + NADPH + H <==> NADP + AROL  [-100,100] 0% 0% 

  ARBt  ARB[e] <==> ARB  [-100,100] 0% 0% 

  ATPM  ATP + H2O ==> ADP + H + Pi  [0,100] 0% 0% 

  ATPS  ATP + H2O ==> ADP + Pi + H[e]  [0,100] 0% 0% 

  ATPtm_H  ADP + H + ATP[m] <==> ATP + H[m] + ADP[m]  [-100,100] 451% 256% 

  C16  
7 ATP + 14 NADPH + 8 AcCoA + 7 HCO3 + 13 H ==> 
7 ADP + 14 NADP + 7 CO2 + C16-PAL + 6 H2O + 8 
CoA + 7 Pi 

 [0,100] 24% 20% 

  C51  GLYC3P + 3 C16-PAL + 3 H ==> TAG + 2 H2O + Pi  [0,100] 8% 7% 

  CAT2**  AcCoA + CoA[m] ==> AcCoA[m] + CoA  [0,100] 0% 0% 

  
Cell_mass_Eqn  

254 ATP + 25 G6P + 4.5 F6P + 16 NAD + GLYC3P + 6 
3-PG + 6.2 PEP + 18 PYR + 90 NADPH + 3.2 R5P + 
3.2 E4P + 6 NAD[m] + 3 AcCoA[m] + 11 AKG[m] + 
22 NADPH[m] + 24 AcCoA + 10 OAA + 1.53 H2S + 
254 H2O + 16 H[m] + 51.9 GLUT + 4.6 GLUM ==> 
254 ADP + 16 NADH + 90 NADP + 6 NADH[m] + 22 
NADP[m] + 10 Cell_mass + 180 H + 24 CoA + 3 
CoA[m] + 254 Pi 

 [0,100] 0% 0% 

  CIT1  
AcCoA[m] + OAA[m] + H2O[m] ==> CIT[m] + 
CoA[m] + H[m] 

 [0,100] 192% 135% 

  CO2Excretion  CO2 <==> CO2[e]  [-100,100] 192% 253% 

  CO2tm  CO2 <==> CO2[m]  [-100,100] -192% -135% 

  CS  AcCoA + OAA + H2O ==> CIT + H + CoA  [0,100] 0% 0% 

  ENO1  2-PG <==> PEP + H2O  [-100,100] 192% 163% 

  EX_ARB* ARB[e] <==>   [-100,100] 0% 0% 

  EX_CO2  CO2[e] <==>   [-100,100] 192% 253% 
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  EX_GLC* GLC[e] <==>   [-100,100] -100% -100% 

