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Abstract: The aim of this work is to study the metabolism of Actinobacillus succinogenes in greater
detail in order with the aim of optimizing succinate production and creating a metabolic model. The
inhibitory properties of various substances were first investigated. It was found that the nature and
availability of the gas can have a strong influence on the metabolism. By studying the effects of
different gas sources, it was found that when A. succinogenes lacks a CO: source, the metabolism is
completely switches to the C3 pathway. This also completely changes the path within the pathway.
In the presence of CO, significantly more formate (2.44 + 0.04 g-1") and significantly less acetate (1.63
+ 0.03 g-1") was produced. In contrast, in the absence of CO, the formate concentration was 1.94 +
0.12 g-1'' and the acetate concentration was 2.73+ 0.15 g-1". In addition, larger amounts of ethanol (1.34
+ 0.28 g-1") were produced in the absence of CO2, whereas hardly any ethanol was produced
otherwise. All these results show that in the absence of a CO: source, the organism has to regenerate
much more NADH to NAD* via the C3 pathway. In the subsequent investigation of the CO2 source,
an increase in product concentration from 1.55 + 0.13 g1 to 6.11 = 0.09 g-I' was achieved by
combining gaseous CO: with NaHCOs. It was shown that a microaerobic environment is not
sufficient to influence the metabolism of the organism towards lactate formation. Using the model, it
was possible to verify the main metabolic pathways observed during experimental bioreactor runs
on a 2-liter scale. By further modification, the model it is now possible to predict the effects of an
external electron supply an the redox metabolism.

Keywords: succinate; modelling; Berkeley Madonna; A. succinogenes

1. Introduction

1.1. Microbial Succinate Production

In evaluating the viability of an organism for succinate production, the final product
concentration is frequently the primary consideration. However, this approach overlooks crucial
factors such as fermentation time and substrate utilization. Consequently, the succinate yield, defined
as the efficiency of substrate conversion into the target product, is a pivotal parameter that
incorporates substrate consumption for by-products and biomass. The theoretical yield of succinate
from glucose in A. succinogenes is 1.12 g-g'l. However, productivity, defined as the amount of
succinate produced per hour and liter, is also a crucial parameter. It is also important to consider the
potential inhibitory effects of high substrate concentrations. Table 1 provides a summary of these
parameters for a range of succinate producers, including natural and genetically modified organisms,
from batch processes [1]. Table 1 provides an overview of the various producers of succinate.
Moreover, the majority of the organisms listed are natural succinate producers. Only E. coli and S.
cerevisine were genetically modified to secrete larger quantities of succinate. Only batch processes
were selected to enable better comparability with the experiments carried out in this study [2,3]. The
highest yield was achieved by Anaerobiospirillum succiniciproducens, with a yield of 0.99 g-g, which
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corresponds to 1.51 mol-mol. In addition to Mannheimia succiniciproducens and A. succinogenes, A.
succiniciproducens is an organism that naturally secretes large quantities of succinate[4]. However, A.
succiniciproducens was found to be susceptible to alterations in the fermentation parameters.
Additionally, elevated glucose concentrations exerted an inhibitory effect, resulting in a notable
decline in production rates during fermentation. Moreover, this organism has the potential to cause
disease in humans. These factors render its use on an industrial scale implausible. The genetically
modified E. coli also yielded 0.88 g-g! and reached end product concentrations of 24.5 g-1''. For this
reason, there are several processes that utilise E. coli as a production organism. However, the
productivity of 0.68 g-1"-h! achieved was lower than that of Basfia succiniciproducens, A. succinogenes
and A. succiniciproducens [5]. M. succiniciproducens and B. succiniciproducens are genetically very
similar with a homology of 95%. Accordingly, the yields of 0.62 and 0.59 g-g! are also very similar
and the processes are also very similar overall. With B. succiniciproducens, the highest productivity
reported here was achieved with 1.9 g-I"-h’. However, the amount of glucose used here was
significantly lower compared to most of the other production organisms listed and, accordingly, the
end product concentration of 19 g-I'' was lower than, for example, with A. succinogenes [6,7]. The
highest product concentration of 52.7 g-1' was achieved with A. succinogenes. This was also due to the
high substrate concentration of 84.6 g-I'! glucose. The highest yield of 0.62 g-g! reported here was
achieved at a lower glucose concentration of 70 g' and was therefore within the range of B.
succiniciproducens, which is already in commercial use. However, the productivity of 1.00 g-1"-h-!
achieved with A. succinogenes was significantly lower compared to A. succiniciproducens or M.
succiniciproducens [8]. It can be assumed, that a significant increase in productivity could still be
achieved by optimizing the process control. It can be seen that A. succinogenes offers good starting
conditions for the production of succinate. However, there is still room for optimization in process
control, which could enable higher yields and productivity.

Table 1. Comparison of the performance criteria of different succinate-producing microorganisms.

Organism Glucoseconcentration Titer Productivity Yield Source
Basfia
succiniciproducens 30 19 1.90 0.62 [6]
JE4016 (WT)
Mannheimia
succiniciproducens 17.76 10.51 - 0.59 [7]
MBEL55E (WT)
Saccharomyces
. 50 3.62 - 0,11 [9]
cerevisiae (GM)
Escherichia coli (GM) 30 24.5 0.68 0.88 [5]
Anaerobiospirillum
succiniciproducens 50 322 1.2 0.99 [4]

ATCC 53488 (WT)
A. succinogenes

84.6/70 52.7 1.0 0.62 [8]
2130 (WT)

1.2. Microbial Succinate Production

A. succinogenes is one of the most promising strains for the production of succinate[10]. A.
succinogenes is classified within the domain Bacteria and the phylum Proteobacteria. This organism
is classified within the order Pasteurellales, which is part of the class Gammaproteobacteria. It is
further classified within the family Pasteurellaceae. The genus to which this organism belongs is
Actinobacillus. The species is designated Actinobacillus succinogenes. The strain 130Z is a non-
pathogenic, facultative anaerobic, gram-negative, biofilm-forming, non-motile and pleomorphic rod.
It was initially isolated from bovine rumen [11]. Under 100% CO: conditions, the strain grows well
in the pH range of 6.0-7.5 and produces succinate, formate and acetate in a constant molar ratio of
2:1:1 [12]. Since for the synthesis of 1 mole of succinate theoretically requires 1 mole of COz, CO2 plays
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an important role in the plays an important role in the formation of succinate. If there is not enough
CO:z available A. succinogenes produces more ethanol [13]. In a publication by Li et al. (2010), it was
described that under certain circumstances, such as two-phase fermentation (a change from anerobic
to aerobic environmental conditions), the organism produces large amounts of lactate [14].

