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1. Summary 

Global warming and climate change belong to the most serious concerns of 

humankind. Therefore, the implementation of global political regulations, CO2 

mitigation strategies as well as strategies to replace fossil-fuel-based energy 

carriers are urgently needed. Carbon capture and storage (CCS) and also carbon 

capture and utilization (CCU) technologies have gained more and more attention 

over the last years, covering chemical as well as biological routes to reduce the 

impact of CO2 emissions on the environment. One way, which captures CO2 and 

also stores molecular H2, is the way of direct hydrogenation of CO2 into the liquid 

organic hydrogen carrier (LOHC) formic acid. Since the compound formic acid 

directly addresses major challenges in the field of energy storage and (bio)- 

chemical production, the formate bioeconomy and its popularity are more and 

more growing.  

This thesis describes a biological route for the conversion of H2 and CO2 to formic 

acid using the two acetogenic bacteria Acetobacterium woodii and 

Thermoanaerobacter kivui as biocatalysts. These two organisms contain a novel 

enzyme complex which directly uses molecular hydrogen as electron donor for 

the reduction of CO2 to formic acid, the hydrogen-dependent carbon dioxide 

reductase (HDCR). The purified enzyme showed remarkable catalytic activities, 

by far exceeding any known chemical and biological catalyst. To take advantage 

of using whole cells instead of the purified enzyme, the thesis describes a whole-

cell approach using A. woodii and T. kivui cells as biocatalyst to catalyze a 

chemically challenging reaction. Therefore, growth was decoupled from the 

HDCR reaction by lowering the intracellular amount of ATP using specific 

inhibitors or ionophores. As a result, the typical intermediate formic acid which is 

produced by many acetogens transiently during acetogenesis from H2 and CO2 

becomes the predominant product. After the establishment, characterization and 

optimization of a whole-cell approach, energetically “uncoupled” T. kivui cells 

showed the highest specific formic acid production rates (~150 mmol gCDW
-1 h-1) 

which were so far reported in the literature for biological systems.  

But not only the conversion of H2 and CO2 was shown, moreover, the 

biotechnological interesting gas feed stock synthesis gas, a combination of H2, 
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CO2 and CO as well as CO alone, were converted to formic acid. To understand 

the HDCR-based CO utilization in the two bioenergetically different classes of 

‘Rnf’- and ‘Ech-acetogens’ with the representatives of A. woodii and T. kivui, 

respectively, wild-type and mutant strains of both organisms were investigated 

for their ability to convert CO into the bulk chemicals acetic acid and formic acid. 

Again, CO-based formic acid production rates were among the highest rates ever 

reported. Furthermore, mutants with deficiencies in key enzyme activities of the 

central metabolism such as Δhdcr, ΔcooS, ΔhydBA, Δrnf and Δech2 allowed the 

postulation of two different CO utilization pathways in the bioenergetic model 

organisms A. woodii and T. kivui. 

For future biotechnological applications of acetogenic bacteria in carbon capture 

and H2 storage, the upscaling feasibility of the established whole-cell system was 

also shown in a fed-batch operated stirred tank bioreactor, converting H2 and CO2 

into formic acid and vice versa. The process showed an efficiency of 100% for 

the CO2 conversion to formic acid and notably no other products such as acetic 

acid were co-produced in the process. To release the stored H2 from formic acid 

and to close the H2 storage cycle, H2 production from formic acid was also shown 

with a conversion efficiency of almost 100% and more than 2.1 M of formic acid 

was oxidized in the process. Not only catalytic rates, yields and final product 

concentrations were determined, moreover, important parameters such as 

turnover frequency (TOF) and turnover number (TON) were also identified for the 

whole-cell system. After both reaction directions were proven in bioreactor 

experiments, a new bioreactor application was designed for the biological 

hydrogen storage and release through multiple cycles of reversible 

hydrogenation of CO2 to formic acid in a single process unit. Therefore, multiple 

day/night cycles were simulated with the aim to store H2 in excess-energy times 

and to release the stored H2 in energy-lean times. The process was running over 

two weeks and whole cells from A. woodii facilitated the conversion of H2 and 

CO2 to formic acid as well as the reverse reaction of formic acid oxidation to H2 

and CO2 in a single bioreactor. In sum, 330 (± 85) mM formic acid could be 

produced and re-oxidized within two weeks and the cells showed a solid 

robustness in the applied process. 
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This thesis concludes, that the two HDCR containing bacteria A. woodii and 

T. kivui are promising biocatalysts to capture inorganic carbon and to store 

molecular hydrogen in the soluble and liquid C1 compound formic acid. 

Additionally, A. woodii cells were proven as biocatalyst for formic acid-driven H2 

production to enable the release of previously stored H2 from formic acid. First 

bioreactor applications and a process design were also given to demonstrate the 

potential and future outlook of the whole-cell system. Therefore, acetogenic 

bacteria could provide a future biological route for the two challenging reactions 

of CO2 hydrogenation to formic acid and vice versa, especially when many 

chemical catalysts strongly rely on high pressure or temperature, need very 

expensive additives or suffer from low TON/TOF in the CO2 hydrogenation 

process. 
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2. Introduction 

2.1. CO2 reduction and formate dehydrogenases of acetogenic 
bacteria 

The global carbon cycle describes the transformations and fluxes of carbon 

between four major reservoirs of the Earth system: the atmosphere, the 

lithosphere, the biosphere and the hydrosphere. Carbon is a fundamental 

building block of all life on planet earth, but anthropogenic activities over the past 

century have perturbed the balance of the entire system (Hansen et al., 2007; 

Ramanathan and Feng, 2008). Since the Industrial Revolution huge amounts of 

carbon dioxide (CO2) have been emitted from various industries, resulting in a 

30% increase of the atmospheric CO2 partial pressure from 280 ppm to 400 ppm 

(Pearson and Palmer, 2000; Sarmiento and Gruber, 2002). Inorganic gaseous 

carbon such as CO2, but also methane (CH4), have important greenhouse 

properties that directly effect the global climate system (Houghton et al., 1996; 

Cox et al., 2000). The increased atmospheric CO2 concentrations are linked to 

an increase of the global average temperature, therefore, causing global warming 

and climate change (Allen et al., 2009; Meinshausen et al., 2009; Solomon et al., 

2009). As a result, CO2 emissions have to be reduced and new technologies are 

needed to capture, store, and utilize CO2. Strategies for CO2 utilization are of 

particular interest since CO2 can be used as a versatile feedstock to produce 

various organic products such as chemicals, fuels, and polymers (Olah et al., 

2009; Venkata Mohan et al., 2016; Grignard et al., 2019). Among chemical 

approaches for carbon capture and storage (CCS) and carbon capture and 

utilization (CCU) also biological solutions apply (Leung et al., 2014; Cheah et al., 

2016; Kumar et al., 2018). Here, a special group of non-phototrophic, anaerobic 

CO2-fixing bacteria, the group of acetogenic bacteria, have recently attracted 

scientific and commercial interest (Daniell et al., 2012; Bengelsdorf et al., 2016; 

Liew et al., 2016b). This group of bacteria shows promising capabilities for 

industrial applications to develop carbon-neutral technologies by producing 

different biofuels and biochemicals from inorganic carbon such as the 

greenhouse gas (GHG) CO2. (Latif et al., 2014; Daniell et al., 2016; Liew et al., 

2016b). 
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In nature, there are seven ways of CO2-fixation which enable autotrophic 

organisms to fix inorganic carbon in their metabolisms. Among these organisms 

are plants, cyanobacteria, algae, green and purple bacteria but also some non-

phototrophic, anaerobic bacteria and archaea (Berg, 2011; Fuchs, 2011). They 

all use one of the known biological routes for CO2 fixation such as the reductive 

pentose phosphate cycle (known as Calvin–Benson–Bassham cycle) (Calvin and 

Benson, 1948), the reductive acetyl-CoA pathway (known as Wood-Ljungdahl 

pathway) (Wood et al., 1986; Wood and Ljungdahl, 1991), the reductive 

tricarboxylic acid cycle (reductive TCA cycle) (Evans et al., 1966), the 3-

hydroxypropionate/4-hydroxybutyrate cycle (Berg et al., 2007), the 3-

hydroxypropionate bi-cycle (Holo, 1989; Herter et al., 2002; Zarzycki et al., 2009) 

and the dicarboxylate/4-hydroxybutyrate cycle (Huber 2008). Recently, even a 

seventh CO2 fixation pathway was discovered in the sulfate-reducing bacterium 

Desulfovibrio desulfuricans named as reductive glycine pathway (Sánchez-

Andrea et al., 2020). Nevertheless, all pathways exhibit one of two different 

strategies of carbon fixation - namely carboxylation or CO2 reduction. In 

dependence of the used substrate, the involved enzymes are either carboxylases 

or CO2 reductases which either accept inorganic carbon in form of HCO3
- or CO2. 

The Wood-Ljungdahl pathway (WLP) of acetogenic bacteria demonstrates the 

strategy of CO2 reduction using formate dehydrogenases as CO2 reductases 

(E.C. 1.17.1.9) to catalyze the reversible 2-electron reduction of CO2 to formic 

acid/formate1 (eq. 1). 

CO2 + 2H+ + 2e− ⇌  HCOO− + H+ E0′ =  −430 mV (1) 

In general, formate dehydrogenases (FDHs) are a group of heterogeneous 

enzymes which can display different subunit compositions and which harbor 

metal or no metal redox centers in their active sites. Based on their metal 

content/structure and consequent catalytic strategies, FDHs can broadly be 

classified into metal-independent and metal-dependent (molybdenum- and 

tungsten containing) enzymes (Maia et al., 2015). The class of metal-

independent FDHs harbors no redox cofactors or metal ions and therefore a 

______________________ 

1 Formate is the conjugated base of formic acid which has an pKa of 3.75. Therefore, the formate anion is 

the prevailing species under physiological conditions and will be representatively named for formic acid in 

this thesis. 
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direct hydride transfer from formate to the electron acceptor NAD+ is suggested 

(Tishkov et al., 1996; Castillo et al., 2008). These NAD+-dependent FDHs belong 

to the D-specific dehydrogenases of the 2-oxyacid family (Vinals et al., 1993; 

Balnokin and Popova, 1994), and representative enzymes of this class are 

extremely slow in the direction of CO2 reduction (Tishkov and Popov, 2006; Choe 

et al., 2015; Cotton et al., 2018). The classified NAD+-dependent FDH enzymes 

of Candida boidinii, Candida methylica, Chaetomium thermophulum and 

Myceliphthora thermophile showed only a small fraction of the catalytic turnover 

rate (kcat) for CO2 reduction compared to the metal-containing FDHs of 

Desulfovibrio vulgaris, Cupriavidus necator (formerly known as 

Ralstonia eutropha), Rhodobacter capsulatus or Syntrophobacter fumaroxidans, 

to name just a few (Moon et al., 2020). In contrast to the metal-independent FDHs 

which are more widespread and found in aerobic bacteria, yeasts, fungi and 

plants, the metal-dependent FDHs exist only in various prokaryotes such as 

acetogenic bacteria and methanogenic archaea. Here, the corresponding FDHs 

belong to the molybdenum and tungsten-containing enzyme families (Fig. 1) 

which harbor either a molybdenum (Mo) or tungsten (W) atom in the active site 

that mediates the formate oxidation (Grimaldi et al., 2013; Maia et al., 2015).  

 

Fig. 1 Active site structures of molybdenum- and tungsten-containing enzymes (Maia et al., 2015). 
(a) Pyranopterin cofactor which binds the molybdenum or tungsten atom. In Eukaryotes the residue (R) is a 
hydrogen atom while in prokaryotes several nucleotides such as guanosine-, cytidine- or adenosine 
monophosphate are present. (b) Molybdenum and tungsten-containing enzyme families. Molybdoenzymes 
(containing Mo) can be divided into the three big families of xanthine oxidase, sulfite oxidase and 
dimethylsulfoxide reductase (DMSOR) families. The DMSOR family comprises different procaryotic 
enzymes such as DMSOR itself, Mo-containing formate deyhdrogenases (FDHs) and 
dissimilatory/assimilatory nitrate reductases. Due to the structural and functional similarities between the 
DMSOR family enzymes and tungstoenzymes, containing homologous Mo-FDHs and W-FDHs, 
respectively, both families can be gathered to the molybdenum/tungsten-bis pyranopterin guanosine 
dinucleotide super-family (Mo/W-bis PGD). 
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Moreover, metal-dependent FDHs are quite efficient in the direction of CO2 

reduction (Maia et al., 2017; Moon et al., 2020), thereby having an important role 

as non-photosynthetic CO2 utilizing enzymes in various prokaryotes. Additionally, 

the enzyme group can be used as electrocatalyst (Reda et al., 2008; Schlager et 

al., 2016; Amao, 2018). The metal-dependent Fdh1 of 

Syntrophobacter fumaroxidans and FdhH of Escherichia coli were already used 

as electroactive enzymes in electroenzymatic approaches to catalyze the 

reduction of CO2 to formate with electrons supplied from an electrode (Reda et 

al., 2008; Bassegoda et al., 2014). Since the CO2/formate couple has a low redox 

potential with E0’ of −430 mV (Thauer et al., 1977; Buckel and Thauer, 2013), 

energy-rich reducing equivalent such as reduced ferredoxin, NADPH or H2 are 

required to drive the reduction of CO2 to formate in nature (Thauer et al., 1977; 

Scherer and Thauer, 1978; Yamamoto et al., 1983; Wang et al., 2013b). So far, 

only a few formate dehydrogenases were purified and characterized from 

acetogenic bacteria which use this enzyme class to fix inorganic CO2 in their 

metabolisms via the Wood-Ljungdahl pathway (WLP). However, the purified and 

characterized FDHs from acetogenic bacteria clearly demonstrate the diversity in 

subunit composition and the diversity of used reductants of this enzyme class. 

In the 1970s the soluble ferredoxin-dependent formate dehydrogenase of the 

acetogenic bacterium Clostridium pasteurianum was purified (Scherer and 

Thauer, 1978). The molybdenum-containing enzyme complex, which consist of 

two major subunits, catalyzed the reversible reduction of CO2 to formate with 

reduced ferredoxin. The Fdred:CO2 oxidoreductase activity as well as the 

formate:Fdox oxidoreductase activity was 35 U/mg and 22.5 U/mg 

(1 U = 1 µmol/min), respectively (Scherer and Thauer, 1978). The reduction of 

CO2 with reduced ferredoxin as electron donor is quite favorable, since the 

standard redox potential E0’ of the Fdox/Fdred couple is around −400 mV and the 

redox potential is even expected to be more negative under physiological 

conditions (E’ = ~ −500 mV) (Thamer et al., 2003; Thauer et al., 2008; Buckel 

and Thauer, 2013). This assumption is mainly based on the fact, that many 

ferredoxin-driven reactions operate at very low redox potentials in anaerobic 

bacteria such as the pyruvate:ferredoxin oxidoreductase reaction 

(E0’ = −500 mV) (Uyeda and Rabinowitz, 1971; Thauer et al., 1977) or the CO 

dehydrogenase reaction (E0’ = −520 mV) (Thauer et al., 1977). But this 
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assumption has been controversially debated (Bar-Even, 2013). Nevertheless, it 

has to be kept in mind, that the reduction potential of ferredoxins can greatly vary 

between different anaerobic organisms and that they can have different midpoint 

potentials (Smith and Feinberg, 1990; Smith et al., 1991; Boll et al., 2000; Bender 

and Ragsdale, 2011).  

In 1982, the NADP-dependent formate dehydrogenase from the thermophilic 

acetogen Moorella thermoacetica (formerly known as 

Clostridium thermoaceticum) was purified and the enzyme complex catalyzed the 

reversible reduction of CO2 to formate using NADPH as the electron donor 

(Yamamoto et al., 1983). The complex consists of two different subunits, most 

likely forming a heterodimer (α2β2). Tungsten could be detected as cofactor in the 

purified enzyme. Nevertheless, molybdenum and tungsten may substitute for 

each other since both metals could be incorporated in the active enzyme 

(Yamamoto et al., 1983). That molybdenum and tungsten can replace each other 

was also supported by the observation of other FDHs which were active with each 

metal in the active site (Brondino et al., 2004; Brondino et al., 2006). The 

reduction of CO2 with NADPH is quite unfavorable since the standard redox-

potential (E0’) of the NADP+/NADPH couple is around −320 mV. But in living cells, 

the NADP+/NADPH ratio is around 1/40, therefore changing the redox potential 

to a more negative value of around E' = −380 mV (Bennett et al., 2009). The state 

of the chemical equilibrium can further be affected by prevailing environmental 

and cellular conditions, thus allowing NADPH-driven CO2 reduction in vivo. 

A few years later, in 2013, a multimeric enzyme complex for the reduction of CO2 

to formic acid was discovered in the acetogenic bacterium 

Clostridium autoethanogenum (Wang et al., 2013b). Here, an electron-bifurcating 

[FeFe]-hydrogenase forms a complex with a tungsten-containing formate 

dehydrogenase and additional [FeS]-cluster-containing subunits (Fig. 2). The 

overall complex consists of seven different subunits which harbors 60 mol of iron, 

0.3 mol of tungsten, 0.6 mol of selenium, and 0.63 mol of FMN per mol of 

enzyme. The enzyme complex catalyzes multiple redox reactions, such as the 

H2-dependent CO2 reduction to formate (41 U/mg), the reversible reduction of 

Fdox and NADP+ with H2 (29.2 U/mg) or formate (15.2 U/mg) as well as the 

reversible formation of H2 and CO2 from formate (40 U/mg). However, it has been 
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postulated that the reduction of CO2 with NADPH and reduced ferredoxin is the 

preferred activity in cells growing on CO (Wang et al., 2013b).  

 

Fig. 2 Model of the electron bifurcating hydrogenase-formate dehydrogenase complex from 
C. autoethanogenum and E. calanderi. Both enzymes consist of a [FeFe]-hydrogenase, a formate 
dehydrogenase and multiple [FeS]-cluster-containing subunits. Additionally, both enzymes are capable of 
flavin-based electron bifurcation (FBEB). Mo, molybdenum; W, tungsten; FMN, flavin mononucleotide. 

Recently, a similar electron bifurcating hydrogenase-formate dehydrogenase 

complex was identified in the acetogenic bacterium Eubacterium callanderi 

KIST612 (Dietrich et al., 2021). The purified enzyme complex consists of 4 

subunits (Fdh, HydA1, HydB and HydC), again, combining an FMN-containing 

bifurcating [FeFe]-hydrogenase with a formate dehydrogenase subunit (Fig. 2). 

The enzyme complex also catalyzed H2-dependent CO2 reduction to formate and 

formate-driven H2 production with a specific activity of 30 mU/mg and 0.84 U/mg, 

respectively (Dietrich et al., 2021). However, the activity (formate production; H2 

evolution) was highest if the soluble reducing equivalents NAD+ and Fdox were 

present, indicating the involvement of these electron carriers in vivo. It is 

assumed, that excess electrons can be released by the enzyme via H2 evolution 

during cellular electron imbalance as previously proposed for the enzyme 

complex of C. autoethanogenum (Wang et al., 2013b; Dietrich et al., 2021). 

However, both enzyme complexes are capable of flavin-based electron 

bifurcation (FBEB). The mechanism of FBEB is a newly discovered mechanism 
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in which a two-electron donor such as NAD(P)H, H2, or format is oxidized to 

reduce two different electron acceptors, one with a more negative reduction 

potential and one with a more positive reduction potential (Buckel and Thauer, 

2018a). In this mechanism a flavin bound cofactor (FMN or FAD) splits the 

electron pair of the donor into one electron with a more negative reduction 

potential and one with a more positive reduction potential, and the electrons are 

simultaneously transferred and tightly coupled to the reduction of the acceptors 

(Buckel and Thauer, 2013; Chowdhury et al., 2014). Here, the exergonic 

reduction of one acceptor always drives the endergonic reduction of the other 

acceptor. FBEB is a highly important mechanism for microorganisms to generate 

low-potential electrons for the reduction of ferredoxins (Fd) and flavodoxins (Fld) 

which are in turn required for redox reactions and energy conservation in the 

metabolism. If the mechanism operates in the reverse reaction, it is called 

electron confurcation (Schut and Adams, 2009; Buckel and Thauer, 2018a). 