  EX_GLY* GLY[e] <==>   [-100,100] 0% 0% 

  EX_H  H[e] <==>   [-100,100] 0% 0% 

  EX_H2O  H2O[e] <==>   [-100,100] 544% 267% 

  EX_NH4  NH4[e] <==>   [-100,100] 0% 0% 

  EX_O2  O2[e] <==>   [-100,100] -188% -107% 

  EX_Pi  Pi[e] <==>   [-100,100] 0% 0% 

  EX_SO4  SO4[e] <==>   [-100,100] 0% 0% 

  EX_XYL* XYL[e] <==>   [-100,100] 0% 0% 

  FBA1  FBP <==> GAP + DHAP  [-100,100] 100% 70% 

  FBP1  FBP + H2O ==> F6P + Pi  [0,100] 0% 0% 

  FHD  MAL <==> FUM + H2O  [-100,100] 0% 0% 

  FRD  NADH + FUM + H ==> NAD + SUCC  [0,100] 0% 0% 

  FUM1  FUM[m] + H2O[m] <==> MAL[m]  [-100,100] 0% 0% 

  GDH1  NADPH + AKG + H + NH4 ==> NADP + H2O + GLUT  [0,100] 0% 0% 

  GDH2  NAD + H2O + GLUT ==> NADH + AKG + H + NH4  [0,100] 0% 0% 

  GLCt  GLC[e] <==> GLC  [-100,100] 100% 100% 

  GLN1  ATP + NH4 + GLUT ==> ADP + H + Pi + GLUM  [0,100] 0% 0% 

  GLT1  NADH + AKG + H + GLUM ==> NAD + 2 GLUT  [0,100] 0% 0% 

  GLYt  GLY[e] <==> GLY  [-100,100] 0% 0% 

  GND  NADP + 6-P-Gluconate ==> NADPH + CO2 + RIB5P  [0,100] 0% 90% 

  GPD1  DHAP + NADH + H <==> NAD + GLYC3P  [-100,100] 146% 7% 

  GPM1  3-PG <==> 2-PG  [-100,100] 192% 163% 

  GrowthEx  Cell_mass ==>   [0,100] 0% 0% 

  GUT1  ATP + GLY ==> ADP + GLYC3P + H  [0,100] 0% 0% 

  GUT2  GLYC3P + FAD[m] ==> DHAP + FADH[m]  [0,100] 138% 0% 

  H2Ot  H2O[e] <==> H2O  [-100,100] -544% -267% 

  H2Otm  H2O <==> H2O[m]  [-100,100] -635% -334% 

  HCO3eq  CO2 + H2O <==> HCO3 + H  [-100,100] 443% 221% 

  HXK1  GLC + ATP ==> G6P + ADP + H  [0,100] 100% 100% 

  ICD  NADP + ICI ==> NADPH + CO2 + AKG  [0,100] 0% 0% 

  ICL1,2  ICI ==> GLX + SUCC  [0,100] 0% 0% 

  IDH1  NAD[m] + ICI[m] ==> NADH[m] + AKG[m] + CO2[m]  [0,100] 0% 0% 

  IDP1  
ICI[m] + NADP[m] ==> AKG[m] + NADPH[m] + 
CO2[m] 

 [0,100] 0% 0% 

  KGD1  
NAD[m] + AKG[m] + CoA[m] ==> NADH[m] + SUCC-
CoA[m] + CO2[m] 

 [0,100] 0% 0% 

  LAD  NAD + AROL <==> NADH + XU + H  [-100,100] 0% 0% 

  LSC1,2  
SUCC-CoA[m] + ADP[m] + Pi[m] <==> SUCC[m] + 
CoA[m] + ATP[m] 

 [-100,100] 0% 0% 

  LXR  NADPH + XU + H <==> NADP + XYOL  [-100,100] 0% 0% 

  MAE1  
NADP[m] + MAL[m] ==> PYR[m] + NADPH[m] + 
CO2[m] 

 [0,100] 0% 0% 

  MCT1  MAL[m] + CIT <==> CIT[m] + MAL  [-100,100] -192% -135% 

  MCT2  ICI[m] + CIT <==> CIT[m] + ICI  [-100,100] 0% 0% 

  MDCTMal  MAL + Pi[m] <==> MAL[m] + Pi  [-100,100] -451% -256% 

  MDCTSucc  SUCC + Pi[m] ==> SUCC[m] + Pi  [0,100] 0% 0% 
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  MDH1  
NAD[m] + MAL[m] <==> NADH[m] + OAA[m] + 
H[m] 

 [-100,100] -259% -121% 

  MDHc  NADH + OAA + H <==> NAD + MAL  [-100,100] -259% -43% 

  ME1  NADP + MAL ==> PYR + NADPH + CO2  [0,100] 0% 78% 

  MLS1,2  AcCoA + GLX + H2O ==> MAL + H + CoA  [0,100] 0% 0% 

  MOAAT  OAA + H <==> OAA[m] + H[m]  [-100,100] 451% 256% 

  MPYRC  PYR + H <==> PYR[m] + H[m]  [-100,100] 192% 135% 

  MSFT  FUM[m] + SUCC ==> SUCC[m] + FUM  [0,100] 0% 0% 

  NDE1  
20 NADH[m] + 62 H[m] + 24 ADP[m] + 24 Pi[m] + 
10 O2[m] ==> 20 NAD[m] + 18 H + 44 H2O[m] + 24 
ATP[m] 