1.3. Metabolic Modelling Approaches

Understanding the metabolism of A. succinogenes is essential to identify opportunities for
optimisation. Glucose as a substrate can be degraded to glyceraldehyde-3-phosphate (G3P) via
glycolysis or the pentose phosphate pathway (PPP). This is followed by the conversion of G3P to
phosphoenolpyruvate (PEP), which provides a reduction equivalent in the form of NADH. In
contrast to glycolysis, another NADH is regenerated in the oxidative part of the PPP [15]. From PEP,
metabolism can continue in the C3 and C4 or tricarboxylic acid (TCA) cycles. The C4 metabolic
pathway, which has succinate as the final product and the C3 metabolic pathway in which acetate,
ethanol, formate and lactate can be produced [16]. An overview of the individual metabolic steps
described here can be seen in Figure 1. In the C4 pathway, PEP is converted to succinate via
Oxaloacetate (OAA), which is often regarded as the critical point in succinate production. It breaks
down COzinto PEP and gains ATP in the process [15,17]. The step to OAA is catalyzed by the enzyme
phosphoenolpyruvatecarboxykinase (PPCK). OAA is reduced to malate by malate dehydrogenase
(MDH) to malate, which in turn is dehydrated to fumarate by fumarase (FUM) and finally reduced
to succinate via (FRD2) [17]. C3 pathway begins with the pyruvate kinase (PYK) reaction, which
produces pyruvate and ATP. From pyruvate, there are many different pathways that result in
different end products. The possible products are acetate, formate, ethanol and lactate [18]. Pyruvate
is reduced to lactate by the enzyme lactate dehydrogenase (LDH) [14]. Lactate as a possible product
is not undisputed and is therefore only partially included in the existing metabolic models. During
the formation of lactate an NADH would also be oxidized to NAD* so that it would no longer be
available for succinate production [19,20]. The C3 pathway that takes place is highly dependent on
the selected process parameters. If the CO:z availability is reduced under anaerobic conditions, the
formation of ethanol and formate is increased. As the COz concentration increases, the quantities of
formate and ethanol formed decrease until finally, at 100% CO:, no more ethanol is formed. The
formation of ethanol can lead to a net decrease of one NADH or the equilibrium is completely
balanced. During the formation of acetate, an additional NADH can be produced [18]. For both
ethanol and acetate, the NADH balance depends on how the intermediate depends on how the
intermediate acetyl-CoA is formed. If the reaction is catalyzed by pyruvate formate lyase (PFL) with
the formation of formate, no additional NADH is produced in this step. However, if the reaction is
catalyzed by pyruvate dehydrogenase (PDH) without the formation of formate, additional NADH is
produced. This additional NADH is then available for succinate synthesis in the case of acetate
formation. During the formation of formate via PFL, no NADH is initially produced. However,
formate can be oxidized to CO: by formate dehydrogenase, which generates NADH. This CO2 and
the corresponding NADH would then be available again for succinate synthesis [19]. It is also
important to mention that the division of PEP into C4 and C3 metabolism is not irreversible and that
the two metabolic pathways are linked at two points. Namely, OAA can be reversibly converted to
pyruvate via oxaloacetate decarboxylase (OAADC) and malate can be reversibly converted to
pyruvate via the malate enzyme (ME2). The conversion of malate to pyruvate produces an additional
NADPH, which can serve as a reduction equivalent for succinate production. By linking the C4 and
C3 metabolic pathways, A. succinogenes is therefore able to generate a further reduction equivalent.
McKinlay et al. even demonstrated that the flux of OAA and malate to pyruvate was greater than
that of PEP to pyruvate [19,20].

d0i:10.20944/preprints202503.2223.v1
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Figure 1. Metabolic pathway of fermentation products in A. succinogenes from glucose to fermentation products
via C4- and C3-branch. Figure modified according to McKinlay et al.,, Tix et al., Pereira et al. and Wu et al.
[16,18,20,21].

1.4. Effects of Redox Potential

The redox ratio of the medium has a significant effect on the amount of succinate produced. This
can be deduced from the fact that the overall reaction, starting from one monosaccharide via
glycolysis to one mole of succinate, has a net consumption of one mole of NADH. This consumed
NADH must inevitably be regenerated in order to maintain the redox balance in the organism [22].
The theoretical yield of succinate with glucose as substrate and the presence of CO: is 1.71 mol-mol~
which corresponds to 1.12 g-g [23]. This calculation ignores the fact that during glycolysis only two
moles of NADH are produced per mole of glucose only two moles of NADH are produced per mole
of glucose, but two moles of NADH are also required to produce one mole of succinate. This means
that two moles of NADH would be missing for a further mole of succinate. The missing moles of
NADH are usually formed via the by-product formation of acetate and formate. However, this results
in a significantly lower yield, as glucose is consumed for by-product formation. If the by-product
formation is included and it is assumed that only acetate is produced via the PDH pathway, a
theoretical yield of 0.87 g-g* would be possible, which corresponds to 1.33 mol-mol [24]. Almqvist
et al. found that by-product formation during the growth phase of A. succinogenes was sufficient to
maintain the redox balance [22]. However, this was not the case in the subsequent phase of succinate
production. One reason for this could be the reducing components in the medium. Yeast extract
contains many reducing components that could act as electron donors. Another possibility is that not
all of the glucose is converted to PEP by glycolysis, but some is converted via the PPP. In the oxidative
part of the PPP, two additional moles of NADPH are regenerated for each mole of glucose. The
NADPH can be converted by transhydrogenase into NADH, which can be used to produce
succinate[22,24,25]. The fact that NADH has a limiting effect on succinate production also leads to
the assumption that more succinate can be formed by shifting the NADH/NAD* equilibrium in the
direction of NADH. There are various potential ways to achieve this shift [22]. A simple process-
related possibility could be the use of a more reduced substrate such as sorbitol, which is more
reduced than glucose and can therefore produce more reduced products, i.e. succinate and ethanol
instead of acetate and formate. This is achieved by shifting the intracellular NADH/NAD* ratio in
favour of NADH. To maintain the redox balance, the extra NADH must be regenerated into NAD*,
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which can only be done with succinate or ethanol [26]. Another possibility to shift the reduction
potential seems to be the introduction of Hz gas. The Hz can be used as an alternative reducing agent
via the hydrogenase of A. succinogenes, eliminating the need for NADH regeneration via by-products.
An increasingly attractive concept for shifting the reduction potential of a fermentation is the use of
electrochemistry in electro fermentations. This concept has already been used to increase succinate
yields in A. succinogenes. It is becoming increasingly attractive as it offers the possibility of storing the
ever-increasing surplus of regenerative energy in chemical energy rather than reducing it [27].