Many enzymes involved in FBEB were purified over the last decade from various 

anaerobic bacteria and archaea also including many enzymes from the 

acetogenic model organism Acetobacterium woodii i.e., the Fd- and NADH-

dependent caffeyl-CoA reductase (CarCDE) (Bertsch et al., 2013), the Fd- and 

NAD-dependent lactate dehydrogenase (LctBCD) (Weghoff et al., 2015) and the 

Fd- and NAD-dependent [FeFe]-hydrogenase (HydABC) (Schuchmann and 

Müller, 2012). The importance of flavin-based electron bifurcation in the energy 

metabolism, the general metabolic function as well as the enzymatic mechanism 

were already discussed in many excellent review articles (Buckel and Thauer, 

2013, 2018a, b; Müller et al., 2018). 

In 2013 and 2019, a novel enzyme complex for the reduction of CO2 was 

discovered in the two acetogenic bacteria A. woodii and 

Thermoanaerobacter kivuii (Schuchmann and Müller, 2013; Schwarz et al., 

2018). This enzyme complex has a simpler architecture than the enzyme from 

C. autoethanogenum, is not involved in energetic coupling by electron bifurcation 

and directly uses molecular hydrogen (E0’ = −414 mV) as the electron donor for 

the reduction of CO2 to formate. Therefore, the enzyme was named “H2-

dependent CO2 reductase” (HDCR). The HDCR was purified and characterized 

from both organisms and consists of 4 subunits: the catalytic subunits of 

hydrogenase (HydA) and formate dehydrogenase (FdhF) and two putative 
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electron-transferring subunits (HycB). The electron-transferring subunits are rich 

in [4Fe4S]-clusters, most likely interlinking the electron transfer from one catalytic 

site to the other. The hydrogenase belongs to the group of [FeFe]-hydrogenases 

and shows a characteristic [H]-cluster in its active site, whereas the formate 

dehydrogenase contains a molybdenum/tungsten-bis pyranopterin guanosine 

dinucleotide (Mo/W-bis PGD) cofactor. Molybdenum (Mo) was found in the 

A. woodii enzyme whereas tungsten (W) was present in the isolated HDCR from 

T. kivui (Schuchmann and Müller, 2013; Schwarz et al., 2018) (Fig. 3). 

 

Fig. 3 Model of the hydrogen-dependent CO2-reductase of T. kivui (Schwarz et al., 2018). The enzyme 
complex harbors two catalytic subunits of formate dehydrogenase (FdhF) and hydrogenase (HydA2). The 
formate dehydrogenase subunit belongs to the W-bis PGD super family reductase family and the 
hydrogenase subunit belongs to the group of [FeFe]-hydrogenases which contains the conserved regions 
of H-cluster binding. Coupling is putatively achieved by two electron-transferring subunits (HycB3/B4) which 
contains multiple [4Fe4S]-clusters. W, tungsten; H, H-cluster. 

Another difference between the two HDCR complexes is the presence of two 

isoenzymes of the HDCR formate dehydrogenases in A. woodii, either containing 

selenocysteine or cysteine at the amino acid position 139 (Schuchmann and 

Müller, 2013). T. kivui harbors only a cysteine-containing FdhF in the HDCR 

complex and is probably not able to assemble selenoproteins due to the missing 

of the essential selABC gene cluster in the genome (Hess et al., 2014). Generally, 

selenocysteine is found in many metal-dependent FDHs but can be replaced by 

cysteine, mostly affecting the catalytic activity of the enzymes (Jones and 

Stadtman, 1981; Axley et al., 1991). The incorporation of cysteine instead of 

selenocysteine in the formate dehydrogenase H of E. coli dramatically decreased 

the formate dehydrogenase activity by two orders of magnitude (Axley et al., 

1991). The HDCR from A. woodii and T. kivui catalyzed the direct hydrogenation 

of CO2 to formic acid with a specific activity of 10 U/mg and 900 U/mg, 
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respectively (Schuchmann and Müller, 2013; Schwarz et al., 2018). Moreover, 

the reverse reaction, formate oxidation with simultaneous evolution of H2 and 

CO2, was catalyzed by the HDCRs. Here, a specific activity of 14 and 930 U/mg 

was demonstrated for the A. woodii and T. kivui enzyme (Schuchmann and 

Müller, 2013; Schwarz et al., 2018). Interestingly, electron microscopy studies of 

the purified enzyme from A. woodii revealed the formation of ordered filamentous 

structures with a length up to 200 nm in vitro (Schuchmann et al., 2016). The 

reversible polymerization of the HDCR into ordered filaments was dependent on 

the presence of divalent cations and the enzymatic activity was connected to the 

quaternary structure of the HDCR, showing the highest activity in the filamentous 

form (Schuchmann et al., 2016). First indications of the presence of HDCR 

filaments are also given for the HDCR of T. kivui (unpublished data). Interestingly, 

the filamentation of enzymes is increasingly recognized as an important 

phenomenon to affect function, regulation, signaling and activity of enzymes 

within the cell. The particular biological role of enzyme filamentation are diverse 

but many enzymes are already known to form filaments in vitro and in vivo (Park 

and Horton, 2019). 

As mentioned, the HDCRs from A. woodii and T. kivui showed remarkable 

catalytic activities for the direct hydrogenation of CO2 and vice versa, 

substantially exceeding any known chemical catalysts (Müller, 2019). In case of 

CO2 hydrogenation, the enzymes are even 30- (A. woodii) and 1200- (T. kivui) 

times faster than any chemical catalyst under comparable moderate reaction 

conditions. Because of the catalyzed reactions and the remarkable catalytic 

activities in hydrogen-driven CO2 reduction as well as formate oxidation, the 

HDCRs seem to be a promising biological catalyst for the capture and storage of 

CO2 and H2. To understand the physiological function of formate dehydrogenases 

in general and of HDCR enzymes in particular, the biochemistry and 

bioenergetics of the WLP for CO2 fixation will be discussed in the following 

sections in greater detail.  
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2.2. Biochemistry of the Wood-Ljungdahl pathway 

The ability to fix inorganic carbon into organic material (autotrophy) is a primeval 

life style that exists across all domains of life (Fuchs, 2011). The diverse and 

specialized group of acetogenic bacteria uses the linear, two branched Wood-

Ljungdahl pathway (WLP) to reduce two molecules of CO2 to acetyl-CoA (Wood 

et al., 1986). The formed acetyl-CoA can then be used for cell carbon synthesis 

or can be further converted to different products. In most cases, acetate2 is 

formed but the end product can vary (Ljungdahl, 1986). The WLP can also 

operate in the oxidative direction, thus, allowing a great metabolic flexibility of 

acetogenic bacteria to utilize a vast variety of different organic substrates 

(organoheterotrophy) such as hexoses, pentoses, alcohols, methyl groups and 

formate (Drake et al., 1997; Schuchmann and Müller, 2016). Besides of 

acetogenic bacteria, the WLP was also identified in methanogenic archaea as 

well as sulfate reducers (Stupperich et al., 1983; Schauder et al., 1988; 

Spormann and Thauer, 1988; Ljungdahl, 1994). In general, the WLP can be 

divided into the two branches of methyl branch and carbonyl branch which are 

the entry points of CO2 and/or CO (Fig. 4). 

 

 

 

 

 

 

 

 

 

______________________ 
2 The formed product is acetic acid (pKa of 4.75). However, the prevailing species at physiological conditions 
is the conjugated base acetate. Therefore, this work refers to this species. 
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Fig. 4 Biochemistry of the heterotrophic and autotrophic metabolism of acetogenic bacteria 
(modified after Schuchmann and Müller, 2014). Under heterotrophic growth condition (green box), 
glucose is oxidized via the Embden-Mayerhof-Parnas pathway to pyruvate which is further converted to 
acetate. The generated reducing equivalents [H] (equals 1 H+ and 1 e-) from substrate oxidation are used to 
fix two CO2 molecules in acetate by the Wood-Ljungdahl pathway (WLP, blue box). Under autotrophic growth 
conditions (pink box), the necessary reducing equivalents to drive the redox reactions of the WLP for CO2 
fixation can be obtain, for example, from H2 oxidation. The net ATP yield of the WLP is zero. THF, 
tetrahydrofolic acid; CoFeSP, corrinoid iron-sulfur protein; Fd2-, reduced ferredoxin. 

In the initial step of the methyl branch, one molecule of CO2 is reduced with a 

two-electron donor to formate, catalyzed by the previously mentioned enzyme 

group of FDHs. As stated, the used electron donor for the reduction of CO2 to 

formate can be divers and differs within the group of acetogenic bacteria (Scherer 

and Thauer, 1978; Yamamoto et al., 1983; Schuchmann and Müller, 2013; Wang 

et al., 2013a). The intermediate compound formate is subsequently bound with 

the help of a N10-formyl-THF synthetase and the expense of 1 mol ATP to the 

cofactor tetrahydrofolic acid (THF) to form N10-formyl-THF (Himes and Harmony, 

1973; MacKenzie, 1984). N10-formyl-THF is then reduced in a sequence of 

tetrahydrofolate (THF)- and cobalamin-dependent reactions to N5-methyl-THF. 

First, the N5,N10-methenyl-THF cyclohydrolase catalyzes the cyclization of N10-

formyl-THF to N5,N10-methenyl-THF (Clark and Ljungdahl, 1982) which is 

subsequently reduced by a N5,N10-methylene-THF dehydrogenase to N5,N10-
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methylene-THF (Moore et al., 1974; Ragsdale and Ljungdahl, 1984). In the last 

step, a reductase catalyzes the formation of the THF-bound methyl group of N5-

methyl-THF (Clark and Ljungdahl, 1984; Wohlfarth et al., 1990). Before this 

methyl group is transferred to the bifunctional CO dehydrogenase/acetyl-CoA 

synthase (CODH/ACS) of the carbonyl branch, a methyltransferase catalyzes the 

methyl group transfer from N5-methyl-THF to a cobalamin-bound cobalt ion of the 

corrinoid-iron-sulfur protein (Hu et al., 1984; Ragsdale et al., 1987). 

In the carbonyl branch, a second molecule of CO2 is reduced by the bifunctional 

CODH/ACS complex to an enzyme-bound carbonyl group, followed by the 

condensation of coenzyme A and the corrinoid-iron-sulfur protein bound methyl 

group of the methyl-branch to form acetyl-CoA (Pezacka and Wood, 1984a, b; 

Ragsdale and Wood, 1985). In the first step, the CODH/ACS catalyzes the 

reduction of CO2 to enzyme-bound CO by using two low-potential electrons. 

Important to note, that this reduction reaction is the largest thermodynamic barrier 

in the WLP since the CO2/CO redox couple has a very low standard redox 

potential (E0’) of –520 mM (Thauer et al., 1977). The generated CO at the Ni-Fe-

S center (called the C-cluster) of the CODH subunit is then transferred via a 

hydrophobic channel in the enzyme complex to a second Ni-Fe-S center (called 

the A-cluster) of the ACS subunit (Seravalli et al., 1997; Maynard and Lindahl, 

1999; Seravalli and Ragsdale, 2000; Doukov et al., 2002) to prevent the cell 

metabolism from potentially toxic exposure of CO. The CODH/ACS from the 

acetogenic bacterium M. thermoacetica has been proposed to have one of the 

longest enzyme channels with a size of 138 A to allow intermolecular CO 

transport (Doukov et al., 2002). After the migration of CO through the inter-subunit 

channel, CO is bound to the Nip (proximal Ni) site in the A-cluster to form an 

organometallic complex, called the NiFeC species (Ragsdale, 2004; Brunold, 

2004). At the A-cluster, the three different substrates CO, methyl group and 

coenzyme A are combined via a methylation reaction, a carbonylation reaction, 

and the synthesis of a high-energy thioester bond to form acetyl-CoA (Ragsdale, 

1991; Ragsdale, 2008). Acetyl-CoA is converted to acetate as the end product, 

generating 1 mole of ATP (Diekert and Wohlfarth, 1994a, b). If acetate is formed, 

the phosphotransacetylase catalyzes the acetyl-group transfer of acetyl-CoA to 

free phosphate which results in the formation of acetyl phosphate. Finally, an 

acetate kinase catalyzes the conversion of acetyl phosphate to acetate and one 
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mole of ATP is produced by substrate level phosphorylation (Schaupp and 

Ljungdahl, 1974). 

The overall stoichiometry ([H] corresponds to one electron plus one proton) of the 

WLP for the synthesis of acetate from two molecules of CO2 is shown in eq. 2 

(Fischer et al., 1932): 

2 CO2 + 8 [H] ⇌ CH3COO− + H+ + 2 H2O ∆G0′ =  −95 kJ/mol (2) 

Four steps in the WLP require the input of electrons to enable the fixation of two 

CO2 molecules. The necessary electrons which are required for the multiple 

reduction steps can be provided from different organic or inorganic compounds. 

Heterotrophic acetogenesis using hexoses as substrate leads to the formation of 

acetate as the only end product. This metabolism was first discovered in the 

thermophilic model acetogen M. thermoacetica where one mol of glucose was 

converted to three mol of acetate in stoichiometric amounts (eq. 3), therefore 

named homoacetogenesis (Fontaine et al., 1942). Here, the standard Gibbs free 

energy change (ΔG0’) per mole of acetate is −104 kJ (Drake, 1994). 

C6H12O6 → 3CH3COO− + 3H+ ∆G0′ =  −104 kJ/mol (3) 

The consumed glucose is oxidized in the Embden-Meyerhof-Parnas pathway 

(known as glycolysis), yielding two mol of pyruvate, two mol of ATP and two mol 

of the reducing equivalents NADH (Barker and Kamen, 1945). Each pyruvate is 

further oxidized by a pyruvate:ferredoxin oxidoreductase to acetyl-CoA and CO2. 

The electrons are transferred to the electron acceptor ferredoxin (Ragsdale, 

2003). At the end, the two molecules of acetyl-CoA are converted by a 

phosphotransacetylase and acetate kinase to two molecules of acetate as 

previously described. The acetate kinase reaction leads to the formation of two 

additional mol of ATP by substrate-level phosphorylation which provides 

additional energy for the cell. The remaining two CO2 molecules are fixed by the 

WLP with electrons derived from glucose oxidation to produce the third molecule 

of acetate (Barker and Kamen, 1945; Wood and Ljungdahl, 1991). Besides of 

carbohydrate utilization (hexoses or pentoses) (Drake et al., 1997), acetogenic 

bacteria can also grow on a wide range of other organic compounds such as 

alcohols (i.e., ethanol, propanol, butanol) (Eichler and Schink, 1984; Drake and 
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Daniel, 2004; Schuchmann et al., 2015), carboxylic acids (i.e., lactate, pyruvate, 

citrate) (Yang et al., 1987; Weghoff et al., 2015), amino acids (i.e., alanine) (Dönig 

and Müller, 2018), C1 compounds (i.e., formate, methanol) (Beaty and Ljungdahl, 

1991; Kremp et al., 2018; Dietrich et al., 2021; Moon et al., 2021) and C1 groups 

of methylated compounds (i.e., glycine betaine) (Lechtenfeld et al., 2018), making 

the group of acetogenic bacteria to the most metabolic diverse group of 

anaerobes (Drake et al., 1997; Schuchmann and Müller, 2016). Here, in few 

cases, the reactions of the WLP have to work in the reverse (oxidative) direction 

to provide necessary reducing equivalents for the WLP and to maintain redox 

homeostasis of the cell (Schuchmann and Müller, 2016). Examples for this 

scenario are the utilization of methanol and formate (Kremp et al., 2018; Moon et 

al., 2021). Acetogenesis from methanol was revealed in detail in the acetogenic 

model organism A. woodii, where a methyltransferase system is involved in the 

methyl group transfer from methanol to the cofactor THF yielding methyl-THF. 

The formed methyl-THF enters the WLP and is oxidized to CO2 in the reverse 

direction of the methyl-branch (Banerjee and Ragsdale, 2003; Kremp et al., 

2018). Thereby, the necessary reducing equivalents are produced to allow 

growth on methanol and to allow CO2 fixation in the WLP. 

Electrons can also be derived from the oxidation of inorganic compounds such 

as H2. In this case, acetate is formed from H2 and CO2 as the sole electron and 

carbon source according to eq. 4  

4H2 + 2CO2  ⇌  CH3COO− + H+ + 2H2O ∆G0′ =  −95 kJ/mol (4) 

The standard Gibbs free energy change ΔG0’ of this reaction equals −95 kJ/mol 

acetate (Thauer et al., 1977). The derived electrons from H2 oxidation, catalyzed 

by hydrogenases, are transferred to soluble electron carriers such as NAD(P)H 

and ferredoxin which are in turn channeled to the WLP (Drake, 1982) to get re-

oxidized on the way of CO2 reduction to acetate (Drake et al., 2008; Ragsdale 

and Pierce, 2008). 
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2.3. Bioenergetics of acetogenic bacteria 

The formation of acetate from two moles of CO2 by using H2 as the reductant 

(lithotrophy) is energy-neutral. One ATP molecule is consumed in the N10-formyl-

THF synthetase reaction to activate formate whereas another ATP molecule is 

produced in the later acetate kinase reaction via substrate-level phosphorylation 

due to the phosphate-transfer from acetyl-phosphate to ADP (Schaupp and 

Ljungdahl, 1974). Therefore, the net ATP formation in the WLP is zero 

(Hugenholtz and Ljungdahl, 1990; Müller, 2003). However, since acetogens can 

grow with acetate formation on H2 + CO2, there has to be net ATP synthesis. In 

case of a heterotrophic life-style using hexoses as substrate, additional ATP is 

generated by the oxidation of glucose to pyruvate via glycolysis. The subsequent 

conversion of pyruvate to acetate also forms ATP. The generated 8 electrons in 

form of reducing equivalents are fed to the WLP which is primarily functioning as 

an electron sink to maintain redox homeostasis in the cell (Schuchmann and 

Müller, 2016). If H2 is used as electron donor, the glycolysis reactions are missing 

and no ATP is provided. Here, a chemiosmotic mechanism using an energized 

membrane is responsible for additional ATP generation to allow growth under 

lithoautotrophic conditions (Hugenholtz et al., 1987; Heise et al., 1989; Müller, 

2003; Poehlein et al., 2012). The respiratory enzymes which are involved in the 

generation of an electrochemical ion gradient are either the Rnf or the Ech 

complex, and the translocated ions are either Na+ (sodium ions) or H+ (protons) 

(Biegel and Müller, 2010; Schölmerich and Müller, 2019). Based on the distinct 

enzymes responsible for energy conservation, acetogens can be bioenergetically 

classified in ‘Rnf-’ and ‘Ech-acetogens’ with the subclasses of H+- and Na+-

dependent organisms (Schuchmann and Müller, 2014).  

In earlier days, the presence of membrane-bound corrinoid-containing proteins 

(methyltransferases) or the presence of membrane-bound electron-transferring 

proteins (cytochromes) were suggested to be involved in chemiosmotic energy 

conservation of acetogenic bacteria (Dangel et al., 1987; Müller, 2003). But the 

presence of such enzyme complexes could not be validated in different 

representatives of the acetogenic group such as A. woodii and 

Clostridium ljungdahlii. Even for M. thermoacetica, an organism which harbors 

cytochromes and quinones, the participation of these proteins in a membrane-
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based electron transport chain was questionable. Evidence was neither given 

from an experimental point of view nor from genome data (Pierce et al., 2008; 

Huang et al., 2012; Mock et al., 2014). The enigma of energy conservation during 

acetogenesis could firstly be answered in the mesophilic acetogen A. woodii. In 

this organism, a membrane-integral ferredoxin:NAD+-oxidoreductase was 

discovered, called the Rnf complex. This multi-subunit enzyme complex 

catalyzes the exergonic electron transfer from reduced ferredoxin to NAD+ 

(Biegel et al., 2009; Biegel and Müller, 2010; Westphal et al., 2018). This reaction 

should provide sufficient amounts of energy (ΔG0ʹ = –25 kJ per mole; assuming 

E0ʹ of the ferredoxin couple [Fd/Fd2−] of –450 mV and E0ʹ [NAD+/NADH] of 

−320 mV) to translocate ions across the cytoplasmic membrane. Indeed, the 

reaction is coupled to the generation of a transmembrane Na+-ion gradient that 

in turn drives a membrane-bound ATP synthase to generate ATP (Müller et al., 

2001; Müller, 2003; Hess et al., 2013). The membrane-integral F1FO ATP 

synthase was identified to be specific for Na+ ions and a conserved Na+-binding 

motif consisting of the amino acid sequence Q...ES/T is also present (Heise et 

al., 1992; Rahlfs et al., 1999; Müller et al., 2001; Meier et al., 2009). Additional to 

three ATP synthesizing centers, structural studies revealed the presence of ten 

ion-binding sites in the c-subunit ring of the A. woodii ATP synthase (Fritz et al., 

2008; Matthies et al., 2014), thus resulting in the use of 3.3 moles of Na+ ions to 

generate 1 mole of ATP (Brandt and Müller, 2015).  