 [0,100] 12% 11% 

  NH4t  NH4[e] <==> NH4  [-100,100] 0% 0% 

  NNShuttle  NADH + NAD[m] ==> NAD + NADH[m]  [0,100] 305% 199% 

  O2t  O2[e] <==> O2  [-100,100] 188% 107% 

  O2tm  O2 <==> O2[m]  [-100,100] 188% 107% 

  PCK1  ATP + OAA ==> ADP + PEP + CO2  [0,100] 275% 0% 

  PDB  
PYR[m] + NAD[m] + CoA[m] ==> NADH[m] + 
AcCoA[m] + CO2[m] 

 [0,100] 192% 135% 

  PDC1  PYR + H ==> CO2 + ACE  [0,100] 0% 28% 

  PFK1  ATP + F6P ==> ADP + FBP + H  [0,100] 100% 70% 

  PGI1  G6P <==> F6P  [-100,100] 100% 10% 

  PGK1  ADP + 1,3-PG <==> ATP + 3-PG  [-100,100] 192% 163% 

  PIt2r  H[e] + Pi[e] <==> H + Pi  [-100,100] 0% 0% 

  PYC1  ATP + PYR + HCO3 ==> ADP + OAA + H + Pi  [0,100] 275% 78% 

  PYK1  ADP + PEP + H ==> ATP + PYR  [0,100] 467% 163% 

  RKI1  RIB5P <==> R5P  [-100,100] 0% 30% 

  RPE1  RIB5P <==> XU5P  [-100,100] 0% 60% 

  SDH1  SUCC[m] + FAD[m] <==> FADH[m] + FUM[m]  [-100,100] 0% 0% 

  SDH1-2  
20 FADH[m] + 42 H[m] + 24 ADP[m] + 24 Pi[m] + 10 
O2[m] ==> 20 FAD[m] + 18 H + 44 H2O[m] + 24 
ATP[m] 

 [0,100] 7% 0% 

  SO4t  SO4[e] <==> SO4  [-100,100] 0% 0% 

  SULUptake  
3 ATP + SO4 + 4 NADPH + 3 H ==> 3 ADP + 4 NADP 
+ H2S + H2O + 3 Pi 

 [0,100] 0% 0% 

  TAGex  TAG ==>   [0,100] 8% 7% 

  TALA  GAP + S7P <==> F6P + E4P  [-100,100] 0% 30% 

  TDH  GAP + NAD + Pi <==> NADH + 1,3-PG + H  [-100,100] 192% 163% 

  TKL1  R5P + XU5P <==> GAP + S7P  [-100,100] 0% 30% 

  TKL2  XU5P + E4P <==> F6P + GAP  [-100,100] 0% 30% 

  TPI1  DHAP <==> GAP  [-100,100] 92% 63% 

  XDH  NAD + XYOL ==> NADH + D-XU + H  [0,100] 0% 0% 

  XKS1  ATP + D-XU ==> ADP + XU5P + H  [0,100] 0% 0% 

  XYL1  XYL + NADPH + H <==> NADP + XYOL  [-100,100] 0% 0% 

  XYLt  XYL[e] <==> XYL  [-100,100] 0% 0% 

  ZWF1  
G6P + NADP + H2O ==> 6-P-Gluconate + NADPH + 2 
H 

 [0,100] 0% 90% 

*Flux bounds were changed [0,0] for calculation of EMs when the compound was no substrate. 

**Flux bounds changed to [0,0] except for calculation of EMs with glycerol as carbon source. 
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Table A.2: This table lists the reactions that were added to the model for the calculation of EMs in the EF 

scenarios. The assumed two tested electron transfer mechanisms (mech1 and mech2) are explained in detail in the 

Materials and Method section. ee- = electrode derived electrons; MH2/M+ = reduced/oxidized redox mediator; 

[e] = extracellular compounds; All other compounds are cytosolic. Additionally, the last two columns contain all 

flux values of the reaction rates for the scenario displayed in Figure 22. 