1.5. Substrate and Product Inhibition

In many organisms, high initial substrate concentrations on the one hand and the products
accumulated during fermentation on the other can have an inhibitory effect. However, some A.
succinogenes fermentations are carried out at very high glucose concentrations of over 100 g-I'. With
these high initial concentrations, high final concentrations of succinate of about 50 g-1' can be achieved
[8]. An argument against such high initial concentrations is that substrate inhibition effects have already
been observed in A. succinogenes when glucose is used. The lag phase is prolonged from a glucose
concentration of 2.8 g-I. Up to about 40 g-I"' the exponential growth rate could be increased. At higher
concentrations, a linear decrease in growth rate was observed. The yield is also strongly dependent on
the initial glucose concentration and is highest at 70 g-I'. However, it does not seem to be significantly
lower at 30 g-1" [28]. In all publications, it was found that succinate, acetate and formate had different
inhibitory effects. Formate had the strongest inhibitory effect, and no more growth could be recorded
from an initial concentration of 9-11 g-I-!. The critical concentration of succinate was significantly higher
at 40-46 g-I''. The critical concentration of acetate varied the most with a critical range of 10-33 g-11
[28,29]. The same inhibition mechanisms are assumed for formate and acetate. Both acids can
presumably cross the membrane freely in their undissociated form. Inside the cell, they then prevent
the import of phosphate, which is required for the first step of glycolysis, the formation of glucose-6-
phosphate. As phosphate import is an ATP-dependent transport, more ATP must be used to maintain
the required import. This would then be lacking for other processes such as biomass formation and thus
also indirectly for product formation. Succinate, on the other hand, appears to be less able to pass
through the membrane, so that it can be less involved in intracellular inhibition processes [28]. In
addition to the different inhibitory effects of the individual acids, it has also been hypothesised that they
have a stronger inhibitory effect together than alone [30].

On the one hand, this work should contribute to the investigation of the metabolic pathway of
A. succinogenes, especially with regard to the use of gases as a substrate on the product yield as well
as the possibility of producing lactate shown in the literature. In addition, the modeling represents
an innovative approach to predict the influence of different modifications in the reactor, such as the
use of additional electrons in the electrobioreactor, on the end products.

2. Materials and Methods
2.1. Growth Conditions

A. succinogenes 130Z (DSM-22257), obtained from the DSMZ-Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH in Braunschweig, Germany, was used in this study. Pre-
cultures were prepared in a medium consisting of tryptic soy broth (TSB) [31]. The medium contained
the following composition: casein peptone 17 g-1'!, soy peptone 3 g1, D-glucose 2.5 g-11, NaCl 5 g-1
and K2HPO4 2.5 g1, all dissolved in distilled water. The pH of the medium was then adjusted to 6.8.
Precultures were grown in 120 ml serum bottles with a working volume of 50 ml. Before inoculation,
the bottles were degassed with N2 for 20 min to create anaerobic conditions. The prepared bottles
were then inoculated with A. succinogenes in an anaerobic vinyl chamber (Anaerobic Vinyl Chamber
Type C from Coy Laboratory Products Inc., Grass Lake, MI, USA). The inoculum was 10% (v/v) of
the total volume. After inoculation, incubation was performed for 16 h at 37 °C and 80 rpm in an
incubator (KS 4000 i control from IKA of IKA-Werke GmbH & Co KG, Staufen, Germany). The
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precultures were used to inoculate the main cultures. A medium described by Wang et al. [32] with
a pH of 6.8 was used to grow the main cultures. This medium contained glucose 30 g-17,
NaHPO4-12H20 31.5 g-I1, NaHCOs 10 g1, NaH2POs 8.5 g-l't and 5 gl yeast extract. The inoculum
in these preparations was also 10% (v/v). In this work, the fermentation was carried out using
different approaches. First, anaerobic serum bottles (120 ml working volume 50 ml) were used. These
were first degassed with N2 for 20 min before inoculation and then gassed with COz for 10 min. They
were then inoculated in the same way as the precultures and incubated at 37 °C and 80 rpm in an
incubator (KS 4000 i control from IKA, IKA-Werke GmbH & Co KG, Staufen, Germany).
Fermentation was also carried out in the bioreactor und were carried out as described in Tix et al.
2024 [16].

2.2. Analytical Procedures

High-pressure liquid chromatography (HPLC) for the analysis of liquid samples from the
fermentations was performed using an HPLC system (Infinity II 1100/1260 series from Agilent
Technologies Inc., Santa Clara, CA, USA). The analytical methods used in this study were previously
presented by our group in 2024 and further adapted in this work [33]. The HPLC analysis was
performed on a Repromer H* column (Dr Maisch HPLC GmbH, Ammerbuch, Germany) with a size
of 300 x 8 mm. The temperature of the column was carefully maintained at 30 °C throughout the
analysis. A sample injection volume of 5 UL was used for each analysis. A total of 5 mM sulphuric
acid was used as mobile phase to improve the separation performance of the analytes analysed. The
analytes were detected using an Infinity II refractive index detector (Agilent Technologies Inc., Santa
Clara, CA, USA). The run time for each chromatographic analysis was set to 30 min. The flow rate of
the mobile phase was set at 0.6 ml-min'. To improve the analysis to prove lactate, and to allow
separation and thus complete resolution between succinate and lactate, the configuration was
maintained and the column temperature was increased to 80 °C. The mobile phase was changed from
5 mM sulphuric acid to 2.5 mM sulphuric acid to further improve separation efficiency.