In conclusion, the acetogenic model organism A. woodii belongs the class of Na+-

dependent Rnf-acetogens. C. ljungdahlii also contains a Rnf-complex that is 

involved in energy conservation (Köpke et al., 2010). But growth and 

chemiosmotic ATP synthesis was not dependent on Na+ ions but rather 

connected to the generation of an electrochemical H+ gradient (Köpke et al., 

2010; Tremblay et al., 2012). Moreover, the conserved Na+-binding amino acid 

motif of the ATP synthase is lacking (Rahlfs et al., 1999; Meier et al., 2006). 

Therefore, C. ljungdahli is assumed to be a representative of the class of H+-

dependent Rnf-acetogen. 

However, some acetogens such as M. thermoacetica and T. kivui lack the genes 

coding for the Rnf complex that is the only coupling site for Na+-translocation and 

energy conservation (Biegel and Müller, 2010; Biegel et al., 2011; Hess et al., 
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2013). Thus, a second mode of energy conservation has to exist in acetogenic 

bacteria and a further membrane-bound, ion-translocating enzyme complex that 

is linked to energy conservation was identified. This energy-converting [NiFe]-

hydrogenase was named as Ech complex (Pierce et al., 2008; Huang et al., 2012; 

Oehler et al., 2012; Hess et al., 2014; Schuchmann and Müller, 2014). The Ech 

complex catalyzes the exergonic electron transfer from reduced ferredoxin to H+, 

resulting in the evolution of molecular H2 (Hedderich and Forzi, 2005) 

(Schoelmerich and Müller, 2020). Additionally, the redox energy is used to 

translocated ions across the cytoplasmic membrane which can subsequently 

drive ADP phosphorylation to ATP via a membrane-bound F1FO ATP synthase. 

That the Ech complex forms a functional respiratory enzyme complex, which 

generates a transmembrane electrochemical ion gradient, was experimentally 

verified in the thermophilic acetogen T. kivui (Schölmerich and Müller, 2019). 

Interestingly, the genome of T. kivui harbors two Ech gene clusters, coding for 

two putative functioning Ech-type complexes. Although they differ in subunit 

composition, both Ech complexes have all cofactors and catalytic domains to 

potentially catalyze the previously mentioned reaction (Hess et al., 2014). 

Additionally, both gene clusters were highly upregulated during autotrophic 

growth (Schölmerich and Müller, 2019). Noteworthy, experiments with inverted 

membrane vesicles (IMVs) clearly demonstrated that the Ech activity was not 

only coupled to the translocation of one sort of ion, instead a Na+ ion gradient as 

well as a ΔµH
+ was established across the cytoplasmic membrane (Schölmerich 

and Müller, 2019). Bioinformatic analysis of the membrane-integral subunits of 

both Ech complexes revealed highest sequence similarities to Na+/H+ antiporters. 

However, purified Ech enzymes would be required to further elucidate the 

enzyme mechanistic (i.e., sequence and mechanism of ion translocation) in 

greater detail. Since the ATP synthase of T. kivui does not contain a conserved 

Na+ binding motif and the dependency on H+ ions were experimentally verified 

(Hess et al., 2014; Schölmerich and Müller, 2019), the Ech activity is clearly linked 

to a H+-dependent F1FO ATP synthase. Therefore, T. kivui is a representative of 

the class of H+-dependent Ech-acetogens. 

Both respiratory enzymes, Rnf and Ech use reduced ferredoxin as electron 

donor. The reduced ferredoxin could be obtained from oxidative reactions such 

as sugar oxidation or from the oxidation of H2 and CO. The membrane-bound 
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enzyme complexes of Rnf and Ech do not only translocate ions across the cell 

membrane to generate a primary electrogenic ion potential, moreover, they are 

involved in redox balancing due to the conversion of reduced ferredoxin into the 

reducing equivalents of NADH and H2 (Schuchmann and Müller, 2016). The 

reversibility of the Rnf activity (endergonic reaction) of A. woodii was 

demonstrated, catalyzing the reverse electron transfer from NADH to oxidized 

ferredoxin at the expense of the electrochemical ion potential (Hess et al., 2013). 

Therefore, redox balancing is maintained via the respiratory enzyme complexes 

Rnf and Ech, additional to electron-bifurcating enzymes. In general, the 

metabolism of acetogenic bacteria demonstrates a modular construction, 

harboring an oxidative module (i.e., glycolysis) which supply reducing power, a 

reductive module (WLP) which serve as electron sink and a redox balancing 

module (Rnf, Ech and electron-bifurcating enzymes) which interconnects the 

different modules to provide the correct electron carriers in the right stoichiometry 

within the cell (Schuchmann and Müller, 2016; Katsyv and Müller, 2020). 

To sum up, the WLP is the only known CO2 fixation pathway that is energy neutral 

and the pathway is considered to be one of the oldest biochemical pathways that 

enabled biomass and ATP formation under chemolithoautotrophic conditions in 

a primordial world (Martin and Russell, 2007; Wächtershäuser, 2007; Martin et 

al., 2014). Because of the unique carbon fixation strategy, which enables 

acetogenic bacteria to use CO2 as the terminal electron acceptor and H2 as the 

reductant, the acetogenic group has gained more and more commercial interest 

to produce biocommodities from waste gases consisting of H2 and CO2 

(Bengelsdorf et al., 2018). This interest was even more stimulated by the 

discovery that some acetogens can not only use H2 but also CO as electron donor 

for CO2 reduction (Diender et al., 2015). The aim is the production of sustainable 

and value-added biocommodities and biofuels from H2, CO2 and/or CO, a highly 

abundant and low-cost gas composition that is called synthesis gas (Bengelsdorf 

and Dürre, 2017). 
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2.4. Biocommodities production by acetogenic bacteria 

Historically, biotechnological production plants for the production of biofuels (first-

generation biofuels) such as biodiesel, bioethanol and biogas were based on 

sugars (i.e., sugarcane, corn and wheat) (Naik et al., 2010). But the approach is 

questionable due to the source of feedstock and its potentially impact on 

biodiversity and land use. Here, the used substrate is in direct conflict with the 

production of food for mankind (Fargione et al., 2008; Ajanovic, 2011) and the 

process emits CO2. The concerns about environmental impacts, carbon balances 

and the food-versus-fuel debate set limits to the commercial production of 

biofuels of the first generation (Naylor et al., 2007; Melillo et al., 2009; Ajanovic, 

2011; Murphy et al., 2011).  

The second-generation biofuels are based on lignocellulosic biomass that can be 

supplied on a large-scale basis from different low-cost raw materials such as 

wood and agricultural residues (Naik et al., 2010; Brown and Brown, 2013; 

Kucharska et al., 2018). But again, the process is not CO2 neutral and multiple 

pretreatment and hydrolysis steps are necessary to break down non-fermentable 

polysaccharides into fermentable monosaccharides (Geddes et al., 2011; 

Kucharska et al., 2018), making biofuels production rarely cost-effective. 

Therefore, most projects of this kind were put on hold because of technical and 

non-technical barriers (Padella et al., 2019).  

Another possibility of biomass utilization is its conversion into gaseous 

compounds by gasification which can then be used by microorganisms as 

substrate. This gas mixture which is fed to microorganisms mainly consists of H2, 

CO2, and CO and are called synthesis gas or syngas. The exact gas composition 

can vary strongly and depends on the used resources/feedstocks and 

technologies to produce syngas (Molino et al., 2018), but CO is typically the most 

abundant carbon species in syngas (van der Drift et al., 2001). Syngas can be 

obtained i.e., from gasification of biomass and waste streams (such as sewage 

sludge, organic industrial waste and municipal solid waste) (Hammerschmidt et 

al., 2011; Rokni, 2015), from industrial exhaust gases (such as steel mill off-gas) 

(Köpke et al., 2011b) or reformed biogas (Liew et al., 2016b). Therefore, the 

production of third-generation biofuels is based on carbon oxides as feedstock, 

and instead of producing CO2, gas fermentation captures and stores CO2 in the 
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form of value-added biochemicals or biofuels, thus making syngas-fermentation 

a sustainable and promising approach for CO2 sequestration (Fig. 5). 

 

Fig. 5 Overview of feedstock options for acetogenic bacteria in CO2-sequestration. Gas fermentation 
is a flexible platform to produce biofuels and biochemicals from waste and renewable feedstocks. In non-
photosynthetic mixotrophic fermentations (mixotrophy) additional substrates such as sugars can be added 
to the process to increase the ATP yield. In case of microbial electrosynthesis (MES), reducing power is 
supplied via electrons directly from an electrode to the organisms. Native products of acetogenic bacteria 
are indicated in the blue box. Synthetic products that were produced through genetic modification of the 
organisms are indicated in the orange box. e-, electrons; 2,3-BDO, 2,3-butanediol. 

Numerous microbes are known to convert syngas into chemicals (Henstra et al., 

2007b; Bengelsdorf et al., 2013; Bengelsdorf et al., 2018), but with the exception 

of some methanogens, the vast majority of syngas fermenting organism were 

found in the group of acetogenic bacteria (Latif et al., 2014). Acetogens are 

known to produce acetate as the sole metabolic end product but some strains 

are also able to produce ethanol in addition to acetate (Najafpour and Younesi, 

2006; Maddipati et al., 2011; Bertsch and Müller, 2015b) such as 

Clostridium carboxidivorans (Liou et al., 2005), C. ljungdahlii (Tanner et al., 1993; 

Köpke et al., 2010) and C. autoethanogenum (Abrini et al., 1994). Noteworthy, 

the acetogenic bacterium C. autoethanogenum is already used as a biocatalyst 

to produce ethanol from syngas on an industrial scale (Köpke and Simpson, 

2020). But not only the production of acetate and ethanol was demonstrated by 

gas fermentation. Moreover, some bacterial strains naturally produce minor 

amounts of butyrate, 2,3-butanediol or lactate (Liou et al., 2005; Köpke et al., 
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2011b; Jeong et al., 2015). Recent improvements in the genetic tool box for 

acetogenic bacteria enable genetic manipulations, metabolic engineering and 

synthetic biology of this bacterial group (Tracy et al., 2012; Leang et al., 2013; 

Bengelsdorf et al., 2018). This leads to the production of many new products like 

acetone, butanol, 3-hydroxybutyrate and 2-propanol (isopropanol) with the help 

of recombinant strains (Köpke et al., 2010; Banerjee et al., 2014; Jones et al., 

2016; Bengelsdorf et al., 2018).  

Additionally, some microorganisms can also grow on carbon monoxide as sole 

carbon and electron source, named as “carboxydotrophs” or “carboxydotrophic” 

microorganisms. The trait of utilizing CO exists in the group of bacteria as well as 

archaea. Examples for anaerobic carboxydotrophic organisms are the 

hyperthermophilic archaeon Thermococcus onnurineus (Bae et al., 2006), the 

methanogenic archaeon Methanosarcina barkeri (O'Brien et al., 1984) and also 

the thermophilic acetogenic bacterium M. thermoacetica (Diekert and Thauer, 

1978). Depending on the end product formed, the organisms are either 

hydrogenogenic, methanogenic or acetogenic (Diender et al., 2015). Many 

acetogens grow on carbon monoxide as sole carbon and electron source 

according to eq. 5: 

4CO + 2H2O ↔ CH3COO− + H+ + 2CO2 ∆G0
′ =  −165.6 kJ/mol (5) 

In this case, CO is first oxidized to CO2 which is subsequently reduced to acetate 

with electrons derived from CO oxidation (Diekert and Thauer, 1978; Diender et 

al., 2015). Further representatives of the acetogenic group which can grow on 

CO are for example Eubacterium limosum (Genthner and Bryant, 1982), 

C. ljungdahlii (Tanner et al., 1993), T. kivui (Weghoff and Müller, 2016) and 

Blautia producta (Lorowitz and Bryant, 1984). All these carboxydotrophic 

organisms harbor the capability to catalyze the oxidation of CO to CO2, to use 

the derived electrons from CO oxidation for growth, to re-assimilate parts of the 

formed CO2 via CO2 fixating pathways (i.e., the WLP or ribulose bisphosphate 

cycle) and to withstand CO inhibition (Meyer and Schlegel, 1983). The CO 

molecule is oxidized by CO dehydrogenases (CODH) in the biological water-gas 

shift reaction as shown in eq. 6.  
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CO + H2O ⇌ CO2 + 2H+ + 2e− E0′ =  −520 mV (6) 

The CODH enzymes which enable organisms to utilize CO can either be mono- 

or bi-functional, the latter includes the previously described key enzyme 

CODH/ACS complex of the WLP. The crystal structure of several CODHs (mono- 

or bifunctional) from different organisms have already been determined (Dobbek 

et al., 2001; Drennan et al., 2001), including the bifunctional CODH/ACS complex 

of M. thermoacetica (Doukov et al., 2002; Darnault et al., 2003). Large differences 

can be observed in the group of CO-utilizing acetogenic bacteria with regard to 

growth parameters such as growth rate and yields (Diender et al., 2015). This 

indicates differences in the CO metabolism, the enzymes involved and the ways 

of energy conservation within this group. Moreover, not all acetogens produce 

only acetate as the sole end-product. Organisms such as E. limosum and 

C. autoethanogenum also produce butyrate or ethanol, respectively, next to 

acetate (Genthner and Bryant, 1982; Abrini et al., 1994; Köpke et al., 2011a; 

Jeong et al., 2015). But non-photosynthetic carbon fixation is often ATP/energy 

limited. For sure, H2 and CO have both been targeted as ideal electron sources 

for the production of biofuel by anaerobic acetogens (Köpke et al., 2011a; Schiel-

Bengelsdorf and Dürre, 2012) but the product spectrum is limited due to limited 

energy availability of acetogens on gases (Bertsch and Müller, 2015b; Katsyv and 

Müller, 2020). These energy-limitations become apparent during growth on H2 + 

CO2, where minor amounts of the compound of interest are produced along with 

major amounts of acetic acid. Stoichiometric and energetic analyses of the WLP 

to produce bulk chemicals make it more clear: For the autotrophic production of 

bulk chemicals and biofuels like acetate and ethanol, the WLP shows the highest 

potential acetate (23.6 mol/100 mol H2) and ethanol yield 

(16.0 mol EtOH/100 mol H2) using H2 as electron donor compared to other non-

photosynthetic, non-sulfur pathways (Fast and Papoutsakis, 2012). But for 

higher, energetically expensive C-compounds like butanol, only a negligible 

butanol production (0.2 mol butanol/100 mol H2) is predicted under autotrophic 

conditions, owing to ATP limitations (Fast and Papoutsakis, 2012). However, 

several examples were given in the literature where acetogenic bacteria 

produced butanol through native (Grethlein et al., 1991; Bruant et al., 2010) and 

engineered (Köpke et al., 2010) butanol pathways. But there is still future work to 

do to solve the energetic limitations to produce high-value products from syngas 



Introduction 26 
 

using acetogenic bacteria. Unquestionable is the efficient production of lower C-

compounds such as acetate and ethanol in high amounts from carbon dioxide 

and hydrogen and/or CO by using acetogenic bacteria as biocatalysts.  

 

2.5. Formate bioeconomy 

As mentioned before, formate is an intermediate in the WLP of acetogenic 

bacteria which is produced by formate dehydrogenases via CO2 reduction. The 

formate bioeconomy and its popularity is rapidly growing since formate directly 

addresses major challenges in the field of energy storage and (bio)-chemical 

production (Enthaler et al., 2010; Yishai et al., 2016). Formate is well-known as 

bulk-chemical (Loges et al., 2010), but is further considered as liquid organic 

hydrogen carrier (LOHC) since formate alleviates the technical difficulties 

regarding the handling and transport of hydrogen gas (Enthaler, 2008; Preuster 

et al., 2017b). The ways to produce formate can be diverse (Fig. 6) and include 

chemical as well as biological ways of electrochemical reduction, photoreduction, 

hydration and hydrogenation of CO2 (Yishai et al., 2016). Formate can also be 

produced by partial oxidation of biomass or oxidation of natural gas (Sorokin et 

al., 2010; Albert et al., 2014).  
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Fig. 6 The concept of the formate bioeconomy (Yishai et al., 2016). The versatile compound formate 
can be produced from different available sources via different biological/chemical routes. Due to the 
beneficial physicochemical and biological properties of the compound formate, it can be fed to natural or 
synthetic formatotrophic organisms to produce fuels, value-added chemicals and protein meal for animal 
consumption. Additional to the schematic representation, formate is considered as a liquid organic hydrogen 
carrier (LOHC) to store molecular hydrogen in a liquid, non-volatile and non-inflammable form. Moreover, 
formate can directly be used in direct formate fuel cells (DFFCs). 

In the reaction of direct hydrogenation of CO2, the hydrogen-lean molecule CO2 

is reduced with H2 to formic acid/formate. But other hydrogenation products of 

CO2 such as methanol, dimethyl ether (DME) or other hydrocarbons can also be 

formed via direct hydrogenation of CO2 (Olah et al., 2009; Alvarez et al., 2017). 

However, since H2 is directly bound to CO2, the reaction is a feasible avenue for 

carbon recycling as well as hydrogen energy conversion and storage. Important 

to note, that the stored H2 in form of formate can later be released in a 

dehydrogenation reaction to close the H2 storage cycle (Mellmann et al., 2016; 

Preuster et al., 2017a). 

The activation of CO2 is often challenging, owing to the high thermodynamic 

stability and the poor electrophilic character of the CO2 molecule (Ostapowicz et 

al., 2013). Many chemical catalysts (homogenous and heterogenous) have been 

described in the past years and several catalytic strategies have been employed 

to catalyze the direct hydrogenation of CO2 to formate (Jessop et al., 2004; Wang 
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et al., 2015; Gunasekar et al., 2016; Mellmann et al., 2016). Many systems 

typically operate under very high pressures or temperatures, suffer from low 

turnover frequencies, need very expensive additives or ligands and mostly rely 

on the use of Ir (iridium)- and Ru (ruthenium)-based transition metal complexes 

in homogeneous catalytic systems (Klankermayer et al., 2016; Rohmann et al., 

2016; Alvarez et al., 2017; Weilhard et al., 2021). Therefore, biological solutions 

apply using enzymes or whole cells as biocatalysts to catalyze the conversion of 

H2 (or electrons) and CO2 to formate (Schuchmann and Müller, 2013; Mourato et 

al., 2017; Roger et al., 2018; Schwarz et al., 2018; Chiranjeevi et al., 2019) (Moon 

et al., 2020; Schwarz and Müller, 2020). 