Scenario/ 
Category 

Mode/ 
Mechanism 

Added equation 

Flux 
bounds 

for 
EMA 

CEF 
mech2 

no 
BES 

Electrode  
and Mediator 

Cathodic 
==> ee-[e] [0, 100] 672% 0% 

2 ee-[e] + M+ + 2 H+[e] ==> MH2 [0, 100] 336% 0% 

Anodic 
ee-[e] ==>  [0, 100] / / 

MH2 ==> 2 ee-[e] + M+ + 2 H+[e] [0, 100] / / 

Cathodic 
electro-

fermentation 
(CEF) 

mech1 

NAD+ + MH2[e] + H+ ==> NADH + M+[e] + 2 
H+[e] 

[0, 100] / / 

NADP+ + MH2[e] + H+ ==> NADPH + M+[e] + 2 
H+[e] 

[0, 100] / / 

mech2 
NAD+ + MH2[e] ==> NADH + M+[e] + H+ [0, 100] 0% 0% 

NADP+ + MH2[e] ==> NADPH + M+[e] + H+ [0, 100] 336% 0% 

Anodic 
electro-

fermentation 
(AEF) 

mech1 

NADH + M+[e] + 2 H+[e]  ==> NAD+ + MH2[e] + 
H+  

[0, 100] / / 

NADPH + M+[e] + 2 H+[e] ==> NADP+ + 
MH2[e] + H+  

[0, 100] / / 

mech2 
NADH + M+[e] + H+ ==> NAD+ + MH2[e]  [0, 100] / / 

NADPH + M+[e] + H+ ==> NADP+ + MH2[e] [0, 100] / / 
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Table A.3: Metabolic model used for metabolic flux analysis for the continuous and ORP controlled fermentations 

of Clostridium pasteurianum (additional explanations are provided on the following page). (ex) denotes 

extracellular compounds, all others are cytosolic. 

ri  Educts  Products 

r1 : Glycerol (ex) 
                         
→         Glycerol 

r2 : Glycerol + NADH + H+ 
                         
→         1,3-Propanediol + NAD+ + H2O 

r3 : 
Glycerol + ADP + Pi + 
2 NAD+ 

                         
→         

Pyruvate + ATP + 2 NADH + 2 H+ + 
H2O 

r4 : 
Pyruvate + NADH + 
1.003 H+ 

                         
→         Lactate + NAD+ 

r5 : Pyruvate + CoA + Fd 
                         
→         Acetyl-CoA + Fd2- + CO2 + H+  

r6 : Pyruvate + CoA + 0.002 H+ 
                         
→         Acetyl-CoA + Formate 

r7 : 
Acetyl-CoA + 2 NADH + 
2 H+ 

                         
→         Ethanol + CoA + 2 NAD+ 

r8 : 
Acetyl-CoA + ADP + Pi + 
0.018 H+ 

                         
→         Acetate + CoA + ATP 

r9 : 2 Acetyl-CoA + NADH + H+ 
                         
→         Crotonyl-CoA + CoA + NAD+ + H2O 

r10 : 
Crotonyl-CoA + 2 NADH + 
Fd 

                         
→         Butyryl-CoA + Fd2- + 2 NAD+ 

r11 : Crotonyl-CoA + NADH   
                         
→         Butyryl-CoA + Fd2- 

r12 : 
Butyryl-CoA + 2 NADH + 
2 H+  

                         
→         Butanol + CoA + 2 NAD+ 

r13 : 
Butyryl-CoA + ADP + Pi + 
0.02 H+ 

                         
→         Butyrate + CoA + ATP 

r14 : ADP + Pi + 4 H+ (ex) 
                         
→         ATP + 4 H+ 

r15 : ATP 
                         
→         ADP + Pi 

r16 : 
1.33 Glycerol + 11.67 ATP 
+ NH3 + 1.34 NAD+ 

                         
→         

1 Biomass + 11.67 ADP + 11.67 Pi + 
1.34 NADH + 1.34 H+ + 2 H2O 

r17 : Fd2- + 2 H+ 
                         
→         H2 

r18 : 1,3-Propanediol 
                         
→         1,3-Propanediol (ex) 

r19 : Lactate 
                         
→         Lactate (ex) 

r20 : Formate 
                         
→         Formate (ex) 

r21 : Ethanol 
                         
→         Ethanol (ex) 

r22 : Acetate 
                         
→         Acetate (ex) 

r23 : Butanol 
                         
→         Butanol (ex) 

r24 : Butyrate 
                         
→         Butyrate (ex) 

r25 : H2 
                         
→         H2 (ex) 

r26 : CO2 
                         
→         CO2 (ex) 

r27 : NH3 
                         
→         NH3 (ex) 

r28 : H2O 
                         
→         H2O (ex) 

r29 : Biomass 
                         
→          
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Additional explanations and comments on the model (Table A.3): 