2.3. Modelling

To simulate the metabolic fluxes during succinate production and the formation of other by-
products in A. succinogenes, a dynamic model was created using Berkeley Madonna (Version 10.5.18,
Berkeley Madonna Inc., University of California, Berkeley, CA, USA). This software provides a robust
environment for solving complex differential equations and allows accurate simulation of
biochemical processes over time. The metabolic model used in this study is based on a comprehensive
network of the main enzymatic reactions involved in the central metabolism of A. succinogenes. These
reactions were parameterised using kinetic data from the literature and experimental observations.
The kinetic parameters of the model were calculated using the curve fit function of the program. The
kinetic parameters were calculated in such a way that the substrate and product curves of the model
reproduced the experimentally determined curves as precisely as possible. During the reactor runs,
a sample was analyzed every two hours in the first 8 h with regard to the substrate and product
concentrations and then again in the range from 24 h to 32 h a sample was analyzed every two hours
and after 48 h another sample. In order to achieve a more accurate fit, the substrate and product
curves were interpolated using the data processing Al Powerdrill (Al Powerdrill, Sacramento, CA,
USA) so that a value was available every hour. Care was taken to ensure that only the gaps between
the experimental data were filled, but no experimental data were changed. For the substrate and
product inhibition parameters, the data described by Lin et al. were used, as they were more
comprehensive [28]. The simulation included the production of succinate, lactate, acetate, formate,
ethanol and biomass, capturing the dynamic behaviour of the fermentation process under different
substrate and environmental conditions. The model was validated by comparing the simulated
metabolic product concentrations with experimental data from batch fermentation experiments. The
experimental data are already described in Tix et al. [16]. The predictive ability of the model was
tested under different conditions to ensure that the model could reliably simulate metabolic shifts
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and by-product formation. The model was iteratively adjusted to minimise the discrepancies between
the experimental data and the simulation results, and sensitivity analyses were performed to identify
the key parameters affecting succinate production.

2.4. Calculation

The following equations were used to calculate the Monod kinetics and substrate inhibition. The
classical Monod kinetics (Eq. 1) should therefore be extended by a substrate inhibition term (Eq. 2),
as already described in the literature for A. succinogenes [28]. The term Cs represents the critical
glucose concentration above which no further growth occurs.

= g ¥ M
max ¥ e 1K,
Cs Cs ()
= 1-=5
" “m“x*( CS)*CS+KS

u: Spcific growth rate

Hmax: Maximum specific growth rate

cs: substrate concentration

C,: Critical substrate concentration at which inhibition occurs

K,: Monod half-saturation constant

Since here and in the literature a product inhibition could be found in addition to the substrate
inhibition, the formula should be extended by a product inhibition term (Eq. 3). An individual
inhibition term (cp*) is used for each product. The term cp* stands for the critical concentration of the
respective product above which the product completely inhibits growth [28].

) ;

Cs) Cs CpL
= 1-= 1-
H = lmax * ( i) cs + K, * [H( C;i

u: Specific growth rate

tmax: Maximum specific growth rate

cs: Substrate concentration

cs: Critical substrate concentration at which inhibition occurs

K,: Monod half-saturation constant

Cpi: Product concentration of product i

c'pi: Critical Product concentration of product i at which growth is fully inhibited

3. Results and Discussion
3.1. Influence of Inhibiting Substances on the Metabolism

The aim was to investigate the influence of the initial substrate concentration on the metabolism of
A. succinogenes and how this affects growth, product yield and productivity. For this purpose, the glucose
concentration of the Wang medium was varied in the range of 20-120 g-11. A comparison of the specific
growth rates at the different initial glucose concentrations, plotted in Figure 2, shows the typical course of
microbial growth in the presence of substrate over-inhibition. Initially, the growth rate increased to a
maximum (pmax). Here, the maximum growth rate of 0.57 + 0.03 h' was determined at a glucose
concentration of 60 g-I". In classical Monod kinetics, no further change in pt from pmax would occur when
the substrate concentration was increased. Here, however, a further increase in the glucose concentration
resulted in a significant decrease in the growth rate, which was only 0.44 + 0.01 h' at 120 g-1'. Lin et al.
also determined the maximum growth rate at 60 g-I'' [28]. However, at 0.57 + 0.03 h it was higher than
the 0.5 h'! determined there. In Lin et al. the specific growth rate at 120 g-1. was lower at about 0.2 h'l. The
decrease in growth rate from 60 to 120 g-I''. corresponded to a slope of -0.005 I-g-h'l. However, the values
obtained here only showed a slope of -0.002 1-g-h-'. Lin et al. used the evolution of the specific growth rate
to identify 155 l-g-h as the critical glucose concentration above which growth ceased. Since the growth
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rate decreased less rapidly with increasing glucose concentration, a higher critical concentration would be
possible. Assuming a strictly linear decline in growth rate, the critical concentration would only be
reached at 335 1-g-hl. A possible explanation for the differences in growth rates may lie in the different
media compositions. For example, Lin et al. used 30 g-I1 MgCQO3 as COz source instead of 10 g-11 NaHCOs
[28]. At this concentration, the MgCO3 is likely to precipitate and could have a negative effect on growth.
However, the final product concentrations, yields and STY shown in Figure 3 are more decisive for the
economic efficiency of such a process. In contrast to the growth rate, the highest values for these criteria
were obtained with 20 g-11 glucose. Like the growth rate, the lowest values were obtained at 120 g1
glucose. A further significant decrease was observed for all values compared to 90 g-1'. The product
concentration at 20 was the highest at 6.86 + 0.37 g-I''. This was just above the 6.64 + 0.09 g-I'' achieved with
30 g-1" glucose. However, it should be noted that the standard deviation is higher at 20 g-1* than at 30 g-1".
Therefore, the final concentration at 20 g-1' could be even lower than that at 30 g-1'. The remaining values
at 30 g1 were also like those at 20 g-1". The values at 60 and 90 g-I'* were also very similar despite the
different growth rates. Product concentration, yield and STY decreased significantly from 30 to 60 and 90
g1, although the growth rate at 60 g-1* was higher than at 30 g-1". For example, the yield decreased from
0.65+0.04 g-g' to 0.47 £ 0.01 g-g" from 30 to 60 g-1". This decrease could be explained by the yield (Yra) of
acetate formed in relation to formate formed in g-g?. At 30 g-1" the Yra was 1.51 +0.14 g-g?, while at 60 g-1*
the Yra was only 1.33 + 0.02 g-g'. A higher Yra indicates that more acetate was produced via PDH and
therefore more NADH was produced. This additional NADH could then have been used to produce
succinate. However, this difference is far too small to explain the large difference in Ysc yield. The analysis
could also be a strong influencing factor. The theoretical initial glucose value was used to calculate the
yield. If this value deviates too much upwards from the actual initial concentration, this could be the
reason for the poorer yield. In order to finally clarify whether 30 or 60 g-I'' glucose provides the better
conditions, comparative tests in controlled and better mixed systems would be necessary. The better
mixing would allow more precise substrate and product analysis. However, as 30 g-1* still gave high
growth rates and some of the highest yields overall, we continued to work with 30 g-I! in the following
experiments.
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Figure 2. Comparison of the specific growth rates at different initial glucose concentrations. The glucose
concentrations in g-11 are plotted on the X-axis and the corresponding growth rate p in h' on the Y-axis.
Experimental parameters: anaerobic, 20-120 g-1"! glucose, 37 °C, 80 rpm, initial pH = 7.0. HPLC parameters:
Repromer H* column, 5 mM H2SOs, t = 30 min, flow rate 0.6 ml-min at 30 °C.