The hydrogen content in formic acid (4.4 wt %) is not that high compared to other 

organic hydrogen storage materials such as methanol (hydrogen density 

12.6 wt %) but formic acid is still an important LOHC and a highly attractive 

compound due to the additional employment as feedstock chemical, hydrogen 

source for fuel cells or its use as microbial carbon source (Wang et al., 2015; 

Cotton et al., 2019). Natural formatotrophic microorganisms are able to assimilate 

formate in their metabolism using either the Calvin cycle, the serine pathway or 

the Wood–Ljungdahl pathway for formate assimilation (Yishai et al., 2016; Cotton 

et al., 2019). Therefore, several acetogenic bacteria (i.e., A. woodii, C. ljungdahlii 

and M. thermoacetica) and methanogens can utilize the compound formate (via 

WLP) as sole energy and carbon source for growth (Drake et al., 2006; Moon et 

al., 2021). But also the facultative aerobic bacterium C. necator (via Calvin cycle) 

as well as the methylotrophic bacterium Methylobacterium extorquens AM1 (via 

Serin pathway) were shown to grown on formate naturally (Crowther et al., 2008; 

Grunwald et al., 2015). Formate can even be used as auxiliary substrate to 

support increased growth and product yields for multiple microorganisms under 

various conditions (Babel, 2009). Here, the C1 compound can serve as electron 

donor which provides reducing power and energy for CO2 fixation and microbial 

bioproduction. This is owed to the low reduction potential of the CO2/formate 

couple (E0’ = −420 mV), allowing a direct reduction of the main cellular electron 

carriers (Claassens et al., 2018). Based on the physicochemical and biological 

properties of formate, the compound fulfills different key characteristics as one-

carbon compound electron carrier: formate 1) has a low reduction potential, 2) 

shows sufficient solubility to ensure efficient mass transfer, 3) can be consumed 
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by biotechnologically relevant microorganisms, 4) allows a safe handling (i.e., no 

flammability) and 5) can be applied in low-cost productive bioreactors (Claassens 

et al., 2018). Therefore, formate can be seen as one of the most promising 

electron donors for microbial CO2 fixation and bioproduction aside from H2 and 

CO (Claassens et al., 2018). But formate can not only be used as growth 

substrate and electron donor, it can even be directly used in direct formic acid 

fuel cells (DFAFCs) to generate energy (Yu and Pickup, 2008; An and Chen, 

2016). The use of formate in DFAFCs or the use of H2 in so far more developed 

H2 fuel cells, results in the release of CO2 or water, respectively. The previous 

captured CO2 can then be reused for the next H2 storage cycle. If the applied H2 

is produced from renewable energy sources (e.g., solar-, wind-, hydro- or 

geothermal power) by water-splitting and not from “traditional routes” such as 

steam reforming and partial oxidation of coal, oil and natural gas, no CO2 is 

liberated as byproduct and no net CO2 is generated in the H2 cycle (Dufour et al., 

2009). But for such a sustainable economy, the electricity prices of renewably 

produced energy have to be much more competitive to the low price of H2 which 

is produced by traditional routes. The production of “green H2” via commercially 

available electrolysis systems would result in costs of about 2−3 $/kg H2 (at 

0.05 $/kWh electricity cost) (Dincer, 2012; Tremel et al., 2015), whereas the 

current industrial production of H2 from conventional fossil sources results in H2 

costs of lower than 1 $/kg H2 (Holladay et al., 2009; Acar and Dincer, 2014). As 

a result, 40% of the produced H2 comes from natural gas, 30% from heavy oil, 

18% from coal and only 4% are related to electrolysis and 1% to biomass (Sinha 

and Pandey, 2011). However, the process of direct hydrogenation of CO2 to 

formate is one alternative route to photo- and electrochemical CO2 reduction. The 

reaction harbors a great promise for large-scale and sustainable production of 

the versatile compound formate, thus allowing to contribute to a future, 

sustainable formate-bio economy. 

 

 

 



Introduction 30 
 

2.6. Aim of this thesis 

The group of acetogenic bacteria has gained more and more biotechnological 

interest due to their metabolic feature to convert H2 and CO2 and/or CO via the 

WLP into value-added products. An interest with the distinct aim to combine CO2-

emitting industrial technologies with CO2-converting biological systems. The 

discovery of a soluble and highly efficient hydrogen-dependent CO2 reductase 

(HDCR) in the two acetogenic bacteria A. woodii and T. kivui opened the route to 

use these microorganisms as biocatalysts for the direct hydrogenation of CO2 to 

formate, especially since appropriate chemical catalysts are lacking. The 

investigated reaction does not only capture CO2, it further allows the storage of 

H2 in the liquid organic hydrogen carrier formate (CCS) and the further usage of 

formate as feedstock for biotechnological applications (CCU). 

The overall aim of this thesis was to investigate the potential of the two acetogenic 

bacteria A. woodii and T. kivui in hydrogen storage and carbon capture with 

formate as the final product. Therefore, first of all, a whole-cell system should be 

established for the thermophilic acetogen T. kivui to have a thermophilic and 

mesophilic (A. woodii) whole-cell production platform to produce formate from H2 

and CO2. After the implementation and characterization of the hydrogen-

dependent CO2 reduction to formate using whole cells of T. kivui, the HDCR-

based whole-cell system should be further investigated for the ability to convert 

syngas (H2, CO2 and CO) into the desired product formate. The conversion of 

CO alone into the bulk chemicals formate and acetate should be also addressed 

for A. woodii and T. kivui cells. Since both organisms are so far the only identified 

acetogens harboring an HDCR complex and belonging to the different classes of 

‘Rnf’- and ‘Ech-acetogens’, CO utilization should be studied in greater detail with 

mutants of both organisms. 

Since this thesis puts emphasis on the direct hydrogenation of CO2 to formate, 

the technical practicability of using acetogenic bacteria as future biocatalysts 

should be proven. The final goal was to establish a bioreactor application to 

demonstrate the upscaling feasibility of the designed whole-cell system and to 

gain further insights into process properties for H2-dependet CO2 reduction and 

vice versa under controlled reaction conditions. 
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3. General discussion 

3.1. Enzyme-based hydrogenation of CO2 to formate 

Diverse routes are available to catalyze the reduction of CO2 to the versatile 

compound formate. One of these routes comprises the direct hydrogenation of 

CO2. Here, different enzymes are known from bacteria which directly use 

molecular H2 for the reduction of CO2 to formate, such as the well-known 

membrane bound formate hydrogenlyase (FHL) complex from E. coli (McDowall 

et al., 2014). Formate hydrogenlyase activity has also been found in other 

microbial species, including Klebsiella pneumoniae (Steuber et al., 1999), 

Rhodospirillum rubrum (Schön and Voelskow, 1976), Salmonella typhimurium 

(Chippaux et al., 1977) and many others. However, the FHL complex of E. coli is 

the most studied example. Enzymes which also catalyze the direct hydrogenation 

of CO2 to formate include the electron-bifurcating multi-subunit complex of 

C. autoethanogenum (Wang et al., 2013b), the electron-bifurcating hydrogenase-

formate dehydrogenase complex of E. callanderi  KIST612 (Dietrich et al., 2021) 

as well as the H2-dependent CO2 reductase (HDCR) of A. woodii and T. kivui 

(Schuchmann and Müller, 2013; Schwarz et al., 2018). 

Already in 1931, Stephenson and Stickland discovered the decomposition of 

formate into H2 and CO2 by whole cells of E. coli (Stephenson and Stickland, 

1931, 1932), and the supposed enzyme system was named formate 

hydrogenlyase (FHL). As indicated by the name, the physiological role of the FHL 

complex in the metabolism of E. coli is the oxidation of formate produced during 

mixed-acid fermentation to avoid a critical acidification of the environment. The 

accumulation of extracellular formate as well as the drop in environmental pH, 

lead to an import of formate into the cell and induce the expression of genes 

encoding the FHL (hycABCDEFGHI) (Rossmann et al., 1991; Sawers, 2005; 

Pinske and Sargent, 2016). The understanding of the FHL physiology, 

expression, maturation and biochemistry was an integral part in E. coli research 

for over a century. Whole-cell experiments indicated the reversibility of the FHL 

reaction (Woods, 1936) but whether the enzyme complex catalyzes H2-

dependent CO2 reduction to formate in particular could not be clarified without 

enzyme purification. Finally, the entire functional enzyme complex could be 
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purified by McDowall et al. in 2014 (McDowall et al., 2014). The purified FHL 

consists of 7 subunits, harboring two membrane anchored subunits (HycC/D) and 

5 soluble subunits. Three of the soluble subunits (HycB/F/G) are iron-sulfur 

proteins, that, most likely, mediate the electron transfer from one catalytic subunit 

to the other. The remaining 2 soluble subunits comprise the catalytic subunits of 

[NiFe]-hydrogenase (HycE) and molybdenum-containing formate 

dehydrogenase (FdhF, known as formate dehydrogenase H; selenoenzyme), 

catalyzing the two reversible half reactions of proton reduction and formate 

oxidation (Fig. 7). 

 

Fig. 7 Model of the formate hydrogenlyase complex (FHL) of E. coli and the hydrogen-dependent 
CO2-reductase complex (HDCR) of A. woodii and T. kivui. E. coli FHL is membrane bound and harbors 
a [NiFe]-hydrogenase subunit for H2 oxidation and H+ reduction, respectively. In contrast, the HDCR from 
A. woodii and T. kivui is a soluble enzyme which harbors a catalytic [FeFe]-hydrogenase subunit. A catalytic 
formate dehydrogenase subunit as well as electron transferring subunits are present in both enzymes. The 
shown enzymes catalyze the reversible reduction of CO2 to formate with molecular hydrogen as the electron 
donor. 

The overall reaction is formate oxidation with the simultaneous evolution of H2 

and CO2. Whether the FHL enzyme is coupled to energy conservation is 

controversially debated over years and is so far unknown (Trchounian and Gary 

Sawers, 2014; Pinske and Sargent, 2016). But undeniably is the strong bias 

towards formate oxidation of the FHL complex. The purified enzyme catalyzed 

formate oxidation (formate:H+ oxidoreductase activity) with a specific activity of 

around 0.1 U/mg (TOF 1,800 h-1). Protein film electrochemistry (PFE) 
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experiments of the FHL have even demonstrated the formation of H2 at high H2 

partial pressures, showing an untypically high product inhibition constant for H2 

production in the group of [NiFe]-hydrogenases (Ki,app
H2 = 1.48 mM at pH 6, 37 °C 

and −558 mV vs. standard hydrogen electrode (SHE)). The Km value for H2 

oxidation was determined the be 34 μM (at pH 6, 37 °C, and −107 mV vs. SHE) 

(McDowall et al., 2014). The Km value for formate was determined to be 26 mM 

for the isolated FdhH subunit of the FHL complex when benzyl viologen was used 

as electron acceptor in the enzymatic assay (Axley and Grahame, 1991). Modern 

PFE experiments with E. coli FdhH identified a Km value for formate in the µM 

range, indicating different sensitivities and limitations in the applied analytical 

methods (Robinson et al., 2017). The FHL complex also catalyzed the reverse 

reaction of H2-dependent CO2 reduction (H2:CO2 oxidoreductase activity), but the 

activity was only a fraction of the activity of formate oxidation with ~0.03 U/mg 

(TOF 550 h-1) (McDowall et al., 2014). This is not surprising, since the 

physiological role of the FHL by modern-day E. coli is formate oxidation and not 

CO2 reduction, owed to the metabolic trait of E. coli; the organism is unable to 

further utilize formate under anaerobic conditions. 

In 2013 and 2021, an electron-bifurcating hydrogenase in complex with a formate 

dehydrogenase was identified in the acetogenic bacteria C. autoethanogenum 

and E. callanderi KIST612 (Wang et al., 2013b; Dietrich et al., 2021). These 

enzyme complexes were already summarized in the introduction part (see 

section 2.1) and differ from the FHL-like reaction due to the catalyzed multiple 

electron transfer reactions and FBEB in vitro. However, the counterpart of the 

FHL, namely the HDCR was also purified and characterized in the acetogenic 

group. Here, the HDCR was identified in the mesophilic and thermophilic 

bacterium A. woodii and T. kivui (Schuchmann and Müller, 2013; Schwarz et al., 

2018) (Fig. 7). This enzyme has a much simpler architecture than the enzyme 

complex from C. autoethanogenum, and the enzyme is not involved in energetic 

coupling by electron bifurcation. Moreover, the HDCR is a cytoplasmic enzyme 

which is not involved in energy conservation and consists of only 4 subunits: 2 

electron-transferring (HycB2/3, HycB3/4) and two catalytic subunits (FdhF, 

HydA). One catalytic subunit consists of a formate dehydrogenase (FdhF) which 

could either incorporate molybdenum (A. woodii HDCR) or tungsten (T. kivui 

HDCR) in the active site. Additionally, A. woodii harbors two isoenzymes of the 
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formate dehydrogenases, either containing selenocysteine (FdhF2) or cysteine 

(FdhF1) at the amino acid position 139 (Schuchmann and Müller, 2013). The 

second catalytic subunit of the HDCR is a hydrogenase subunit (HydA) which 

contains the conserved H-cluster, a characteristic for the group of [FeFe]-

hydrogenases. This group of hydrogenases are typically biased towards proton 

reduction (H2 production) compared to the group of [NiFe]-hydrogenases which 

favor the oxidation of H2 (Fourmond et al., 2013; Lubitz et al., 2014). The purified 

A. woodii HDCR showed an Km value for H2 and formate of 0.125 and 1.0 mM, 

respectively, using methylviologen (MV) as artificial electron acceptor 

(Schuchmann and Müller, 2013). The Km value for H2 and formate of the T. kivui 

HDCR was determined to be 0.126 and 0.55 mM, respectively (Schwarz et al., 

2018). PFE studies of the HDCR from A. woodii revealed a typical [FeFe]-

hydrogenase phenotype with a strong bias towards proton reduction and an 

inhibition by CO and O2 (Ceccaldi et al., 2017). The two types of [NiFe]- and 

[FeFe]-hydrogenases of the FHL and HDCR enzyme, respectively, can be 

inactivated by oxygen and CO. Carbon monoxide is a classic competitive inhibitor 

for hydrogenases but [NiFe]-hydrogenases tend to be more CO resistant than 

[FeFe]-hydrogenases (Goldet et al., 2009). Indeed, the FHL was much more 

tolerant towards CO inhibition than [FeFe]-hydrogenases. The CO inhibition 

constant Ki
CO/H2 was assessed by chronoamperometry experiments to be 

8.2 ± 1.8 μM (at pH 6.0, 37 °C, 10% H2 in Ar, −0.087 V vs. SHE). For the HDCR, 

the inhibition constant Ki
CO was determined to be 0.11 µM which is even multiple 

times smaller than reported values for other [FeFe]-hydrogenases (Ceccaldi et 

al., 2017). Interestingly, PFE studies revealed that the inhibition could be fully 

restored by removal of CO. Apparently, CO-binding to the H-cluster did not result 

in an irreversible damage of the oxidation state (Hred) of the H-cluster, which was 

shown in other CO inhibition studies for [FeFe]-hydrogenases before (Goldet et 

al., 2009; Baffert et al., 2011; Foster et al., 2012). Noteworthy, the HDCR from 

T. kivui also showed a substantial reversibility of CO-dependent inactivation in 

enzymatic electrosynthesis experiments (Ruth et al., 2021). 

To date, the HDCRs were only purified from the two mentioned acetogenic 

bacteria, but in-silico analyses of annotated genome data indicate the presence 

of the corresponding HDCR gene cluster also outside the group of acetogenic 

bacteria (Schuchmann and Müller, 2013; Schwarz et al., 2018). Putative HDCR 
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gene clusters were identified in the genome of 25 organisms with multiple 

representatives of the genera Paenibacillus, Clostridium and Desulfovibrio. Since 

H2 and formate are important electron shuttles in syntrophic communities 

(Schink, 2002; Dolfing et al., 2008; Morris et al., 2013) the flexible switch between 

formate and H2 as electron carrier could be beneficial in many environments of 

syntrophic communities and could explain the diversity of enzymes involved. 

As mentioned before, the FHL enzyme complex has a strong bias towards 

formate oxidation whereas the HDCR does not. The HDCR from A. woodii 

(H2:CO2 oxidoreductase activity of 10 U/mg) is more than 300 times faster in CO2 

reduction compared to the FHL activity. The T. kivui enzyme even shows a 

30,000 times higher activity (H2:CO2 oxidoreductase activity of 900 U/mg). Since 

acetogenic bacteria can growth under lithotrophic conditions, a sufficient CO2 

reduction system is necessary to fix one CO2 molecule in the methyl-branch of 

the WLP via formate dehydrogenases (CO2 reductases). The produced 

compound is the intermediate formate. Reversibility of the enzyme complex is 

also required since A. woodi and T. kivui can growth with methanol or formate, 

respectively, as sole carbon and energy source (Kremp et al., 2018; Moon et al., 

2021). In this scenario, the physiological function of the HDCR is formate 

oxidation to provide the necessary reducing equivalents for life. Therefore, the 

HDCRs catalyze both reaction directions (CO2 reduction and formate oxidation) 

with almost equal kinetics and activities. The formate oxidation (formate:H+ 

oxidoreductase activity) is catalyzed with 14 and 930 U/mg by the A. woodii and 

T. kivui enzyme, respectively (Schuchmann and Müller, 2013; Schwarz et al., 

2018).  

From a thermodynamic point of view, each reaction catalyzed by an enzyme is 

reversible. But in some cases, the equilibrium constant (K) can be that low or high 

that the state of the equilibrium is strongly based at the side of educts or products. 

Here, the necessary conditions to drive the “reversable reaction” can be far 

beyond the feasible conditions of a biological system, therefore termed as 

“irreversible”. Since the equilibrium constant of the HDCR-catalyzed reaction is 

close to one, the state of the equilibrium can be easily affected by pH, 

temperature and substrate/product concentrations (Amend and Shock, 2001). 

Under standard conditions, the H2-dependent CO2 reduction to formate is a 
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slightly endergonic reaction with a ΔG0’ of +3,5 kJ/mol. A change in reaction 

conditions by lowering the temperature or by increasing the pH to a more alkalic 

value would shift the thermodynamics in favor of CO2 reduction. Here, the 

prevailing ΔG value would be more negative. This has to be kept in mind for 

biotechnological applications considering the two HDCR-catalyzed reactions. 

The applications of the HDCRs could be diverse and allow a wide process 

temperature (30 °C to 70 °C) due to the availability of a mesophilic and 

thermophilic enzyme. Moreover, the discovered HDCRs could be role models 

after structural elucidation to design optimized biocatalysts or even bioinspired 

chemical catalysts to utilize and reduce CO2 in a more efficient manner in future. 

A detailed understanding of the structure and catalytic mechanisms is inevitable 

required to perform structure-based enzyme engineering. Pala et al. (2018) and 

Cakar et al. (2020) already performed enzyme engineering by active site 

mutations of the FDH enzyme of Chaetomium thermophulum (CtFDH) which 

resulted in an enhanced CO2 reduction activity and an enhanced catalytic 

turnover rate (kcat) compared to the wild type FDH. However, enzyme engineering 

of FDHs is still a topic in its infancy.  

CO2 reduction to formate can also be achieved using metal- (W or Mo) containing 

formate dehydrogenases as electroactive enzymes. Actual research comprises 

the development of electroenzymatic CO2 refinery systems to produce formate 

with electrons derived from an electrode. The electrocatalytic interconversion of 

CO2 and formate was demonstrated for various FDHs, covering the W-containing 

and Mo-containing FDH of Syntrophobacter fumaroxidans (SfFDH) and E. coli 

(EcFDH), respectively (Reda et al., 2008; Bassegoda et al., 2014). Both enzymes 

could be adsorbed onto the electrode surface and catalyzed the electrochemical 

reduction of CO2 to formate. So far, many different electroenzymatic system were 

established to produce formate from CO2 (Moon et al., 2020). In the different 

systems, the generated electrons can also be shuffled to the applied enzymes by 

using various artificial dyes or natural cofactors as electron mediators. However, 

since electrons are derived from an electrode and not via H2 oxidation, the 

process is named as electrochemical CO2 reduction and is beyond the topic of 

this thesis.  
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For biotechnological applications the previously described enzymes of FHL and 

HDCRs have the big advantage that they do not need any external cofactors as 

electron carriers and therefore no regeneration system is needed. Moreover, the 

HDCR can be seen as soluble catalysis-unit which could transform organisms 

into whole-cell factories for H2 storage and CO2 capture in future. This was 

recently shown for the industrial platform organism E. coli. Here, a functional 

HDCR enzyme complex could be heterologously produced in E. coli for the first 

time which enabled resting cells to capture and store H2 and CO2 in the form of 

formate (Leo et al., 2021). But to stay clear, the functional production of redox-

active enzymes like formate dehydrogenases and hydrogenases require multiple 

accessory proteins and maturation enzymes (Lubitz et al., 2014; Maia et al., 

2015) and different metabolic bottlenecks had to be addressed for the HDCR 

overproduction in E. coli (Leo et al., 2021). Nevertheless, both described 

enzymes of FHL and HDCR are promising candidates in CO2 capture, H2 storage 

as well as biohydrogen production and are part of ongoing research to establish 

a sustainable H2/formate bioeconomy. 