• The protonation of all acids at the assumed intracellular pH of 6.5 was calculated 

according to their pka values. Those are: 2.49 for pyruvate, 3.77 for formate, 4.76 for 

acetate, and 4.82 for butyrate. It was assumed that acids could be exported in their 

protonated but also deprotonated form (as described in the main text). This results in 

the occurrence of additional protons in the reaction equations of r4, r6, r8, and r13. 

• When pyruvate is expected to be utterly deprotonated in the cells, the pyruvate-

ferredoxin oxidoreductase (r5) produces one proton (compare Lin et al. (2015), 

McAnulty et al. (2012) and Yoo et al. (2015)). 

• In the bifurcating reaction of crotonyl-CoA to butyryl-CoA, no protons are required, 

when NADH is utilized (Buckel and Thauer, 2018; Lin et al., 2015). 

• For the biomass equation, it was assumed that 1 mol Biomass equals 1 mol C4H7O2N. 

The ATP demand of 11.67 mol mol-1 was taken from literature from C. acetobutylicum 

(compare Zeng et al., (1997)). 

• A value of 0.25 mol ATP per mol H+ was used for the ATPase reaction (r14). This value 

was estimated from literature from C. authotheganum (Müller et al., 2018; Valgepea et 

al., 2017). 

• Reaction r15 accounts for energy requirements for maintenance. 
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Table A.4: Estimation of elasticities from kinetic literature data and measured metabolites in C. pasteurianum 

(additional explanations are provided on the following page). 

ORP, mV Block Substrate Ks, Mm cs, µmol g-1 cs, mM Elasticity ε 

-462 

J1 G3P 26.50 1.09 2.29 0.92 

J2 pyruvate 500.00 5.83 12.25 0.98 

J3 pyruvate 0.80 5.83 12.25 0.06 

J4 pyruvate 1.60 5.83 12.25 0.12 

J5 acetyl-CoA 30.00 1.72 3.62 0.89 

J6 acetyl-CoA 51.00 1.72 3.62 0.93 

J7 acetyl-CoA 1.00 1.72 3.62 0.22 

J8 butyryl-CoA 5.00 0.33 0.68 0.88 

J9 butyryl-CoA 6.10 0.33 0.68 0.90 

-416 

J1 G3P 26.50 2.14 4.48 0.86 

J2 pyruvate 500.00 3.95 8.31 0.98 

J3 pyruvate 0.80 3.95 8.31 0.09 

J4 pyruvate 1.60 3.95 8.31 0.16 

J5 acetyl-CoA 30.00 3.28 6.89 0.81 

J6 acetyl-CoA 51.00 3.28 6.89 0.88 

J7 acetyl-CoA 1.00 3.28 6.89 0.13 

J8 butyryl-CoA 5.00 0.49 1.03 0.83 

J9 butyryl-CoA 6.10 0.49 1.03 0.85 

-337 

J1 G3P 26.50 2.67 6.41 0.81 

J2 pyruvate 500.00 8.43 20.24 0.96 

J3 pyruvate 0.80 8.43 20.24 0.04 

J4 pyruvate 1.60 8.43 20.24 0.07 

J5 acetyl-CoA 30.00 5.04 12.09 0.71 

J6 acetyl-CoA 51.00 5.04 12.09 0.81 

J7 acetyl-CoA 1.00 5.04 12.09 0.08 

J8 butyryl-CoA 5.00 0.62 1.48 0.77 

J9 butyryl-CoA 6.10 0.62 1.48 0.81 

-250 

J1 G3P 26.50 1.06 3.38 0.89 

J2 pyruvate 500.00 29.09 93.10 0.84 

J3 pyruvate 0.80 29.09 93.10 0.01 

J4 pyruvate 1.60 29.09 93.10 0.02 

J5 acetyl-CoA 30.00 1.06 3.39 0.90 

J6 acetyl-CoA 51.00 1.06 3.39 0.94 

J7 acetyl-CoA 1.00 1.06 3.39 0.23 

J8 butyryl-CoA 5.00 0.07 0.21 0.96 

J9 butyryl-CoA 6.10 0.07 0.21 0.97 
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Additional explanations on the calculation of elasticities Table A.4 for MCA and regulation 

analysis: 

• Since Ks-values for J1, J2, J5, J6, J7, J8 and J9 were not available for C. pasteurianum, 

values for C. acetobutylicum were taken from the work of Shinto et al.  (2007) and Li 

et al. (2011). 