In addition to substrate inhibition, many organisms are inhibited by the products formed, especially
when they produce acids. The aim of the following experiments was to investigate the influence of the
products succinate, acetate and formate formed by A. succinogenes on growth and product formation. This
was also carried out in the batch serum flasks with a working volume of 50 ml and a glucose concentration
of 30 g-1". The products were weighed into the medium either individually or all three products together.
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This was done before adjusting the pH to 7.0 with 5 M NaOH. Succinic and acetate were weighed in their
acid form. Formate was weighed as the sodium salt due to its inaccessible acid form. The first step was to
determine how strongly the three products inhibited when they were present at the concentration found
at the end of a 48 h batch fermentation in the reactor. The target concentrations were 18 g1 succinate(S18),
7.5 g1 acetate(A7.5) and 2 g-1* formate (F2). All growth rates were reduced compared to the positive
control. The growth rate at 2 g-11 formate (F2) was 0.42 + 0.06 h, which was closest to the control which
had a growth rate of 0.53 + 0.02 h'. However, the dry biomass at t48 of 1.01 + 0.08 g-1* was significantly
higher than the 0.50 + 0.12 g-I! of the positive control. In the culture where all three products were used in
combination, no growth rate was recorded. There was only a slight increase in biomass from 24 to 48 h.
Biomass increased from 0.01 + 0.00 g-I'' to 0.04 + 0.03 g-1". A significant increase was only observed from
48 to 72 h, from 0.04 + 0.03 g-1" to 0.16 + 0.04 g-1". The growth rates of the S18 culture at 0.36 + 0.07 h-1 and
the A7.5 culture at 0.21 + 0.03 h-1 were both significantly reduced compared to the positive control. The
measured final succinate concentration of 6.77 + 0.24 g-I"! for F2 was even slightly higher than the 6.64 +
0.09 g-1" measured for the positive control. Correspondingly, the STY of 0.14 +0.01 g-I'-h" was just as high
as that of the positive control. The final succinate concentrations of the S18 and A7.5 cultures were very
similar at 3.59 + 0.38 g-1" and 3.27 + 0.11 g-1" respectively and almost halved compared to the positive
control. The same was observed for the STY, which were 0.08 + 0.01 and 0.07 + 0.01 g-1'-h-l. However, the
highest yield of all was obtained with the S18 culture at 0.68 + 0.01 g-I"'. The STY of the culture with all
three products was the lowest at 0.01 + 0.01 g-1-1.
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Figure 3. Comparison of fermentation results at different glucose concentrations. Final product concentration (A),
space-time yield (B) and yield (C) Experimental parameters: anaerobic, 20-120 g-I! glucose, 37 °C, 80 rpm, initial
pH =7.0. HPLC parameters: Repromer H* column, 5 mM H250s, t = 30 min, flow rate 0.6 ml-min-' at 30 °C.

All three products caused a reduction in one of the measured parameters compared to the
positive control. At a concentration of 2 g-I'' formic acid, only the growth rate was reduced. This is in
agreement with Lin et al. where the specific growth rate decreased linearly with increasing formate
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concentration [28]. Here, approximately 11 g:I' formate was reported as the critical formate
concentration at which the growth rate would be 0% of the maximum growth rate. The 2 g-I-! chosen
here should therefore result in a 20% reduction in the growth rate of the positive control, i.e. 0.42 h-1.
This is exactly the proven growth rate [28]. However, the final concentration of succinate was slightly
higher than in the positive control and the STY was the same. The reduced growth rate at the
beginning seemed to lead to increased growth later in the fermentation, as the dry biomass after 48 h
was double that of the positive control at 1.01 + 0.08 g-1. This could be explained by the same STY
and approximately the same succinate concentration. Thus, this concentration did not appear to be
sufficient to significantly affect fermentation. The succinate concentration of 18 g-1" and the acetate
concentration of 7.5 g-1'' had a similar strong effect on the RDA and the final succinate concentration.
This confirmed the significantly stronger inhibitory effect of acetate compared to succinate on
fermentation [28]. In addition, it was shown that not only the critical concentration above which no
growth occurs, but also typical concentrations of these two products that occur during fermentation
can lead to a significant deterioration in fermentation results. This was again confirmed by the fact
that a combination of these three products led to an almost complete inhibition of fermentation.
However, the formation of succinate alone without the formation of the by-products seems rather
unlikely [20]. Since the inhibitory effect of the combination of these three products was so much
stronger than that of the three products alone, the question arose as to whether this was a
combinatorial effect or whether it was simply due to the approximately 10 g-I' higher acid
concentration. Such a combinatorial effect had already been suggested by Corona-Gonzalez et al [30].
This effect would mean that all three acids in combination would have a stronger inhibitory effect
than one acid alone, if the total acid concentration is equal to the concentration of one acid alone.
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Figure 4. Effects of product inhibition on the fermentation results of the three fermentation products at typical
fermentation concentrations. (A) Growth rate, (B) Product concentration after 48 h, (C) Yield after 48 h, (D) STY
after 48 h. Experimental parameters: anaerobic, 20-120 g-1-1 glucose, 37 °C, 80 rpm, initial pH = 7.0. HPLC