 

3.2. Whole-cell catalysis for H2-dependet CO2 reduction to formate 

Another approach for CO2 capture and H2 storage is the use of whole cells as 

(bio-)catalysts instead of purified enzymes. This approach has different 

advantages since whole-cell catalysis avoids time and cost-intensive enzyme 

preparations, allows an economic upscaling (“economy of scale”) and could 

protect catalytic enzymes from potentially harmful surroundings (de Carvalho, 

2017; Lin and Tao, 2017). Whole-cell catalysis can broadly be classified into two 

approaches: 1) biotransformation (biocatalysis) with resting cells and 2) 

fermentation bioprocesses. In the latter one, the desired products are directly 

synthesized in the fermentation growth broth along with metabolic intermediates 

and growth products. This could make downstream processing complicated and 

cost-intensive. Around 30–50% of the manufacturing costs of commodities are 

typically assigned to downstream processing aside of mostly substrate-related 

costs (National Academy of Sciences, 2009; Takors et al., 2018). In the second 

approach of biotransformation (biocatalysis), cell growth and production phase 
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are physically separated and resting cells are used to convert substrates to the 

desired product. 

This thesis describes a biotechnological approach that uses resting cells of 

T. kivui as biocatalysts to catalyze the conversion of H2 and CO2 into formate 

(Fig. 8). Due to the remarkable catalytic activities of the thermostable HDCR, a 

whole-cell approach was established to catalyze the direct hydrogenation of CO2 

to formate at ambient pressure with resting cells. 

 

Fig. 8 Scheme of the HDCR-based whole-cell catalysis for the conversion of H2 and CO2 into formate 
(modified after Schwarz et al., 2021). By blocking the further conversion of formate to acetate in the 
metabolism of T. kivui and A. woodii, the intermediate compound formate becomes the dominant product. 
Formate is considered as liquid organic hydrogen carrier (LOHC) and can be used diversly. All icons were 
taken from freepik from flaticon.com. 

Previously, a whole-cell system was already established for the HDCR-

containing, mesophilic acetogen A. woodii (Schuchmann and Müller, 2013). A 

huge benefit of converting H2 and CO2 into formate, instead of producing acetate, 

is the multiple times higher reaction speed of formate formation due to the 

participation of only one (via HDCR) and not nine enzymes in the way of product 

formation. Moreover, the compound formate has different benefits in a H2/formate 

bioeconomy as previously discussed. In general, formate is produced by many 

acetogens transiently during acetogenesis from H2 + CO2 (Peters et al., 1999). 
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But if the energy state of the cell is diminished, for example by uncoupling the 

primary bioenergetic to lower the cellular ATP content, the ATP-dependent 

further conversion of the intermediate formate is blocked. Without ATP, the N10-

formyl-THF synthetase can not bind the cofactor tetrahydrofolic acid (THF) to 

formate (Himes and Harmony, 1973; MacKenzie, 1984). As a result, no N10-

formyl-THF is formed and the subsequent reactions in the WLP to form acetate 

are interrupted. Therefore, formate accumulates and no acetate is formed. One 

way to diminish the intracellular ATP pool is the use of ionophores which destroy 

the electrochemical ion potential generated by the Rnf- or Ech-complex across 

the cytoplasmic membrane, thus making chemiosmotic ATP synthesis 

impossible. Another way is the disruption of the primary bioenergetic by limiting 

the coupling ion (H+ or Na+) or the direct inhibition of the membrane bound ATP 

synthase (Schuchmann and Müller, 2013; Schwarz and Müller, 2020). Using this 

metabolic understanding, the HDCR-based whole-cell catalysis was proven in 

several serum-bottle experiments, again, showing remarkable catalytic activities 

of the catalysts. The specific formate production rates of “uncoupled3” A. woodii 

and T. kivui cells were around 22 and 152 mmol gCDW
-1 h-1, respectively 

(Schuchmann and Müller, 2013; Schwarz and Müller, 2020). The efficiency was 

almost 100% and only traces of the unwanted side product acetate (0.4 - 2.5 mM) 

was formed which is an undeniable benefit of using resting cells as biocatalysts 

in contrast to growing cells. As expected, resting cells which were “coupled”, 

instead produced acetate from H2 + CO2 as the end product. Here, the specific 

acetate production rate of both organisms was much slower (roughly 

15 mmol gCDW
-1 h-1), owed to the participation of 8 additional enzymes in the 

conversion process which showed diverse catalytic rates (Andreesen et al., 1973; 

Ragsdale and Pierce, 2008; Wang et al., 2013b). A. woodii was the first 

autotrophic acetogen which has been described as genetically accessible (Strätz 

et al., 1994). Since then, the genetic tool box for acetogenic bacteria is constantly 

expanding and has made dramatic progress over the last few years (Bengelsdorf 

et al., 2018). Nowadays, the improvements enable genetic manipulations, 

metabolic engineering and synthetic biology of this bacterial group. This could 

also allow a genetic-based route to diminish acetate formation and to force 

______________________ 

3 ATP-limited, bioenergetically uncoupled cells will hereinafter be shortened as “uncoupled” in this thesis. In 

contrast, non-ATP limited cellular conditions are named as “coupled”. 
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formate production in future. One possible and likely way would be the knock-out 

of the N10-formyl-THF synthetase enzyme to prevent the further conversion of 

formate in the WLP. With modifications on a genetic level, the use of ionophores 

or uncoupling agents would become redundant. Nevertheless, keeping in mind 

that the redox-balance has to be maintained within the cell and the electron-flux 

has to be re-directed by implementing alternative routes other than the WLP. 

However, also some other organisms than A. woodii and T. kivui are known to 

produce formate from H2 + CO2. This has been demonstrated for whole cells of 

E. coli (Woods, 1936), the methanogenic archaeon Methanobacterium 

formicicum (Wu et al., 1993) the ”Knallgas“ bacterium C. necator (Klibanov et al., 

1982) and the sulfate reducing bacterium D. vulgaris (da Silva et al., 2013). With 

the exception of E. coli, none of these organisms contain a membrane-bound 

FHL complex nor a soluble HDCR, and presumably multiple enzymes are 

involved and participate in the production of formate from H2 and CO2. Some of 

these organisms were already investigated to transform whole cells into efficient 

biocatalysts for the production of formate from H2 and CO2. For example, E. coli 

cells were modified by overexpressing different formate dehydrogenases from 

C. carboxidivorans, Pyrococcus furiosus and 

Methanobacterium thermoformicicum to turn this organism into a production 

platform for formate from H2 and CO2, the latter in form of bicarbonate 

(Alissandratos et al., 2014). The experiments were performed in two- or three-

necked flasks at 37 °C, using 250 mM NaHCO3 as CO2 source and by applying 

a H2 atmosphere or by sparging with H2 gas. The highest obtained specific 

formate production rate of the recombinant JM109(DE3) E. coli cells 

overexpressing the P. furiosus fdh gene could be achieved with H2 sparging and 

was calculated to be 0.25 mmol gCDW
-1 h-1. A final formic acid concentration of 

43 mM could be determined in the applied cell suspension experiment. Without 

H2 sparging, only half of the specific rate and final formate concentration were 

reached. Noteworthy, the transformed E. coli cells were still reliant on one or 

more of the endogenous hydrogenases to obtain the required electrons for CO2 

reduction via H2 oxidation. Recently, our group could demonstrate the 

heterologous production of a functional HDCR enzyme complex in E. coli (Leo et 

al., 2021). This transformed the organism into a whole-cell biocatalyst for 

hydrogen-driven CO2 reduction to formate without the need of any external co-
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factors or endogenous enzymes in the reaction process. Resting cells of the 

recombinant E. coli strain showed a specific formate production rate of 

0.4 mmol gCDW
-1 h-1 in serum bottle experiments using a gas atmosphere of H2 

and CO2 with additional 250 mM KHCO3 and 5 mM formate was produced after 

1 h. In contrast, the control strain was not able to convert H2 and CO2 to formate 

(Leo et al., 2021). 

In another example, the sulfate-reducing bacteria of D. vulgaris, D. alaskensis 

and D. desulfuricans were investigated to produce formate from H2 and CO2 

under sulfate-depleting conditions. Here, D. desulfuricans species showed the 

highest activity (~0.9 mmol gCDW
-1 h-1) and 12 mM of formate was produced in 

serum bottle experiments at 37 °C and 1 bar overpressure (Mourato et al., 2017). 

It was postulated, that a cytoplasmic FDH (FdhAB) or a membrane-associated 

FDH (FdhABC) in addition to a periplasmic [FeFe]-hydrogenase (HydAB) are 

mainly involved in CO2 hydrogenation under sulfate depleted conditions. The 

cellular electron mediator cytochrome c3 is used to transfer the electrons from H2 

oxidation to the appropriate FDH center to reduce CO2 (Mourato et al., 2017). An 

overview of different whole-cell catalysis experiments for hydrogen-dependent 

CO2 reduction to formate is given in Tab. 1. 

The different approaches clearly demonstrate the scientific interest to design 

whole cell-based biocatalysts that can transform H2 and CO2 into fromate with 

high product specificity and with reduced energy costs (i.e., ambient process 

temperature and low pressure). 
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3.3. Whole-cell catalysis for CO-based formate production 

In addition, this thesis provides a whole-cell approach to convert syngas (H2, CO2 

and CO) or CO alone into formate. T. kivui can grow on syngas and CO alone 

but the use of CO as sole carbon and electron source requires a stepwise 

adaptation of the organisms to increasing amounts of CO. Finally, up to 100% 

CO can be used as growth substrate (Weghoff and Müller, 2016). The 

requirement for CO adaptation was also reported for other acetogenic bacteria 

and methanogenic archaea such as Butyribacterium methylotrophicum (Lynd et 

al., 1982) and Methanosarcina acetivorans, respectively (Rother and Metcalf, 

2004). The latter produced acetate and formate, rather than methane, as the 

major metabolic end products during growth on CO. The extent of CO utilization 

and CO tolerance can greatly vary between different carboxydotrophic 

organisms. The inhibiting effects of high CO partial pressures were shown for the 

acetogenic bacterium Clostidium aceticum (Mayer et al., 2018) whereas no 

substrate inhibition was observed in C. carboxidivorans. Here, increased CO 

partial pressures resulted in increased cell densities and ethanol formation (Hurst 

and Lewis, 2010). However, the mechanisms of CO utilization are still not fully 

understood for T. kivui and other acetogenic bacteria in detail (Diender et al., 

2015; Weghoff and Müller, 2016).  

In contrast to T. kivui, the model organisms A. woodii was not able to grow on CO 

alone but cells do grow on a gas mixture of H2, CO2 and CO (Bertsch and Müller, 

2015a; Novak et al., 2021). The acetogenic bacterium can only co-metabolize 

CO when H2 + CO2 or formate are additional present as substrate (Bertsch and 

Müller, 2015a). However, resting cells of A. woodii are known to produce acetate 

from CO (Kerby et al., 1983; Diekert et al., 1986; Genthner and Bryant, 1987). 

Therefore, the previously established whole-cell systems of A. woodii and T. kivui 

were used to convert CO (or synthesis gas) into formate unlike to the typical 

product acetate. Again, CO2 reduction to formate was exclusively based on the 

activity of the intracellular HDCR complex in the applied system. This assumption 

was proven by A. woodii and T. kivui mutants lacking the HDCR complex (Δhdcr). 

Both mutant strains were neither able to produce formate nor acetate from CO, 

clearly demonstrating the essentiality of this enzyme complex in the WLP for CO2 

reduction. As described in section 2.4, the necessary electrons as well as the 
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CO2 molecule itself have to be produced by CO oxidation via CO 

dehydrogenases. The electron acceptors could be diverse but the purified CODH 

of A. woodii and M. thermoacetica revealed the use of ferredoxin as electron 

acceptor (Ragsdale et al., 1983b; Ragsdale et al., 1983a). Since T. kivui harbors 

a monofunctional CO dehydrogenase (CooS) and the CODH subunit of the 

bifunctional CODH/ACS complex, the requirement of the monofunctional CO 

dehydrogenase in CO oxidation was investigated using a ΔcooS strain. Western-

blot analysis revealed the presence of both enzymes in crude extracts, but CooS 

levels were highest in CO grown cells (Weghoff and Müller, 2016). Resting cells 

of T. kivui ΔcooS strain were still able to utilize CO due to the presence of the 

CODH/ACS complex but cells were not able to grow on CO anymore. The 

dispensability of monofunctional CO dehydrogenases in autotrophy was also 

shown by mutagenesis studies for C. autoethanogenum (Liew et al., 2016a). With 

the help of further genetic manipulations, two different CO utilization pathways 

could be assumed for the acetogenic bacteria A. woodii and T. kivui (Schwarz et 

al., 2020). Moreover, the CO-based formate production proceeded with highest 

rates so far reported (Rother and Metcalf, 2004; Henstra et al., 2007a; Mayer et 

al., 2018; Hwang et al., 2020). A direct comparison of the applied system with 

other organisms is rather difficult since CO-based formate production was mainly 

reported for growing cells in the literature. Formate formation was observed in 

growing cells of M. acetivorans where formate (~8 mM) was produced next to 

acetate (~10 mM) as major end product from CO oxidation. In contrast, formate 

accumulation occurred only transiently during growth of Archaeoglobus fulgidus 

and C. aceticum on CO (Mayer et al., 2018). 

In general, CO inhibits growth of many strictly anaerobic microorganisms 

(Davidova et al., 1994; Sipma et al., 2006) and the CO molecule has an inhibitory 

effect on the active site of [FeFe] hydrogenases as well as [NiFe] hydrogenases 

(Lubitz et al., 2014). In both types of hydrogenases, the catalytically active site is 

buried inside the protein, therefore, CO (but also O2 and the substrate H2) has to 

enter the enzyme from the molecular surface via hydrophobic gas-access 

channels to reach the active center (Montet et al., 1997). With the help of X-ray 

crystallography and extended X-ray absorption fine structure (EXAFS) 

experiments, the binding of the extrinsic CO to the H2 binding site was proven 

(Lemon and Peters, 1999; Mebs et al., 2018). This was confirmed by the crystal 
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structure of the CO-bound hydrogenase I of C. pasteurianum (Lemon and Peters, 

1999). Like other hydrogenases, the hydrogenase subunit of the HDCR complex 

is sensitive to CO. But the formate dehydrogenase subunit still catalyzed formate 

oxidation or CO2 reduction with artificial electron carriers or ferredoxin in the 

presence of CO (Schuchmann and Müller, 2013). But CO2 reduction with 

ferredoxin was multiple times slower than H2-dependent CO2 reduction to 

formate. Since the HDCR complex exhibit a formate:ferredoxin and H2:ferredoxin 

oxidoreductase activity, the use of reduced ferredoxin and/or genetic mutations 

in the CO-adapted strain of T. kivui are one likely assumption to explain the CO-

based formate production with whole cells of A. woodii and T. kivui. 

However, autotrophic growth on CO is directly coupled to H2 evolution which 

requires the presence of CO-tolerant hydrogenases. Indeed, CO-tolerant and H2- 

evolving hydrogenases have been identified in several organisms such as 

Carboxydothermus hydrogenoformans and R. rubrum (Fox et al., 1996; Soboh et 

al., 2002). Both organisms are able to grow on CO. Also the membrane-bound 

[NiFe]-hydrogenase from R. eutropha H16 was unaffected by carbon monoxide 

(Vincent et al., 2005). The inability to form a metal-CO bond at the active center 

is assumed to be the reason for non-CO inhibition. However, the exact 

mechanism to prevent CO inhibition is not fully understood and the effect of more 

distant residues that alter the structure of the active site pocket is one likely 

assumption. 

 

3.4. Biotechnological upscaling 

This thesis extends the biotechnological application of the designed whole-cell 

system of A. woodii and T. kivui by describing a batch process using a stirred-

tank bioreactor (STR). The aim was the upscaling of the established whole-cell 

system and the target-oriented production of formate in a batch-operated STR 

with continuous gas supply of H2 and CO2. Noteworthy, the scale-up is a critical 

and important step in the biotech industry to bring innovative bioprocesses to 

commercialization (Delvigne et al., 2017). Viewed from an upscaling and 

technical perspective, acetogenic whole-cell conversion of H2 and CO2 into 
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acetate, but not to formate, was already shown for multiple types of bioreactor 

applications such as batch-operated stirred-tank bioreactors (Straub et al., 2014), 

stirred-tank bioreactors with a submerged microfiltration unit for full cell retention 

(Kantzow et al., 2015), packed-bed and trickle-bed biofilm reactors with 

immobilized cells (Riegler et al., 2019) and batch-operated stirred-tank 

bioreactors with increasing process pressure of the gaseous substrates (Kantzow 

and Weuster-Botz, 2016; Oswald et al., 2018). The target-oriented production of 

formate from H2 and CO2 was so far not reported in bioreactor experiments using 

acetogenic bacteria in particular. But increased formate formation was observed 

in high-pressure bioreactor experiments using C. ljungdahlii or A. woodii where 

the product spectrum changed with increasing partial pressure of the gaseous 

substrates (Peters et al., 1999; Kantzow and Weuster-Botz, 2016; Oswald et al., 

2018). For C. ljungdahlii, a total pressure of 7 bar (53.3% H2, 26.7% CO2, 20% 

N2 [v/v]) resulted in the production of 70 mM formate along with 13 mM acetate 

and 1.5 mM ethanol as co-products (Oswald et al., 2018). For A. woodii, an 

increased inlet hydrogen partial pressure from 0.4 up to 2.1 bar (total pressure of 

3.5 bar) increased the final formate concentration from 8.7 mM to 159 mM and 

reduced the final acetate concentration by 50% (Kantzow and Weuster-Botz, 

2016). Additional to an inhibition of acetate formation, an inhibition of growth was 

reported in both studies. These results are in accordance to earlier studies where 

same effects were observed for autotrophic cultivations of A. woodii and 

Acetobacterium BR-446 under increased hydrogen partial pressure as well as 

dissolved hydrogen concentration (Braun and Gottschalk, 1981; Morinaga and 

Kawada, 1990). But so far, an undeniable explanation is missing. Oswald and co-

workers assumed that in C. ljungdahlii an increase in dissolved CO2 

concentration caused by an increase in substrate partial pressure could be 

responsible for the observed effects. CO2 can freely diffuse through the cell 

membrane and dissociates in the cytoplasm into HCO3
− and H+, thus acidifying 

the intracellular pH. As one consequence the membrane potential is reduced and 

the ATP yield from the ATPase activity is decreased (Oswald et al., 2018). For 

A. woodii another assumption has been made since the primary bioenergetic and 

energy conservation is based on sodium ions and not on protons in this organism. 

Here, putative bottlenecks in the methyl branch of the WLP could be responsible 

for the fomate accumulation. A putative inhibition of enzymes of the central 
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carbon and energy metabolism by increased hydrogen concentrations is also 

conceivable (Kantzow and Weuster-Botz, 2016). An increase in partial pressure 

of hydrogen and carbon dioxide shifts the HDCR reaction towards direct 

hydrogenation of CO2, thus making formate formation more favorable. Since the 

specific activities of enzymes following the HDCR reaction in the methyl branch 

are much lower, formate accumulates. Indeed, recombinant strains 

overexpressing either the genes for the THF-dependent enzymes in the methyl 

branch of the WLP or the genes of phosphotransacetylase and acetate kinase 

were finally able to produce more biomass and more acetate in the batch process 

and showed reduced final formate concentrations (Kantzow and Weuster-Botz, 

2016). However, if the inhibition of biomass growth is related to an inhibitory effect 

of increased hydrogen partial pressures or increased dissolved carbon dioxide 

concentrations remains a topic of interest for further high-pressure experiments. 