• Ks-values for J3 (PFOR) and J4 (PFL) were taken from Moulis et al. (1996) and Thauer 

et al. (1972). 

• Conversion of metabolite levels (cs) from µmol g-1 to mM was done by estimating the 

intracellular volume of C. pasteurianum in relation to the H2-production rate, as 

presented in the work of Riebeling et al. (1975). 

• As in the work of Li et al. (2011), simple one substrate Michaelis-Menten kinetics were 

assumed for the blocks. Therefore, elasticities could be obtained by: 

𝜀 =  
𝐾𝑠

𝐾𝑠 + 𝑐𝑠
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Table A.5: Calculated flux and concentration control coefficients of C. pasteurianum. 

𝑪𝒊
𝒂 

i =   

0 1 2 3 4 5 6 7 8 9 
∑𝑪𝒊

𝒂 

-462 

mV 
a =  

0 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 

1 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 

2 15.74 0.00 1.00 -15.15 -0.59 0.00 0.00 0.00 0.00 0.00 1.00 

3 0.96 0.00 0.00 0.07 -0.04 0.00 0.00 0.00 0.00 0.00 1.00 

4 1.93 0.00 0.00 -1.86 0.93 0.00 0.00 0.00 0.00 0.00 1.00 

5 3.41 0.00 0.00 0.00 0.00 0.86 -0.07 -3.20 0.00 0.00 1.00 

6 3.56 0.00 0.00 0.00 0.00 -0.14 0.93 -3.34 0.00 0.00 1.00 

7 0.84 0.00 0.00 0.00 0.00 -0.03 -0.02 0.21 0.00 0.00 1.00 

8 0.84 0.00 0.00 0.00 0.00 -0.03 -0.02 0.21 0.17 -0.16 1.00 

9 0.86 0.00 0.00 0.00 0.00 -0.03 -0.02 0.21 -0.85 0.83 1.00 

G3P 1.09 -1.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PYR 16.06 0.00 0.00 -15.46 -0.60 0.00 0.00 0.00 0.00 0.00 0.00 

AcCoA 3.83 0.00 0.00 0.00 0.00 -0.15 -0.08 -3.60 0.00 0.00 0.00 

ButyCoA 0.95 0.00 0.00 0.00 0.00 -0.04 -0.02 0.24 -0.95 -0.19 0.00 

-416 

mV 
a =  

0 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 

1 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 

2 7.32 0.00 0.69 -6.40 -0.61 0.00 0.00 0.00 0.00 0.00 1.00 

3 0.67 0.00 -0.03 0.41 -0.06 0.00 0.00 0.00 0.00 0.00 1.00 

4 1.20 0.00 -0.05 -1.04 0.90 0.00 0.00 0.00 0.00 0.00 1.00 

5 3.09 0.00 -0.13 1.23 0.12 0.77 -0.13 -3.95 0.00 0.00 1.00 

6 3.36 0.00 -0.14 1.33 0.13 -0.25 0.86 -4.29 0.00 0.00 1.00 

7 0.50 0.00 -0.02 0.20 0.02 -0.04 -0.02 0.37 0.00 0.00 1.00 

8 0.50 0.00 -0.02 0.20 0.02 -0.04 -0.02 0.37 0.04 -0.04 1.00 

9 0.51 0.00 -0.02 0.20 0.02 -0.04 -0.02 0.37 -0.98 0.96 1.00 

G3P 1.16 -1.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PYR 7.47 0.00 -0.32 -6.53 -0.62 0.00 0.00 0.00 0.00 0.00 0.00 