parameters: Repromer H+ column, 5 mM H2SOs, t = 30 min, flow rate 0.6 ml-min! at 30 °C.
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3.2. Alignment of the Metabolism in the Absence of a CO:z Source

Most experiments with A. succinogenes are aimed at improving the production of succinate. CO:
is usually used, either as a carbonate or as a gas, or in combination. COz is used as carbonate, gas or
in combination. Pereira et al. have already shown that a reduction in CO: availability leads to an
increase in ethanol and formate formation. However, this study did not investigate the metabolic
behaviors in the complete absence of CO2 [18]. The effects on anaerobic metabolism in the complete
absence of CO2 should therefore be investigated below. It should also be investigated whether these
conditions favour lactate production. First, the effect of the absence of CO: on growth was
determined. For this purpose, the main culture medium was prepared without NaHCO: and without
CO2 gassing, but only with N2 gassing for 20 min to ensure an anaerobic environment. The glucose
concentration in these experiments was 20 g-1' and growth were compared with a culture in Wang's
medium containing 10 g-I' NaHCOs. The medium of this culture was gassed with CO: for 10 min in
addition to the 20 min N2 gassing prior to inoculation. This was done to ensure saturation of the
medium with COz. The product formation of the two cultures was compared. The two cultures with
and without CO: initially showed similar growth behaviors. No prolonged storage phase was
observed without CO2. However, growth without COz was generally slightly slower and this was
reflected in the growth rate. The growth rate without CO2 was only 0.26 + 0.02 h'!, while the growth
rate with CO2 was 0.44 = 0.01 h''. Both cultures entered the transition phase after approximately 6-7
h and reached maximum biomass after 24 h. The maximum dry biomass without CO2 was 0.61 + 0.05
g-11, significantly lower than with COz, which reached 1.27 + 0.15 g-I'!. Product formation was clearly
shifted. Glucose consumption in the culture without CO2 was reduced by 39% compared to the
culture with CO2 and only 32% of the initial glucose was consumed. Succinate production was 0.15 +
0.14 g-I'' in the culture without COz and 6.86 + 0.37 g-1' in the culture with CO2.1.94+0.12 g-1'' formate
was produced in the culture with COs..
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Figure 5. A. Succinogenes product formation with and without available CO:z source. Experimental parameters:
anaerobic, 20 g1 glucose, 37 °C, 80 rpm, initial pH =7.0. HPLC parameters: Repromer H* column, 5 mM H250O,

t =30 min, flow rate 0.6 ml-min~ at 30 °C.

In the culture without COz, the amount produced was significantly higher at 2.44 + 0.04 g-1''. The
opposite was observed for the amount of acetate produced. In the culture with CO, significantly
more acetate was produced (2.73 + 0.15 g-I'") than in the culture without COz (1.63 + 0.03 g-1). In the
culture with CO2 almost no ethanol was produced with 0.35 + 0.06 g-1'. In contrast, 1.34 + 0.28 g-11
ethanol was produced in the culture without COsz. In the culture without CO, the yield of formate
relative to the sum of acetate and ethanol was 0.94 + 0.20 mol-mol-. CO2 has been shown to be a
valuable source for the metabolism of A. succinogenes. The organism is able to utilise the COz via C4
metabolism with the ultimate production of succinate. The C4 metabolism allows the organism to
achieve significantly improved growth, which is reflected in the significantly increased growth rate
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and higher maximum dry biomass concentrations when cultivated with a CO:z source compared to
cultivation without a CO2 source. This is further supported by the fact that significantly less glucose
was consumed in the culture without CO;, suggesting that glycolysis was much less efficient. In
principle, the organism should only be able to synthesise succinate in the presence of CO;, as it
incorporates it into PEP via PPCK to produce oxaloacetate. This step is necessary for the subsequent
production of succinate[10]. As PEP could only be degraded via the C3 pathway in the culture
without CO;, there was a significant increase in the two products formate and acetate. Only the
production of acetate was reduced compared to the culture with CO. In the culture with COz, more
acetate was produced as this enabled the organism to generate NADH for succinate production [34].
The yield of formate in relation to the sum of acetate and ethanol in molsucinate'mOlglucose™ Was
approximately 1, indicating that both ethanol and acetate were produced almost exclusively via PFL.
This pathway does not produce any additional NADH, which would have to be regenerated to NAD".
Glycolysis produces two NADH and two PEP from one molecule of glucose. One PEP can be
degraded via the PFL to one molecule of acetate and one molecule of formate, but no additional
NADH is produced. The second PEP can then be degraded via the PFL to ethanol, regenerating the
two NADH from glycolysis to NAD*. In this way, the organism can maintain its NADH/NAD-" ratio
in balance when it is unable to use the C4 pathway. If A. succinogenes were to degrade all of its PEP
to lactate, it could also maintain the NADH/NAD* balance, as two NADHs would also be degraded
[21]. It therefore seems more advantageous for the organism to maintain the balance by producing
ethanol.