The bioreactor application provided in this thesis additionally demonstrates the 

great potential of acetogens in H2 storage and CO2 capture producing formate as 

the final product. The efficient conversion of H2 and CO2 into formate was shown 

for the first time in a batch-operated STR (Fig. 9) using resting cells of A. woodii 

and T. kivui (Schwarz et al., 2021).  
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Fig. 9 Scheme of a fed-batch-operated stirred-tank bioreactor (STR) with continuous gas supply 
(Schwarz et al., 2021). Resting cells of A. woodii and T. kivui were used to convert H2 and CO2 to formate 
in a STR. pHIRC, pH indicator recording and control; pO2IRC, pO2 indicator recording and control; TIRC, 
temperature indicator recording and control; ORPIR, oxidation reduction potential indicator and recording; 
AF, antifoam. 

The specific formate production rates could be increased in the bioreactor 

experiments compared to serum bottle experiments due to the better gas-liquid 

mass transfer and the pH-controlled conditions. A. woodii cells had a specific 

formate production rate of 42 mmol g−1 h −1 (18 mmol gCDW
−1 h −1) and 73 mM 

formate could be produced under optimized conditions. Slightly reduced but 

comparable results were observed for T. kivui cells. Noteworthy, acetate was not 

produced overall which indicates an efficiency of 100% for the utilized CO2 in the 

process. It has to be highlighted that the described rates were among the highest 

rates so far, which were reported in the literature for the process of hydrogen-

dependent CO2 reduction to formate using whole cells as biocatalysts (Schwarz 

et al., 2021). From these cell systems, only a few systems were applied in 

upscaling approaches using bioreactors. In a recent work, the previously 

described FHL enzyme complex of E. coli (see chapter 3.1) was demonstrated to 

efficiently operate in the reverse reaction as H2-dependet CO2 reductase under 

increased gas pressure (up to 10 bar). By using a highly pressurized bioreactor 
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system and a genetically modified E. coli K12 strain, approximately 500 mM 

formate could be produced from H2 and CO2 in the pH-controlled bioreactor after 

a time course of 23 h (Roger et al., 2018). Under the applied parameters (i.e., 

temperature of 37 °C, 10 bar pressure, controlled pH of 8.0) the formate 

production rate was 15 mmol gCDW
-1 h-1 (Roger et al., 2018). In the pressurized 

system the final formate concentration was roughly 7 times higher compared to 

the reported concentration of the applied bioreactor system in this thesis. This is 

not surprising, since an increase in partial pressure results in higher dissolved 

concentrations of the applied gases (H2 and CO2) which, therefore, allows the 

production of higher formate concentrations. Additionally, the higher substrate 

concentration affects the chemical equilibrium of the reaction, thus pushing the 

reaction towards formate formation. This effect becomes more clear by looking 

at the different rates in high pressure and ambient-pressure experiments using 

E. coli cells. The experiment conditions are not direct comparable, however, at 

10 bar overpressure (in bioreactor experiments) the specific formate production 

rates were roughly 37 times higher compared to ambient pressure experiments 

in hungate tubes (Roger et al., 2018). To exploit the full potential of H2-driven CO2 

reduction to formate by “uncoupled” A. woodii and T. kivui cells, the 

implementation of a highly pressurized (and pH-controlled) bioreactor system 

could be an interesting and promising approach in future. The application of 

highly pressurized bioreactor systems was shown for different bacteria and 

archaea before (Oswald et al., 2018; Roger et al., 2018; Pappenreiter et al., 

2019).  

In another work, Mourato and co-workers optimized formate production by using 

whole cells of D. desulfuricans in a developed column bioreactor for batch and 

continuous bioprocesses (Mourato et al., 2017). In the continuous mode, the 

bioreactor was sparged with a gas mixture of 80% H2 and 20% CO2 [v/v], the 

temperature was kept constant at 37 °C and a fed flow rate of 0.11 mL/min was 

applied for fresh medium (+20 mmol bicarbonate/day). Under these conditions, 

D. desulfuricans reached a specific formate production rate of 7 mmol gCDW
-1 h-1 

and approximately 30 mM formate was produced after 64 h. A formate 

concentration of 45 mM was produced in the steady state in overall (Tab. 2).  
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But also other biotechnological approaches were reported in the literature to 

catalyze the reduction of CO2 to formate by using whole cells. These concepts 

are mainly based on the electrochemical conversion of CO2 to formate which was 

shown for different organisms such as M. extorquens (Hwang et al., 2015) and 

Shewanella oneidensis (Le et al., 2018). Here, gaseous CO2 is reduced to 

formate by electrons supplied from an electrode. Since these approaches use 

electricity as reducing power and the electrons are not derived from H2 oxidation, 

the concept of electrochemical CO2 reduction to formate by using whole cells will 

be not further discussed. 

 

3.5. Formate bioconversion to longer-chain carbon molecules and 
formate oxidation to H2 

The formate-bio economy clearly shows the diversity in formate production and 

formate utilization. Independent of the strategy to produce formate, the soluble 

C1 compound formate can be used as substrate for natural or syntrophic 

formatotrophic organisms to produce longer-chain carbon molecules (Yishai et 

al., 2016). To address the need for renewably produced longer-chain carbon 

molecules, the concept of “two-stage bioconversion/fermentation” has been 

proposed as an appropriate solution. Here, the specialized metabolic traits of two 

different organisms can be combined to produce a product of interest by 

combining two different fermentation approaches i.e., combining an acetogenic 

fermentation with an aerobic fermentation (Hu et al., 2016). In such a setup, CO2 

and H2 and/or CO can be feed to acetogens to produce short-chain bulk 

chemicals (i.e., acetate, formate, ethanol), which can then be fed to a second, 

separate bioreactor containing another microorganism (i.e., yeasts, other 

eukaryotes, bacteria) of interest (Fig. 10). This could allow the production of a 

vast number of chemicals entirely based on inorganic CO2/CO. Even a two-step 

process in which biological and chemical steps are combined could be 

conceivable.  
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Fig. 10 Two-stage bioconversion for the production of higher value-added chemicals based on 
inorganic carbon. Acetogenic bacteria are used in bioreactor I to capture inorganic carbon and to produce 
compound „X“ (i.e., formate, acetate, ethanol). The compound from fermentation I (entitled as intermediate 
„X“) is then fed as substrate to a second bioreactor - interlinking bioreactor I with bioreactor II. The natural 
„X“-trophic or synthetic „X“-trophic microorganisms in bioreactor II possess the metabolic ability to produce 
higher value-added chemicals. PHB, poly-hydroxybutyrate. 

The combination of autotrophic carbon fixation by acetogenic bacteria with 

modified acetotrophic or formatotrophic microorganisms in a second stage was 

already realized to produce longer-chain carbon molecules via two-stage 

fermentation (Hu et al., 2016; Hwang et al., 2020). In one example, CO2 and 

CO/H2 were initially converted to acetate in a bubble column bioreactor 

(anaerobic, first stage) using an evolved strain of M. thermoacetica. The 

produced acetate was subsequently converted to lipids by Yarrowia lipolytica in 

a second stage (aerobic, second stage) by using a stirred-tank bioreactor (Hu et 

al., 2016). In this stage, the engineered oleaginous yeast Y. lipolytica produced 

18 g/L of C16-C18 triacylglycerides such as palmitate, palmitoleate, stearate, 

oleate and linoleate from the fed substrate acetate. In another example, the 

previously described HDCR-based whole-cell system (see chapter 3.3) to 

produce formate from CO was used in a two-stage bioconversion process 

(Hwang et al., 2020). In the first bioreactor, bioenergetically “uncoupled” A. woodii 

cells were used as whole-cell biocatalysts to exclusively convert CO into formate. 

The produced formate was then fed to a second bioreactor, where the engineered 

bacterium M. extorquens AM1 converted formate into poly-3-hydroxybutyrate 

(PHB) with a titer of 0.097 g/L (1.13 mM). PHB is a versatile biopolymer which is 

considered as an alternative to petroleum-based nondegradable plastics 

(Sagong et al., 2018). Once again, showing the promising strategy of using 
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acetogenic bacteria in a two-stage fermentation process to convert inorganic 

carbon (CO/CO2) to a highly-valuable product. That formate can be regarded as 

a versatile feedstock was also shown for other native or synthetic formatotrophs. 

The natural formatotrophic bacterium C. necator was shown to produce higher 

alcohols (e.g., isobutanol and 3-methyl-1-butanol) from formate (Li et al., 2012). 

Furthermore, Methylobacterium sp. and genetically modified E. coli cells were 

already used to produce PHB and ethanol, respectively, from formate as 

substrate (Cho et al., 2016; Kim et al., 2019).  

If formate is seen as LOHC, the stored and CO2-bound hydrogen has to be 

released in a later formate oxidation reaction to close the H2 storage cycle. 

Therefore, hydrogen production via microbial biotechnology is an active field of 

research which comprises three major categories: 1) biophotolysis of water, 2) 

photofermentation and 3) dark fermentation (Rosales-Colunga and Rodriguez, 

2015). In the dark fermentation process, the organisms do not rely on the 

availability of light and can utilize a vast variety of carbon sources to break the 

substrates down into H2 and most likely organic acids and alcohols. Since the 

process is technically much simpler, have higher production rates and do not 

need direct solar input, dark fermentative H2 production seems to be more 

advantageous than photosynthetic hydrogen production and possesses a greater 

potential for practical applications (Das and Veziroglu, 2001; Rittmann and 

Herwig, 2012). Different microorganisms are known to oxidize formate with the 

concomitant evolution of H2 and CO2. As mentioned before, one of these 

organisms is E. coli which has become a workhorse for enhanced hydrogen 

production due to the FHL system. The hyperthermophilic archaeon 

T. onnurineus has a similar membrane-bound enzyme complex as the FHL of 

E. coli and the enzyme complex is involved in formate-driven H2 production as 

well. The enhanced biohydrogen production from formate was already 

investigated in high cell density cultures of T. onnurineus and in a T. onnurineus 

strain with a mutated formate transporter caused by adaptive evolution of the 

organism (Bae et al., 2015; Jung et al., 2017). Formate conversion to hydrogen 

was mediated by the Fdh-Mrp-Mbh enzyme complex which consists of a formate 

dehydrogenase (Fdh) module, a membrane bound hydrogenase (Mbh) module 

and a multisubunit Na+/H+ antiporter (Mrp) module. So far, the entire enzyme 

complex could not be purified from T. onnurineus but the enzyme complex is 
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involved in chemiosmotic energy conservation (Kim et al., 2010; Lim et al., 2014; 

Mayer et al., 2015). The high growth temperature and putative prevailing 

environmental conditions (i.e., low H2 concentrations) change the 

thermodynamics in favor of formate oxidation and allows T. onnurineus to grow 

by the oxidation of formate to H2 + CO2 (Kim et al., 2010). Growth of the sulfate-

reducing bacterium D. vulgaris was also coupled to formate-driven H2 production 

using a bioreactor with continuous gas sparging and without sulfate availability 

or syntrophic partners (Martins et al., 2015). Enough energy can be released in 

the formate oxidation reaction if the H2 concentration is kept at a low level. In 

nature, this can be achieved by the coupling to H2-consuming partner organisms 

which was demonstrated in a coculture of Moorella sp. strain AMP or 

Desulfovibrio sp. strain with a hydrogen-consuming methanogen (Dolfing et al., 

2008). 

The study of the formate metabolism in A. woodii and T. kivui is still in its infancy. 

But as mentioned before, both organisms harbor the HDCR complex which 

catalyzes CO2 reduction and formate oxidation with almost the same rates. 

Therefore, a whole-cell system for formate-driven H2 production was previously 

established for A. woodii cells in serum bottle scale (Kottenhahn et al., 2018). To 

take advantage of even higher catalytic rates, whole-cell biocatalysis using the 

thermophilic acetogen T. kivui is already under investigation in our research 

group. However, this thesis expands the application of the HDCR-based whole-

cell system of A. woodii by demonstrating its application for formic acid-driven H2 

production in a fed-batch-operated stirred-tank bioreactor. By continuously 

feeding pure formic acid into the bioreactor more than 2.1 M formic acid was 

oxidized to H2 over a process time of 185 h, showing a conversion efficiency of 

almost 100%. Due to the efficient reversibility of the HDCR enzyme, the HDCR-

based whole-cell system can either be used for H2 storage/CO2 capturing or for 

“dark H2 production”. Thereby, having one system for the two interesting and 

challenging reactions of 1) H2-dependent CO2 reduction to formate and 2) 

formate oxidation to H2 and CO2. This allows a wide field of applications 

considering the individually HDCR reactions or even in a combined process to 

store and release H2 in and from formate (see section 5.1).  
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3.6. Future strategies  

Based on the data obtained in this thesis there may be different strategies to 

further improve the applied system in future. One of these strategies covers the 

obstacle to further increase the final formate concentrations far above hundreds 

of mM in the process. As mentioned before, the equilibrium constant of the 

HDCR-catalyzed reaction is close to one. For that reason, the state of the 

equilibrium can easily be affected by pH, temperature and substrate/product 

concentrations (Amend and Shock, 2001). As shown before, an adjustment of 

the gas composition already increased the final formate concentration from 47 to 

73 mM, mainly owed to the higher dissolved concentrations of the necessary 

substrates H2 and CO2 (Schwarz et al., 2021). Higher dissolved concentrations 

of the gaseous substrates are required to further increase the final formate 

concentrations. A proven method to avoid a low solubility of the applied gases in 

lithoautotrophic fermentations is by increasing the partial pressure of those gases 

in the gas phase (Abubackar et al., 2011). Of course, putative effects of higher 

partial pressure of the applied gases (i.e., H2, CO or CO2) on the growth behavior 

and product spectrum of the investigated organisms have to be kept in mind as 

mentioned before (see section 3.4). The production of 500 mM formate from H2 

and CO2 was already demonstrated in a highly-pressurized bioreactor system 

(with 10 bar overpressure) using engineered resting cells of E. coli as biocatalyst 

(Roger et al., 2018). In contrast, under moderate reaction conditions with 0.4 bar 

overpressure only 4.8 mM of formate was produced from E. coli cells (Roger et 

al., 2018). Therefore, a pressurized (and pH-controlled) bioreactor system could 

be also an interesting approach to further increase the final formate concentration 

of the HDCR-based whole cell system. 

Another and common approach to enhance gas-to-liquid mass transfer is by 

applying an increased power input. The increased bubble breakup as well as the 

increased interfacial area allow higher dissolved concentrations of the gases 

(Bredwell et al., 1999). However, in upscaling approaches the concept may not 

be economically feasible due to excessive costs for power supply. With regard to 

further upscaling of the demonstrated whole-cell system, a switch of the used 

bioreactor type would be one preferable way to reduce the high operating costs 

(by high power input) of a stirred-tank bioreactor. Costs have to be reduced in 
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future processes, since the produced product is the low-cost bulk chemical 

formate and not a high-value added product. Alternatives to stirred-tank 

bioreactors could be bubble-column and/or trickle-bed bioreactors. Both reactor 

types do not require mechanical agitation, thus lowering the energy consumption 

compared to STR (Bredwell et al., 1999). In general, both reactor types have an 

advantage of low operational and maintenance costs and bubble column 

bioreactors have been regarded as an attractive system for large-scale gas 

fermentation (Bredwell et al., 1999). However, each system has its own 

advantages and drawbacks that have to be considered prior to the application. 

In case that higher formate concentrations are produced, a putative toxicity of the 

compound formate on the organism have to keep in mind. But the toxicity of 

formate differs between organisms and can be partly attributed to the reduction 

of the proton motive force due to a diffusion of the protonated acid across the cell 

membrane (Warnecke and Gill, 2005) or can be partly related to the reduced 

activity of present formate dehydrogenases (Yishai et al., 2016). An inhibition of 

respiratory cytochromes by formate is also possible (Nicholls, 1975). However, 

the sensitivity of organisms to formate can greatly vary and A. woodii cells were 

able to grow on formate concentrations up to 500 mM in batch cultivations (Moon 

et al., 2021). Recently, chemostat cultivations with a total feed of 200 mM formate 

were also demonstrated for A. woodii (Neuendorf et al., 2021). Since the used 

whole-cell system in this thesis is not reliant on growing cells, negative effects of 

higher formate concentrations could be less crucial here. In order to avoid the 

accumulation of high formate concentrations in highly-pressurized bioreactor 

systems, increased cell concentrations can be applied in continuous 

bioprocesses to increase the space-time yield as shown for gas fermentation 

(Peters et al., 1999; Kantzow et al., 2015). In a continuous bioprocess, new buffer 

can be continuously fed to the bioreactor and formate can be removed from the 

system for example via filtration through a permeable membrane which 

additionally allows cells retention. This circumvents the accumulation of high 

formate concentrations in the bioreactor broth with putative toxic effects on the 

applied cells. Future applications should also cover the genetic modification and 

metabolic engineering of the host organisms A. woodii and T. kivui. So far, a 

genetic system is available for both HDCR containing bacteria (Basen et al., 

2018; Westphal et al., 2018). This paves the road to optimize whole-cell catalysis 
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on a genetic level. Since the addition of ionophores or antibiotic substances are 

not desirable in future demo or pilot scale approaches, the further conversion of 

H2 and CO2 to acetate has to be blocked via genetic modifications. Here, the 

knock-out of the formyl-THF synthetase genes would be one likely way to prevent 

the formation of acetate as unwanted side-product. Of course, also the knock-out 

of other genes coding for necessary enzymes in the methyl-branch of the WLP 

are conceivable opportunities to force formate accumulation from H2 and CO2. 

Also, the homologous or heterologous overproduction of the HDCR could be a 

promising way to further increase the activities of HDCR-based whole-cell 

catalysis. As mentioned before, the overproduction of a functional HDCR enzyme 

complex in the host organism E. coli was already demonstrated and enabled a 

deficient E. coli strain for the conversion of H2 and CO2 to formate (Leo et al., 

2021). But not only H2-dependent CO2 reduction to formate can be addressed by 

genetic manipulations, moreover, formate-driven H2 production can be part of 

optimization approaches in future. Different studies already demonstrated 

optimized H2 production from formate using the host organisms E. coli and 

T. onnurineous. Here, an optimization of the formate transporter of 

T. onnurineous (Jung et al., 2017) or the overexpression of the genes coding for 

the FHL complex in E. coli (Yoshida et al., 2005) resulted in an increased H2 

production rate.  

All the mentioned approaches demonstrate putative strategies to optimize the 

final product concentration, product specificity, specific activity, upscaling and 

economic viability of the established whole-cell system, thus, indicating the 

playground of future work.  
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3.7. Conclusion 

The valorization of CO2 is gaining more and more interest in the scientific and 

industrial communities. CO2 is not regarded as a waste product anymore but is 

rather considered as an alternative carbon feedstock to transform the molecule 

into value-added products such as biofuels or biochemicals. Besides CO2 

sequestration strategies, also the H2 economy attracts more and more attention 

due to the urgent need for alternative, renewable energy carriers. Obstacles 

which have to be addressed in both fields are the efficient reduction of CO2 and 

the storage of renewably (“green”) produced hydrogen. One reaction which 

addresses both topics is the direct hydrogenation of CO2 into formate. The 

compound has favorable physicochemical properties and can be used diversely. 