AcCoA 3.82 0.00 -0.16 1.52 0.14 -0.28 -0.15 -4.88 0.00 0.00 0.00 

ButyCoA 0.60 0.00 -0.03 0.24 0.02 -0.04 -0.02 0.44 -1.16 -0.05 0.00 

-337 

mV 
a =  

0 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 

1 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 

2 5.88 0.00 0.23 -4.44 -0.67 0.00 0.00 0.00 0.00 0.00 1.00 

3 0.25 0.00 -0.03 0.81 -0.03 0.00 0.00 0.00 0.00 0.00 1.00 

4 0.43 0.00 -0.06 -0.32 0.95 0.00 0.00 0.00 0.00 0.00 1.00 

5 1.21 0.00 -0.16 2.98 0.45 0.35 0.08 -3.91 0.00 0.00 1.00 

6 1.38 0.00 -0.18 3.40 0.51 -0.75 1.09 -4.46 0.00 0.00 1.00 

7 0.14 0.00 -0.02 0.34 0.05 -0.07 0.01 0.56 0.00 0.00 1.00 

8 0.14 0.00 -0.02 0.33 0.05 -0.07 0.01 0.56 0.10 -0.10 1.00 

9 0.14 0.00 -0.02 0.35 0.05 -0.08 0.01 0.59 -0.94 0.90 1.00 

G3P 1.23 -1.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PYR 6.13 0.00 -0.80 -4.63 -0.70 0.00 0.00 0.00 0.00 0.00 0.00 

AcCoA 1.70 0.00 -0.22 4.20 0.64 -0.92 0.12 -5.51 0.00 0.00 0.00 

ButyCoA 0.18 0.00 -0.02 0.43 0.07 -0.10 0.01 0.72 -1.16 -0.13 0.00 

-250 

mV 
a =  

0 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 

1 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 

2 2.43 0.00 0.02 -1.45 0.00 0.00 0.00 0.00 0.00 0.00 1.00 

3 0.03 0.00 -0.01 0.98 0.00 0.00 0.00 0.00 0.00 0.00 1.00 

4 0.06 0.00 -0.02 -0.03 1.00 0.00 0.00 0.00 0.00 0.00 1.00 

5 0.05 0.00 -0.02 1.79 0.00 0.28 0.00 -1.10 0.00 0.00 1.00 

6 0.06 0.00 -0.02 1.87 0.00 -0.75 1.00 -1.15 0.00 0.00 1.00 

7 0.01 0.00 -0.01 0.46 0.00 -0.18 0.00 0.72 0.00 0.00 1.00 

8 0.01 0.00 -0.01 0.46 0.00 -0.18 0.00 0.72 0.00 0.00 1.00 

9 0.01 0.00 -0.01 0.46 0.00 -0.19 0.00 0.73 -1.01 1.00 1.00 

G3P 1.12 -1.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

PYR 2.90 0.00 -1.17 -1.73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

AcCoA 0.06 0.00 -0.02 1.99 0.00 -0.80 0.00 -1.22 0.00 0.00 0.00 

ButyCoA 0.01 0.00 -0.01 0.48 0.00 -0.19 0.00 0.75 -1.04 0.00 0.00 
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9.2 Figures 

 

Figure A.1: Determination of the cell-specific growth rate µmax (in h-1) from the C. pasteurianum fed-batch 

experiments. Values were obtained by linearization of the experimentally determined cell dry weight and linear 

regression. A) R525; B) R525 BES; C) dhaB; D) dhaB BES. 
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Figure A.2: Absolute intracellular concentrations of NAD and NADH of C. pasteurianum cells during fed-batch 

(left column) and electricity-aided fed-batch (right column) cultivation. Errors indicate the standard deviation of 

concentrations obtained from three separate metabolite extractions. When no error bar is stated, the average of 

two samples is shown.  
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Figure A.3: Absolute intracellular concentrations of ATP, ADP, and AMP of C. pasteurianum cells during fed-

batch (left column) and electricity-aided fed-batch (right column) cultivation. Errors indicate the standard 

deviation of concentrations obtained from three separate metabolite extractions. When no error bar is stated, the 

average of two samples is shown.  
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