3.3. Optimization of Succinateproduction Through the Combination of Sodium Hydrogen Carbonate and
Gaseous CO:

The aim of this series of experiments was to investigate whether the combination of CO: with
NaHCO:s leads to an improvement in product formation compared to the use of NaHCQO:s alone. Zou
et al. have previously shown that the combination of MgCOs and gaseous CO: results in increased
product formation [35]. However, as MgCO:s precipitates at high concentrations and thus complicates
process control, it was investigated whether this positive effect could also be demonstrated with
NaHCOs. The experiments were performed in batch serum bottles with a working volume of 50 ml.
The glucose concentration was 30 g-I'. Both cultures contained a NaHCOs concentration of 10 g-1-.
One of the two cultures was gassed with N2 for 10 min, then with COz for 10 min and then again with
N2 for 10 min to remove dissolved CO: in the medium. The 10 min CO: gassing was necessary to
bring the pH, which had risen to 7.5 after autoclaving, back down to 7.0. However, the subsequent
gassing with N2 caused the pH to rise again to 7.5. Due to this increased pH, fermentation was only
carried out for 24 h. Due to the higher initial pH, without gaseous CO: the pH would not have fallen
below the critical value of 6.0 until much later in the experiments and production would have taken
longer. However, as the aim was to achieve pH-regulated fermentation in the reactor, where the pH
would be maintained in the optimum range, the two cultures were only compared in the optimum
pH range. The other culture was first gassed with Nz for 20 min. It was then gassed with CO: for 10
min to saturate the medium with COz. The combination of NaHCOs and gaseous CO: gave better
results for all criteria. The succinate concentration of 6.11 + 0.09 g-1* after 24 h was almost four times
higher than in the culture with NaHCOs alone, where only 1.55 + 0.13 g-I'' was achieved. Dry biomass
was twice as high at 1.32 +0.15 g-1"'. The yield of succinate, relative to the glucose consumed, was also
significantly higher with the combination at 0.60 + 0.01 g-g" compared to 0.43 + 0.04 g-g" when only
NaHCOs was used. The yield of succinate as by-products was 1.10 + 0.1 g-g" with the combination
and only 0.74 + 0.16 g-g! with NaHCOs alone. Thus, it could be shown that the combination of
NaHCOs with CO, similar to the combination of MgCOs with COy, is able to significantly increase
the succinate production and the growth of A. succinogenes compared to carbonate alone [7,35]. The
difference in absolute concentration was most pronounced. This was increased almost fourfold. The
yield of succinate in relation to the by-products shows how the availability of CO: influences the
orientation of the metabolism towards the C4 or C3 pathway. Higher CO: concentrations lead to


https://doi.org/10.20944/preprints202503.2223.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 March 2025 d0i:10.20944/preprints202503.2223.v1

13 of 19

higher levels of phosphoenolpyruvate carboxykinase and thus to increased turnover of PEP
generated by glycolysis via the C4 pathway. At the same time, PEP is used less via the C3 pathway.
Accordingly, the ratio of succinate to C3 metabolites increases. In the future, it could be investigated
whether increasing the NaHCOs concentration beyond the 10 g-1'' used here leads to a further increase
in succinate production, similar to that observed for MgCOs by Zou et al [35].
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Figure 6. Comparison of cultures with only NaHCOs and NaHCO:s in combination with gaseous COa. (A)
Comparison of succinate production and biomass formation. (B) Comparison of succinate yield in terms of
glucose consumed (Ysc) and secondary products produced (Yssp). Experimental parameters NaHCOs culture:
anaerobic, 30 g1 glucose, 37 °C, 80 rpm, initial pH = 7.5, fermentation time: 24 h. Experimental parameters
NaHCQO:s culture CO2: anaerobic, 30 g1 glucose, 37 °C, 80 rpm, initial pH = 7.2, fermentation time: 24 h. HPLC

parameters: Repromer H+ column, 5 mM H2SOs, t = 30 min, flow rate 0.6 ml-min! at 30 °C.

3.4. Modelling the Metabolism

The final aim of the study was to summarize the collected data, in particular the electro-
bioreactor data, in a Berkeley-Madonna metabolic model of Actinobacillus succinogenes. For this
purpose, the main metabolic reactions of the organism were visualized in a flow chart. Overly
complex metabolic steps such as glycolysis were simplified into a single step, resulting in the flow
chart shown in Figure 7. As can be seen in the upper left corner of the flow chart, the model was
equipped with an NADH/NAD* balance. This balance was equipped with an electron pump (e-
pump). This e-pump makes it possible to visualize the influence of an external electron supply, as is
the case with BES. Figure 8 shows the result of the fit to the results of the control run, in which no
additional electrons were provided by a potential. Only the experimentally determined data and no
data interpolated using the Al Power Drill are listed there. The kinetic parameters determined by this
fit thus formed the basis for the prediction of changes due to the supply of external electrons in the
BES. As can be seen, the course of the substrate consumption of glucose in the model could be adapted
very well to the experimental data. This can also be seen from the total glucose consumed, which
only deviates by 0.3 g-1"! from the experimental substrate consumption of 23.47 + 0.28 g-1"', which
corresponds to a deviation of 1.27%. The curves of the three experimentally determined products
succinate, formate and acetate could also be modeled well in principle. However, the product
formation of succinate in the model deviates upwards by 0.66 g-1! from the experimental data, which
corresponds to a percentage deviation of 5.2% and thus a greater deviation than the substrate
consumption. The two products of the C3 metabolism deviate to a similar extent. Formate formation
deviates downwards by 5.9% and acetate formation deviates upwards by 3.7%. A more frequent
repetition of the control reactor run with corresponding curve fitting of the model could further
reduce this deviation. The course of the dry biomass deviated most strongly from the experimental
data. Here, the dry biomass showed a concentration of approx. 0.9 g-1"! directly at the beginning,
whereas it was only 0.03 g-I! in the experimental data. The model then predicted a continuous, very
slow increase until the end, so that a concentration of 1.48 g-1" was reached after 48 h. In the
experimental run, on the other hand, there was an increase from t0 to t24 to 1.40 g-1'. The biomass
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then fell again until a concentration of 0.75 g-1" was reached at t48. Adjusting the growth curve by
increasing or decreasing the growth parameters did not lead to a more realistic curve. On the
contrary, this even led to biomass concentrations above 5 g-I/, which could not be detected at this
level during any reactor run. However, it is generally very difficult to obtain reliable experimental
data, as the photometric biomass determination method used here only measures cells in solution
and not cells embedded in biofilm. Since A. succinogenes is a strong biofilm former, there is a strong
discrepancy between the photometrically measured biomass concentration and the total biomass,
which also includes the biofilm. It would greatly improve the model if total biomass values were
included here in future. However, it would also be important to determine how much of this total
biomass actually contributes to succinate productivity, as large amounts of biofilm are often formed
by dead cells [36].
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Figure 7. Illustration of the main reactions of A. succinogenes metabolism in the Berkeley-Madonna Flowchart.
The blue reservoirs represent the concentrations of the substrates, intermediates and end products. The yellow
dots represent the kinetic parameters of the metabolic reactions. These largely comprise the components of
Michaelis-Menten kinetics, such as vmax, the substrate concentration and the Km value. The blue arrows with the
circles are the flow arrows of the reactions. Here, the basic reaction rate is coupled with the dry biomass to