In nature the redox reaction has been addressed to membrane-bound formate 

hydrogenlyase complexes which are widely distributed in the microbial world and 

whose participation in energy conservation is not fully resolved. But the diversity 

of nature was again proven by the discovery of a new, cytoplasmic enzyme 

complex which catalyzes the same reaction with multiple times higher reaction 

speed. This enzyme was called hydrogen-dependent CO2 reductase (HDCR) and 

was found in the group of acetogenic bacteria. So far, the HDCR was 

experimentally analyzed only in A. woodii and T. kivui but available genome data 

of bacteria indicate the presence of HDCR-like gene clusters also outside the 

acetogenic group. Since the HDCRs show remarkable catalytic activities for the 

direct hydrogenation of CO2 to formate as well as for the reverse reaction, the 

biotechnological application of these enzymes, especially in whole-cell catalysis, 

was the main focus of this thesis. Due to the established HDCR-based whole-cell 

system, formate could not only be produced from H2 and CO2 but also from 

synthesis gas (H2, CO2, CO) or CO alone. Moreover, the thesis extends the field 

of application by demonstrating a bioreactor application for the acetogenic 

conversion of H2 and CO2 into formic acid and vice versa, therefore killing two 

birds with one stone. The upscaling feasibility of the applied whole-cell system 

bears a greater potential for further biotechnological applications and might pave 

the road for a biological solution in H2 storage and CO2 capturing in future. 
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5.1. Biological hydrogen storage and release through multiple 
cycles of reversible hydrogenation of CO2 to formic acid in a 
single process unit 

Schwarz, F.M., Oswald, F., Müller, V. 

Status: unpublished 

 

5.1.1.  Introduction 

Concerns about climate change and global warming have prompted research to 

replace fossil-fuel based energy carriers with the coincident need to maintain the 

world’s energy demand (Veziroğlu and Şahın, 2008; Bockris, 2013; Singh et al., 

2015). Here, molecular hydrogen has been considered as an attractive, 

alternative energy carrier which can be produced environmentally friendly and 

renewable. If the applied hydrogen is produced from renewable energy sources 

(i.e., solar-, wind-, hydro-, geothermal power) by water splitting and not via 

traditional routes such as steam reforming and partial oxidation of coal, oil and 

natural gas, no net CO2 is generated in the production process (Holladay et al., 

2009; Wang et al., 2014; Brandon and Kurban, 2017). Furthermore, hydrogen is 

a strong candidate for energy/electricity storage in an environment with excess 

supply of renewable energy. However, due to handling and storage concerns of 

the highly volatile H2 gas, the catalytic process of direct hydrogenation of CO2 

has attracted more and more attention in recent years (Wang et al., 2011; Moret 

et al., 2014; Preuster et al., 2017). The process does not only allow hydrogen 

energy conversion and storage on a large scale, it further provides a feasible 

avenue for carbon dioxide capture and storage. The necessary CO2 molecule 

can be derived from sources such as industrial flue gas but direct carbon capture 

and storage (CCS) technologies also enable CO2 capture from air, a technology 

which still requires optimization and is intensively studied (Lackner et al., 2012; 

Sanz-Perez et al., 2016; Shi et al., 2020). The two gases H2 and CO2 can then 

safely be stored in the versatile compound formic acid/formate that is one likely 

product in the process of hydrogen-dependent CO2 reduction (Enthaler et al., 
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2010; Eppinger and Huang, 2017; Preuster et al., 2017). Formic acid does not 

only belong to the group of liquid organic hydrogen carriers (LOHCs), moreover, 

the compound fulfills the necessary requirements for a putative sustainable 

formate bioeconomy in future (Yishai et al., 2016). Chemical catalysts can 

facilitate the interconversion of H2 and CO2 to formic acid, however, mostly 

requiring noble metals and/or extreme conditions in the reaction process which 

make the conversion economically not viable (Enthaler et al., 2010; Hull et al., 

2012; Appel et al., 2013). But aside from chemical catalysts, also biological 

solutions arise. Recently, a soluble, biotechnological interesting enzyme complex 

was identified in the obligate anaerobic group of acetogenic bacteria, named as 

hydrogen-dependent CO2 reductase (HDCR) (Schuchmann and Müller, 2013; 

Schwarz et al., 2018). So far, the HDCRs were only purified from the mesophilic 

and thermophilic acetogenic bacterium Acetobacterium woodii and 

Thermoanaerobacter kivui, respectively, but bioinformatic analysis of available 

genome data indicates the presence of HDCR-like enzymes also outside of this 

bacterial group (Schuchmann and Müller, 2013; Schwarz et al., 2018). However, 

the known HDCR enzymes catalyze the direct hydrogenation of CO2 to formic 

acid with remarkable catalytic rates, outcompeting chemical catalysts under 

comparable moderate reaction conditions (Müller, 2019). Noteworthy, the activity 

is fully reversible and can be affected by the substrate concentrations and 

prevailing reaction conditions, thus, facilitating the release of stored hydrogen in 

another catalytic dehydrogenation reaction to close the H2 storage cycle. 

Interestingly, the two challenging reactions of hydrogen-dependent CO2 

reduction to formate as well as formate-driven H2 production are catalyzed with 

almost identical catalytic rates (Schuchmann and Müller, 2013; Schwarz et al., 

2018). To take advantage of using whole cells instead of the purified enzyme as 

biocatalysts, a HDCR-based whole-cell system was established in serum bottle 

and bioreactor scale, again, demonstrating the remarkable reversible nature of 

the HDCR-based system (Schuchmann and Müller, 2013; Kottenhahn et al., 

2018; Schwarz and Müller, 2020; Schwarz et al., 2021). The system is based on 

the depletion of the cellular ATP content, therefore, blocking the ATP-dependent 

further conversion of formic acid to acetic acid in the Wood-Ljungdahl pathway 

(WLP) of these organisms. A more detailed explanation of the applied system 
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and the possibilities to uncouple the bioenergetics was already given in the 

literature (Schuchmann and Müller, 2013; Schwarz and Müller, 2020). 

In this study, we describe and implement a new process design for biological 

hydrogen storage and release through multiple cycles of reversible 

hydrogenation of CO2 to formic acid in a single bioreactor. Here, we make use of 

the good reversibility of the HDCR-based whole-cell system and demonstrate a 

plain and single bioprocess unit to store and release molecular hydrogen in and 

from formic acid. In such a future process, excess energy can be used to produce 

“green” H2 by water splitting. The necessary renewable energy can be obtained, 

for example, from sunlight during daytime. H2 and air-captured CO2 can be further 

converted to the LOHC formic acid in a bioreactor under ambient pressure and 

temperature. Worthy to mention, the accumulated formic acid can later be re-

oxidized in the same bioreactor to release the stored H2 in times of power 

deficiencies. The emitted hydrogen-lean CO2 molecule can be recycled and can 

later be used in another H2 storage cycle (Fig. 1).  

 

Fig. 1 Schematic cycle of future reversible H2 storage via direct hydrogenation of CO2 to formate 
using a single bioreactor. Excess energy generated from renewable sources can be used to produce H2 
by water splitting. Captured CO2 and H2 are then converted into the LOHC formate by whole-cell catalysis 
in a single process unit. The same bioreactor system and biocatalyst are used for overnight hydrogen release 
from the LOHC system. The produced H2 can ensure off-grid power supply in energy-lean times and CO2 
can be recycled and re-used in another H2 storage cycle. All icons were taken from freepik from flaticon.com. 
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The use of sunlight is just exemplary and, of course, different sources can be 

used to produce renewable electricity in dependence of the local conditions, 

therefore, making different scenarios more likely and more beneficial. In southern 

Germany, the average hours of sunshine during summer time are about 7-8 h 

and thus a day/night cycle of 8/16 h was assumed in the applied experiment. Of 

course, the field of applications for renewably produced formic acid is diverse 

since formic acid can be used as bulk chemical, microbial feedstock or can even 

be applied in direct formic acid fuel cells (DFAFC) (Aslama et al., 2012; Yishai et 

al., 2016; Kawanami et al., 2017). But here we want to focus on the ability of 

formic acid to serve as H2 storage compound (Preuster et al., 2017). Therefore, 

the aim was to demonstrate the feasibility of reversible hydrogenation of CO2 to 

formic acid in a single bioreactor by using our established whole-cell system from 

A. woodii. Moreover, the designed process unit can be considered as a future 

“bio-battery” for the reversible storage of electrons in form of H2 in the versatile 

compound formic acid. 

 

5.1.2.  Materials and methods 

Organism and cultivation 

Acetobacterium woodii (DSM 1030) was cultivated at 30 °C under anoxic 

conditions in carbonate-buffered medium (Heise et al., 1989) using 1 L flasks 

(Müller-Krempel, Bülach, Switzerland) with 500 mL media or under anoxic 

conditions using 20 L flasks (Glasgerätebau Ochs; Bovenden-Lenglern, 

Germany). The medium was prepared under anoxic conditions as described 

before (Hungate, 1969; Bryant, 1972). Fructose (20 mM) was used as growth 

substrate for all cultivations and cell growth was followed by measuring the optical 

density at 600 nm with an UV/Vis spectrophotometer.  

Preparation of resting cells and cell suspension experiments 

Resting cells of A. woodii were prepared as described before (Schuchmann and 

Müller, 2013). The cells were washed and resuspended in K-phosphate buffer 

(50 mM K-phosphate, 20 mM KCl, 4 µM resazurin, 2 mM DTE, pH 7.0). The total 

cell protein concentration of the cell suspension was determined according to 
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Schmidt et al. (1963) and the prepared cells were directly used for the subsequent 

cell suspension experiments. To determine the conversion of H2 + CO2 into 

formate by resting cells of A. woodii, 120 mL serum bottles (Glasgerätebau Ochs 

GmbH, Bovenden-Lenglern, Germany) containing pre-warmed buffer (50 mM K-

phosphate, 20 mM KCl, 4 µM resazurin, 2 mM DTE, pH 7.0) and a N2 atmosphere 

were incubated with cell suspensions at the protein concentration stated. The 

final liquid volume in the serum flasks was 10 mL and the resting cells were 

incubated for at least 10 min at 30 °C prior to the start of the experiment. The 

reaction was started by changing the head space to a H2 + CO2 (80:20%, [v/v]) 

atmosphere with 1 bar overpressure. If necessary, the ionophore monensin 

sodium salt (dissolved in EtOH) was added prior to the reaction start and liquid 

samples were taken over the time to analyze the formation of acetic acid and 

formic acid. 

Multiple cycles of reversible hydrogenation of CO2 to formic acid in a single 

bioreactor 

The bioreactor experiments were carried out in Biostat Aplus bench-top reactors 

from Sartorius (Melsungen, Germany) with a working volume of 1.5 L as 

described before (Schwarz et al., 2021). Each bioreactor was equipped with 

microsparger, baffles, two Rushton-impeller, pH-probe (Hamilton, Bonaduz, 

Switzerland), temperature probe and a redox potential probe (Hamilton, 

Bonaduz, Switzerland). The temperature of the buffer (50 mM K-phosphate, 

20 mM KCl, 2 mM DTE, pH 7.0) was maintained at 30 °C, using a cooling finger 

and heating sleeve. The permitted pH-range of the bioreactor experiments was 

from pH 5.9 to 8.1 and was achieved by titration with H3PO4 (4 M) and NH4OH 

(4 M). The gas flow rate was maintained during the “day/night cycles” at a 

constant value of 10 mL/min using a digital mass-flow controller (Bronkhorst 

High-Tech, Ruurlo, Netherlands). The supplied gas composition varied in the 

stoichiometry of H2, CO2 and N2 in dependence of the catalytic cycle. During the 

“day period” (duration: 8 h; H2 storage process) a gas composition of 45% H2, 

45% CO2 and 10% N2 [v/v] was used (Nippon Gases, Germany). During the “night 

period” (duration: 16 h; H2 production process) a gas composition of 100% N2 

[v/v] was used. The gas switch was made manually without an interruption of the 

existing gas flow. The installed micro sparger ensured the formation of 
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microbubbles to enhance mass transfer between gaseous and aqueous phase 

(Bredwell and Worden, 1998). The headspace of the bioreactor was at 

atmospheric pressure and the gas-liquid mixing was achieved by using a stirrer 

set-up with two Rushton-impeller at 400 rpm. The bioreactor buffer was prepared 

under aerobic, non-sterile conditions and oxygen was removed by subsequent 

sparging with 45% H2, 45% CO2 and 10% N2 [v/v]. After the achievement of 

anoxic conditions and CO2 saturation in the liquid phase, 2 mM DTE and 30 µM 

monensin were supplemented as indicated. Whole-cell biocatalysis was started 

by adding A. woodii cell suspension to a final cell protein concentration of 

1 mg/mL to the bioreactor. Samples (2 mL) were taken at defined time points for 

HPLC measurement as well as OD and protein determination. A single liquid 

sample of 3 mL reactor broth was taken and discarded prior to the bioreactor 

sampling to account for the dead volume of the sampling line. The samples were 

centrifuged (18,000 × g, 8 min, room temperature) to remove cells and the 

supernatant was frozen at −20 °C until further off-line analysis via HPLC.  

Inhibitory effect of reactor buffer on fresh cell suspensions 

Fresh cells suspensions of A. woodii were prepared as described in the section 

above. The reaction buffer for cell suspension experiments was obtained from 

the bioreactor approach. Therefore, 60 mL cell suspension of each bioreactor 

was transferred in a 120 mL anoxic serum bottle (Glasgerätebau Ochs GmbH, 

Bovenden-Lenglern, Germany) at the end of the fermentation process. 

Afterwards, buffer and cells were separated via centrifugation under anoxic 

conditions. The supernatant was taken as reaction buffer in the subsequent 

serum bottle experiment with a total cell protein concentration of 1 mg/mL of the 

freshly prepared A. woodii cells. The serum bottle experiments were performed 

as described above. 

Analytical methods 

The concentrations of formic acid and acetic acid were measured by high-

performance liquid chromatography using a 1260 Infinity II LC System (Agilent 

Technologies, Santa Clara, CA, USA) as described before (Schwarz et al., 2020) 

or by using a commercially available formic acid and acetic acid determination kit 

(Boehringer Mannheim/R-Biopharm AG, Mannheim/Darmstadt, Germany) 
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following the instructions of the manufacturer. Bioreactor off-gas analysis was 

conducted via a Micro-GC (Inficon, Bad Ragaz, Switzerland) which was equipped 

with two measurement modules containing different analytical columns. The 

analytical conditions and columns were used as described before (Wiechmann 

et al., 2020). The total cell protein concentration of the prepared cell suspensions 

was determined according to Schmidt et al. (1963). 

 

5.1.3.  Results 

Multiple cycles of reversible hydrogenation of CO2 to formic acid in a single 

bioreactor 

The reversible nature of the HDCR-based whole-cell system was previously 

described and the upscaling feasibility of the cell system into bioreactors was 

recently proven (Schuchmann and Müller, 2013; Kottenhahn et al., 2018; 

Schwarz and Müller, 2020; Schwarz et al., 2021). Building on the existing 

knowledge, we aimed to design a process for the biological hydrogen storage 

and release through multiple cycles of reversible hydrogenation of CO2 to formic 

acid in a single bioreactor. Therefore, A. woodii was grown in 20 L complex 

medium with fructose to the end of the exponential growth phase and resting cells 

were prepared. The bioreactor contained 50 mM K-phosphate buffer at pH 7.0 

with additional 15 μM of the uncoupler monensin. The tolerated pH range of 5.9 

to 8.1 was ensured by titration of NH4OH and H3PO4. The experiment was started 

by adding resting cells to a final cell protein concentration of 1 mg/mL to the 

bioreactor which was flushed with H2, CO2 and N2. As expected, resting cells 

immediately started to produce formic acid from H2 and CO2 with a production 

rate of 5.4 (± 1.0) mmol g-1 h-1 (Fig. 2A). 
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Fig. 2 Process development during day/night cycle for biological hydrogen storage and release in a 
single bioreactor. A) Formate production from H2 and CO2 during day period, B) formate oxidation during 
night period, C) corresponding pH course over two day/night cycles and D) qualitative off-gas graph over 
the first 48 h. Here, the shown data is from one representative experiment out of three independent 
replicates. All other data points are mean ± SD, N = 3. 

During the “day-period” of 8 h, 28 mM formic acid were produced via direct 

hydrogenation of CO2. Then, the gas composition was switched to 100% N2 in 

the “night period” to release the stored H2 from formic acid. By sparging with 

100% N2 the chemical equilibrium was pushed towards hydrogen formation from 

formate and the A. woodii cells started to re-oxidize the produced formic acid from 

the reactor-broth (Fig. 2B). The formic acid oxidation proceeded with a specific 

rate of 2.3 (± 0.6) mmol g-1 h-1. During the 16 h “night period”, the formic acid 

concentration decreased from initial 28 mM to 4.9 mM. The formic acid-driven 

gas production in the “night period” as well as the H2-dependent CO2 reduction 

in the “day-period” could also be observed in the off-gas flow rate. Here, only a 

qualitative plot and not a quantitative plot with exact quantities of the gas 

components can be shown for the off-gas. This is owed to the used bioreactor 

set-up since a 1.5 L headspace was applied in the bioreactor to allow potential 

foaming. Additionally, a low gas-flow rate of 10 mL/min was applied to reduce gas 
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wasting and gas dilution during H2 production. The applied set-up allowed a 

diffusive back mixing of the head space additional to a prolonged mean retention 

time of the gases which distorted the data for quantitative analysis. Nevertheless, 

the qualitative plot clearly showed that the off-gas flow was reduced during the 

day period due to H2 and CO2 consumption. In contrast, more gas was released 

from the bioreactor in the night period due to formic acid-driven H2 and CO2 

production (Fig. 2C). The effect of alternating gas mixtures, mainly based on 

varying CO2 concentrations, could also be seen in the pH profile (Fig. 2D). Prior 

to cell supplementation, CO2 saturation was achieved in the liquid phase in the 

bioreactor. Therefore, the initial pH drop was mainly based on the production of 

formic acid from H2 and CO2. After the gas composition was switched to 100% 

N2, formic acid was re-oxidized and dissolved H2 as well as CO2 were flushed out 

of the reactor. The pH value shifted to more alkalic conditions. In a new cycle of 

H2 storage, dissolving CO2 concentrations as well as formic acid production 

relocates the pH value to a more neutral state. Since the process enabled the 

reversible storage and release of H2, the bioreactor application was continued. 

Over the first 96 h (4 day/night cycles) the reaction kinetics of formate formation 

and formate oxidation were monitored (Fig. 3A). 

 

Fig. 3 Multiple cycles of reversible hydrogenation of CO2 to formic acid in a single process unit. A) 
Formic acid formation and formic acid oxidation over 4 day/night cycles in the first 96 h of process time and 
B) the corresponding specific activity of formic acid production (black bars) and formic acid oxidation (grey 
bars). 100% of the activity corresponds to a formic acid production rate of 5.4 mmol g-1 h-1. The formic acid 
oxidation rate of 100% is similar to 2.3 mmol g-1 h-1. All data points are mean ± SD, N = 3. 

The specific activity of both reactions was determined for repeating cycles and 

indicates a constant conversion efficiency over the time (Fig. 3B). After 4 cycles, 

83 and 75% of the initial formic acid formation and formic acid oxidation rate, 
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respectively, were present. Therefore, the system was kept running over 2 weeks 

which corresponds to 15 day/night-cycles or 360 h process time. The amount of 

produced formic acid per day-period decreased with increasing process time (Fig. 

4A). 

 

Fig. 4 Long-term application of reversible hydrogenation of CO2 to formic acid in a single process 
unit. Shown are A) 15 formic acid formation/oxidation cycles of the entire process (360 h) and B) 
corresponding side-product formation profile of acetic acid. All data points are mean ± SD, N = 3. 

At the same time, acetic acid formation increased (Fig. 4B). The unwanted side 

product acetic acid was only produced in traces (around 2 mM) during the first 

96 h of fermentation but increased up to 23 mM at the end (t360 h). In the last 

day/night cycle 20% of the initial formic acid formation and formic acid oxidation 

rate was still present. In sum 330 (± 85) mM formic acid was produced and 

oxidized by direct hydrogenation of CO2 within 15 day/night cycles in a single 

bioreactor. The corresponding pH profile, optical density and total cell protein 

concentration were also monitored (Fig. 5). 
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Fig. 5 pH and optical density profile. A) pH and B) optical density (OD600) as well as total cell protein 
concentration are monitored over the entire bioreactor application (360 h). Empty triangles up, optical density 
at 600 nm; empty triangles down, total cell protein concentration.  All data points are mean ± SD, N = 3. 