calculate the actual reaction rate.

As a result of the successful curve fit, realistic values were calculated for the kinetic parameters
of the model. This should make it possible to map the fermentation results of the BES without a
further curve fit and only by adjusting the electron supply through the e-pump. As has already been
shown, additional electron supply leads above all to an increase in succinate production, with acetate
and formate production remaining the same or even decreasing. The proportion of succinates in all
products therefore increases [16]. This can be clearly seen in Figure 9, where the proportions of
succinate, acetate and formats in the total product quantity of the control reactor and two BES, as well
as the calculated values of the model are shown. The bars labeled "A" represent the experimentally
determined data, while the bars labeled "B" show the simulation of these data using the modified
model with adjusted electron supply from the e-pump.
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Figure 8. Substrate and product curves in Berkeley-Madonna after curve fit to the bioreactor control run.
Experimental parameters: anaerob, gassing 0.25 vvm (20% N2/80% COz), surface carbon fiber = 414 cm? main
culture medium. V=21, n=50 rpm, T = 37°C, pH = 6.8, pH controlled with 5M NaOH.

First of all, you can see that this ratio of the products of the control reactor could be simulated
with the basic model. Only the proportion of formate was approximately 2.5 percentage points too
low at 32.8%. The trend towards an increase in the proportion of succinate in BES could in principle
be abolished by adjusting the model via the e-pump.
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Figure 9. Percentage distribution of the fermentation products of the control reactor, the BES and the Berkeley-
Madonna model values. Experimental parameters: anaerobic, gassing 0.25 vvm (20% N2/80% CO2), surface area
of the carbon fiber = 414 cm?, A. succinogenes in the main nutrient medium. V=21 n=50 rpm, T =37 °C, pH =
6.8, pH control with 5 M NaOH. 1A: Control bioreactor, 1B: Berkeley-Madonna basis model e-pump =0, 2A: 100
UM neutral red and a potential of -0.6 V, 2B: Berkeley Madonna model with e-pump = 0,3, 3A: 500 pg-ml-
hydrophilic carbon nanotubes and a potential of -0.6 V, 3B: Berkeley Madonna model with e-pump =0.7.

In the BES where 100 uM neutral red and a potential of -0.6 V (2A) were used, the succinate
content increased to 37.62 + 1.22% compared to the control reactor (1A) where this content was only
32.5+0.16%. By adjusting the e-pump to a value of 0.3, the proportion of succinate in the model could
be increased to 38.5%. Although the model value was 0.9 percentage points too high, it was still
within the standard deviation of the BES. In the BES where 500 pg-ml* hydrophilic carbon nanotubes
were used together with a potential of -0.6 V (3A), the succinate content could even be increased to
43.1 + 0.3%. By increasing the e-pump value of the model to 0.7 (3B), a succinate content of 43.5%
could be displayed. The value generated here was therefore only slightly above the standard
deviation range and reflected the general trend well. Overall, the deviation of the model from the
experimental data was always less than 2.5 percentage points and was always very close to the
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standard deviation of the experimental value. Overall, the deviation of the model from the
experimental data was always less than 2.5 percentage points and was always very close to the
standard deviation of the experimental value. Thus, it could be shown for two BES systems that the
shift of the product proportion towards the succinate can be described by the e-pump in the model.
It would therefore be conceivable to use the model to predict the effects of certain quantities of
external electrons. However, to make this actually feasible, the model would have to be compared
and optimized with further BES reactor runs and the quantities of external electrons added.

5. Conclusions

This study is dedicated to elucidating the significant role of gaseous substrates, in particular
CO,, in modulating the central carbon flux distribution in A. succinogenes. These findings have direct
implications for optimized succinate biosynthesis. The results show a clear bifurcation of metabolic
pathways between the reductive C4 pathway and the fermentative C3 pathway, which is closely
determined by the availability of inorganic carbon and redox equivalents. In the absence of COs,
metabolic flux is redirected to formate and ethanol production, highlighting the organism's
compensatory strategy to maintain NAD* regeneration under carbon-limited conditions. Conversely,
the combined application of dissolved bicarbonate and gaseous CO: significantly increased succinate
titers and yields, revealing a synergistic effect of phase-dissolved CO: supply. In addition, the
development of a dynamic Berkeley-Madonna-based kinetic model enabled the accurate prediction
of metabolic shifts in response to substrate and electron flow perturbations, even under
electrochemical stimulation. The integration of an artificial electron input ("e-pump") allowed the
simulation of scenarios for BES that showed high agreement with experimental data. This illustrates
the robustness of the model and its potential applicability for predicting electro fermentative
processes. Overall, this integrative approach combining metabolic physiology, gas-phase engineering
and kinetic modeling improves the mechanistic understanding of A. succinogenes metabolism and
provides a quantitative framework for rational bioprocess optimization. These findings contribute to
the strategic positioning of this organism as a chassis for sustainable C4 dicarboxylate production in
future COz-integrated bioproduction platforms.
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