Here, the optical density decreased slightly at the beginning of the experiments 

and stayed constant for the rest of the application. As expected, the total cell 

protein concentration behaved similar to the optical density. Noteworthy, 87% of 

the initial cell concentration remains after 2 weeks of application, indicating a solid 

robustness of the A. woodii cell system under the given conditions. Moreover, the 

chosen bioreactor set-up required only 25 mM of phosphoric acid and even no 

base was needed in the entire process. 

However, the observed decrease in formic acid formation seemed to be directly 

connected to an increase in acetic acid formation which is not preferable in the 

process of H2 storage and H2 release. Since acetic acid is only produced from H2 

and CO2 if the energy state of resting cells is not fully diminished, a putative loss 

of efficacy of the used ionophor monensin was assumed over the time. To counter 

whole-cell based production of acetic acid from H2 and CO2, monensin was 

repetitively added every 72 h to the bioreactor broth. In this approach, the entire 

bioreactor set-up and the process parameters (gas flow, stirrer speed, gas 

composition, duration of day/night cycling etc.) were equal to the previous 

experiment with the exception of repetitive monensin addition. Here, the behavior 

of the bioreactor process was comparable to the previously shown process and 

the data will therefore not be shown in greater detail. An overview of the entire 

process with product formation of formic acid/acidic acid is shown in Fig. 6.  
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Fig. 6 Long-term application of reversible hydrogenation of CO2 to formic acid in a single process 
unit with repetitive monensin supply. Shown are A) 15 formic acid formation/oxidation cycles of the entire 
process (360 h) and B) corresponding side-product formation profile of acetic acid. Black arrows indicate 
the repetitive addition of monensin (15 µM) to the bioreactor. All data points are mean ± SD, N = 3. 

Again, formic acid formation was constant for the first 4 day/night cycles, but 

decreased afterwards whereas acetic acid formation increased. To check 

whether the bioreactor buffer has still an uncoupling ability due to the presence 

of sufficient amounts of active monensin, some bioreactor broth was taken at the 

end of the process to check for its uncoupling ability. Therefore, A. woodii cells 

were removed from the bioreactor broth and the recovered cell-free bioreactor 

buffer was used for another cell suspension experiment with freshly prepared 

A. woodii cells. No additional monensin was added to the cell-free bioreactor 

buffer to check its ability to uncouple fresh cells and to force formic acid 

production. Indeed, the cell-free bioreactor buffer was able to uncouple A. woodii 

cells which showed a specific formic acid production rate of 29.1 mmol g-1 h-1 

(data not shown). The control experiment with new buffer and added monensin 

(15 µM) showed a specific activity of 18.8 mmol g-1 h-1. This clearly shows that 

the ionophore monensin is still active in the bioreactor broth after 360 h of process 



Additional results 92 
 

time and that other reasons seem to be responsible for the reactivation of the 

A. woodii cell metabolism. 

 

5.1.4.  Discussion 

In this study, we investigated the biological hydrogen storage and release in a 

single bioreactor using A. woodii cells as biocatalysts. We demonstrated multiple 

cycles of reversible hydrogenation of CO2 to formic acid by applying our 

established HDCR-based whole-cell system in a single process unit. So far, 

previous studies only analyzed the HDCR-catalyzed reactions of H2-dependent 

CO2 reduction and formate-driven H2 production separately. The presented 

approach of H2 storage and release in a single stirred-tank bioreactor takes 

advantage of the good reversibility of the entire HDCR system, outcompeting 

other enzyme-based whole-cell systems which mostly show a strong bias 

towards one of the mentioned reactions. This was also observed for the formate 

hydrogenlyase (FHL) system of Escherichia coli (McDowall et al., 2014; Pinske 

and Sargent, 2016). The organism is well-known for its good ability in dark 

fermentative H2 production as well as formate-driven H2 production due to the 

high FHL activity. But harsh reaction conditions are needed to efficiently drive H2-

dependent CO2 reduction to formic acid by the same enzyme (Roger et al., 2018). 

However, the HDCR enzyme catalyzes the conversion of H2 and CO2 to formic 

acid and vice versa with almost identical kinetics and activities. Since the 

equilibrium constant for H2-dependent CO2 reduction to formic acid is close to 

one, minor changes in substrate/product concentrations, pH and temperature can 

influence the chemical equilibrium. The effect was demonstrated in this study by 

varying substrate concentrations. Here, varying gas compositions affected the 

formation or degradation of formic acid in the bioreactor. Obviously, the observed 

rates for both reactions were multiple times lower than previously reported rates 

(Schwarz et al., 2021), mainly owed to reaction limitations (i.e., substrate 

limitations) in the bioreactor process. We decided to use a realistic and reduced 

gas flow rate to reduce the gas waste stream and to avoid an excessive dilution 

of the produced H2. Additionally, it has to keep in mind that a change in gas flow 

rates has an effect on the change in pH values due to the contribution of CO2. Of 
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course, in a more applied process, the non-captured H2 and CO2 (in the day-

period) can be recycled and can be fed back into the bioreactor. Additionally, 

produced H2 (in the night-period) can be separated from CO2 by existing methods 

for gas separation (Galizia et al., 2017; Tong and Sekizkardes, 2021). As 

mentioned before, the necessary H2 and CO2 molecules can be obtained via 

different routes. In one of these scenarios, H2 is produced from renewable energy 

sources by water-splitting and CO2 is captured from air via CCS technologies. 

But alternatively, captured and stored CO2 in form of bicarbonate can also be 

used as CO2 source in the applied whole-cell system in future. Previously, it was 

shown that resting cells of A. woodii convert KHCO3 and H2 into formic acid 

(Schuchmann and Müller, 2013). This conversion is possible due to the presence 

of a fast and soluble carbonic anhydrase enzyme which catalyzes the 

interconversion of bicarbonate in CO2 and H2O. A. woodii cells even showed the 

highest carbonic anhydrase activity of different investigated acetogens (Braus-

Stromeyer et al., 1997). In such an approach, the necessary bicarbonate can be 

obtained from a process called carbon capture and storage by mineral 

carbonation (CCSM). In this route of CO2 sequestration, CO2 is stored in the form 

of bicarbonate by carbonation of carbonate minerals (Lackner, 2002; Sanna et 

al., 2012). However, the demonstrated bioreactor set-up in this study allowed 

multiple cycles of reversible hydrogenation of CO2 to formic acid. Interestingly, 

the uncoupling effect of monensin on A. woodii cells could not be maintained over 

the whole process time. In general, monensin is an antibiotic substance which 

was isolated from Streptomyces cinnamonensis (Haney and Hoehn, 1967). The 

substance works as a carboxylic ion-selective ionophore (especially Na+/H+ 

antiporter) which facilitates electroneutral, monovalent ion transport across the 

cell membrane. Therefore, the substance interferes with the ion gradient needed 

to drive ATP synthesis. Since A. woodii cells started to produce acetic acid from 

H2 and CO2 in the late phase of fermentation, Na+-dependent energy 

conservation seemed not to be impaired anymore by added monensin. But the 

loss of function of monensin could be experimentally excluded. The activity of 

freshly prepared A. woodii cells uncoupled by the bioreactor buffer had more than 

100% of the control activity. The even higher formic acid production rate is mainly 

based on the fact that the re-used bioreactor buffer had a more alkalic pH (pH 

7.94) which favors formic acid production as shown before (Schwarz and Müller, 
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2020). However, acetic acid formation leads to the assumption that A. woodii 

cells may adapt to the antibiotic substance. Monensin is a common antibiotic 

substance given to dairy cows in the United States to increase milk production 

efficiency or to treat coccidiosis which is a parasitic infection. It is also 

administered to cattle and/or pigs for growth promotion (Chapman et al., 2010; 

Wong, 2019). In general, Gram-positive bacteria are considered to be more 

sensitive to monensin than Gram-negative bacteria. But monensin adaptation is 

not a new phenomenon. Pure culture studies of three isolated cattle rumen 

bacteria have been demonstrated to exhibit a long lag phase prior to growth in 

the presence of monensin (Simjee et al., 2012). The three investigated Gram-

positive bacteria Enterococcus faecium, Enterococcus faecalis and 

Clostridium perfringens developed monensin resistance through altered cell wall 

characteristics, showing a thickening of the cell wall or the extracellular 

polysaccharide (glycocalyx) layer. Similarly, the Gram-positive, amino acid 

fermenting bacterium Clostridium aminophilum could be adapted to monensin 

(Rychlik and Russell, 2002). It was even shown that adapted cultures can 

subsequently grow in even higher concentrations of monensin (Morehead and 

Dawson, 1992; Callaway and Russell, 1999). Putative responsible genes for 

ionophore resistance in ruminal bacteria have not been identified yet and the 

exact mechanisms of monensin resistance are still not well understood. In the 

context of acetogenic bacteria, different ionophores as well as monensin were 

used for decoupling experiments to study bacterial bioenergetics and ion growth 

dependencies, but rarely is known about acetogenic adaptation (Heise et al., 

1989; Daniel et al., 1990; Mayer and Weuster-Botz, 2017). Also, the effect of 

monensin on the anaerobic digesters microbiome composition and function is 

part of current research but does not allow an overall and strong statement with 

regard to the acetogenic community and their adaptation. Another assumption for 

acetic acid formation could be the contamination of the bioreactor broth with a 

further autotrophic, acetic acid forming organism due to non-sterile conditions. 

Since buffer was used and no increase in optical density as well as total cell 

protein concentration could be observed, the assumption is more unlikely. 

Moreover, the microscopic control was inconspicuous. However, for further 

perspectives, genetic modifications could be a promising and sufficient way to 

avoid the addition of putative unwanted, environmentally unfriendly and cost-
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intensive substances (i.e., chemical ionophores, antibiotics) as well as to prevent 

unwanted side-product formation such as acetic acid in the bioreactor process. 

Since the entire catalysis of reversible H2 storage and release relies on the 

activity of the HDCR enzyme, a gene knock-out of the participating enzymes in 

the WLP could prevent the further conversion of formic acid to acetic acid. Here, 

the knock-out of the formyl-THF synthetase gene would be one likely and obvious 

way. In summary, we could prove the feasibility of reversible hydrogenation of 

CO2 to formic acid in a single bioreactor by using our established whole-cell 

system from A. woodii. Here, the stored and captured H2 and CO2 during the day 

period could be released in the night period by the same biocatalyst and the same 

process unit. As far as we know, it is the first time that a bio-based system allows 

multiple cycles of reversible hydrogenation of CO2 to formic acid in a single 

bioreactor. However, the unique presented process design combines two 

chemically challenging reactions which are an integral part of a future hydrogen 

economy to combat global warming and to solve the renewable energy demand 

of the growing world population. 
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7. Deutsche Zusammenfassung 

In Zeiten der globalen Klimaerwärmung und des Klimawandels werden 

Strategien zur Vermeidung, Reduzierung oder Wiederverwertung von CO2 -

Emissionen sowie die Abkehr von fossilen Energieträgern immer wichtiger. Aus 

diesem Grund erfreuen sich Technologien zur Bindung, Speicherung und 

Wiederverwertung von CO2 immer größerer Aufmerksamkeit und diverse 

chemische als auch biologische Ansätze werden verfolgt. Eine dieser 

Möglichkeiten umfasst die Reduktion von CO2 mit Hilfe von molekularem 

Wasserstoff. Im Prozess der direkten Hydrogenierung von CO2 zu Ameisensäure 

bzw. Formiat wird nicht nur CO2 gebunden, sondern ebenfalls H2 in flüssiger 

Form gespeichert. Wasserstoff als möglicher Energieträger der Zukunft kann 

hierbei durch die Elektrolyse von Wasser mit Strom aus erneuerbaren 

Energiequellen wie Solar- und Windenergie erzeugt werden. Da die flüssige 

Verbindung Ameisensäure gegenüber dem hochflüchtigen Wasserstoffgas 

verschiedenste Vorteile aufweist (z. B. nicht entflammbar, einfachere 

Handhabung, höhere volumenbezogene Energiedichte), zählt Ameisensäure zu 

der Gruppe der flüssigen, organischen Wasserstoffspeicherverbindungen. 

Daneben ist das Einsatzgebiet von Ameisensäure als Ausgangstoff für 

Chemikalien oder als mikrobielle Kohlenstoffquelle sehr vielseitig und die 

Verbindung erfreut sich zunehmenden Interesses. 

Die thermodynamische und kinetische Stabilität des CO2-Moleküls stellt die 

chemische Katalyse zur Reduktion von CO2 in Bezug auf Effizienz und 

ökonomische Rentabilität vor Herausforderungen. Die Natur hält hier biologische 

Katalysatoren (Enzyme) bereit, die eine Reduktion von CO2 in den 7 bekannten 

CO2-Fixierungswegen ermöglichen. Einer dieser CO2-Fixierungswege wird auch 

als Wood-Ljungdahl-Weg (WLP) oder reduktiver Acetyl-CoA-Weg bezeichnet 

und kommt neben methanogenen Archaeen und Sulfatreduzierern auch in 

acetogenen Bakterien vor. Acetogene Bakterien sind eine heterogene Gruppe 

von strikt anaeroben Bakterien die eine hohe metabolische Flexibilität besitzen 

und eine Vielzahl verschiedener Substrate verwerten können. Neben einem 

chemoorganoheterotrophem Lebensstil können acetogene Bakterien auch 

chemolithoautotroph mit H2 und CO2 als Energie- und Kohlenstoffquelle 

wachsen. Zur Reduktion und Fixierung von CO2 im WLP besitzen acetogene 
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Bakterien Formiatdehydrogenasen als CO2-Reduktasen. Diese Enzyme 

katalysieren die reversible 2-Elektronen Reduktion von CO2 zu Ameisensäure, 

wobei die verwendeten Elektronendonoren und Enzymkomplexe innerhalb der 

Gruppe der acetogenen Bakterien sehr divers sein können. Kürzlich konnte aus 

dem mesophilen Bakterium A. woodii und dem thermophilen Bakterium T. kivui 

ein neuartiger, cytoplasmatischer Enzymkomplex isoliert werden, der die 

Reduktion von CO2 direkt an die Oxidation von H2 koppelt. Der Enzymkomplex 

wurde als Wasserstoff-abhängige CO2-Reduktase bezeichnet (engl. hydrogen-

dependent CO2 reductase, HDCR). Nicht nur die Verwendung von molekularem 

Wasserstoff als direkter Elektronendonor war bis dato neu, sondern die HDCR 

katalysierte die reversible Hydrogenierung von CO2 zu Formiat mit annähernd 

gleicher Kinetik und Umsatzraten. Die hier erreichten Umsatzraten bei der CO2 

Reduktion übertrafen bisherige chemische als auch biologische Katalysatoren 

um mehre Größenordnungen. 

Im Hinblick auf die besonderen katalytischen Eigenschaften der HDCRs wurde 

in dieser Arbeit die biotechnologische Anwendbarkeit der Enzyme als 

Biokatalysatoren zur Speicherung und Sequestrierung von H2 und CO2 in Form 

von Ameisensäure untersucht. Im Speziellen wurde ein HDCR-basiertes Ganz-

Zell-System für das thermophile Bakterium T. kivui entwickelt. Ein Ganz-Zell-

System für A. woodii wurde bereits zuvor etabliert. Der Einsatz von ganzen Zellen 

als Biokatalysatoren bietet verschieden Vorteile gegenüber gereinigten Enzymen 

wie z.B. die Kosten- und Zeitreduzierung im Herstellungsprozess, mögliche 

Skaleneffekte und der Schutz von Zell-umschlossenen Enzymen vor 

schädigenden Substanzen aus der unmittelbaren Umgebung. Dies ermöglicht 

unter anderem einen Schutz der sauerstoffempfindlichen HDCR vor Spuren von 

O2, die das aktive Zentrum [H-Cluster] der Hydrogenase-Untereinheit irreversible 

schädigen können. Auch die Nutzung von thermophilen Organismen in der 

Anwendung bergen verschiedene Vorteile. So sind zum Beispiel höhere 

Temperaturen meist mit höheren Umsatzraten verbunden und die 

Prozesskühlungskosten sowie das Kontaminationsrisiko können reduziert 

werden. Um eine Ganz-Zell basierte Umwandlung von H2 und CO2 zu Formiat zu 

gewährleisten, wurde zuvor die Weiterverwertung des Formiats zu Acetat im 

WLP gestoppt. Wie bereits beschrieben ist die Formyl-THF-Synthetase Reaktion, 

die der HDCR-Reaktion im Methyl-Zweig des WLP nachfolgt, ATP abhängig. 
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Durch eine Reduktion des zellulären ATP Gehalts konnte eine weitere 

Prozessierung des aus der HDCR-Reaktion gebildeten Formiats im 

Zellstoffwechsel des Bakteriums unterbunden werden. Hierzu wurden 

Inhibitorstudien durchgeführt und eine verminderte Acetatbildung aus H2 + CO2 

wurde bei ruhenden Zellen beobachtet. Zudem wurde Formiat das dominierende 

Endprodukt. Interessanterweise hatten höhere Konzentrationen an Bicarbonat 

(ab 300 mM) ebenfalls eine supprimierende Wirkung auf die Acetatbildung und 

eine steigernde Wirkung auf die Formiatbildung zur Folge. Mit Hilfe von 

Membranstudien konnte ein inhibierender Effekt auf die ATP-Synthase-Aktivität 

von T. kivui geschlussfolgert werden, wodurch die Bildung von ATP und damit 

die Bildung von Acetat gehemmt wurde. In Anwesenheit von Bikarbonat wurde 

anschließend die Formiatbildung aus H2 und CO2 in Zellsuspensionen von 

T. kivui charakterisiert. Hier zeigten T. kivui Zellen mit 234 mmol g-1 h-1 die 

höchste spezifische Formiatbildungsrate, die bis dato in der Literatur genannt 

wurde und bis zu 130 mM Formiat wurden innerhalb von 90 min gebildet. Der 

entkoppelnde Effekt von Bikarbonat auf wachsende T. kivui Zellen sowie der 

Einfluss auf die Produktbildung konnten ebenfalls in einem geschlossenen 

Wachstumsansatz demonstriert werden. So führte bei heterotroph angezogenen 

T. kivui Zellen die Zugabe von Bikarbonat und H2 und CO2 zu einem sofortigen 

Wachstumsstopp der Zellen und das vorherrschende Produkt verlagerte sich von 

Acetat zum gewünschten Endprodukt Formiat. Der Wechsel von einer 

Wachstumsphase in eine Produktionsphase zur Umwandlung von H2 und CO2 

zu Formiat konnte damit demonstriert werden.  

In einer zuvor veröffentlichten Studie konnte T. kivui ebenfalls an einen 

carboxydotrophen Lebensstil mit 100% CO adaptiert werden. CO ist neben H2 

und CO2 ein wesentlicher Bestandteil von industriellen Abfallgasen (auch 

Synthesegas genannt), die unter anderem im Stahlherstellungsprozess und bei 

der Vergasung von Biomasseabfällen und anderen Abfallströmen entstehen. Der 

Prozess der Synthesegasfermentation wird bereits zur Produktion von diversen 

Biochemikalien und Biokraftstoffen eingesetzt. Aus diesem Grund wurde in 

dieser Arbeit ebenfalls die Umwandlung von Synthesegas (H2 + CO2 und CO) zu 

Formiat untersucht. Bioenergetisch entkoppelte und auf CO-adaptierte T. kivui 

Zellen konnten in der Tat Synthesegas exklusiv zu Formiat umsetzen. Dies wurde 

in der vorgelegten Arbeit erstmalig für die Gruppe der acetogenen Bakterien 
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demonstriert. Die spezifische Aktivität betrug 8 mmol g-1 h-1 und ein Verbrauch 

der CO Bestandteile konnte im Gasgemisch nachgewiesen werden. Die 

Verwertung und Umwandlung von CO im Gasgemisch rief die Frage auf, ob 

ruhende Zellen auch CO als alleiniges Substrat zu Formiat umsetzen können. 

Zur Klärung der Fragestellung wurde in dieser Arbeit die Formiat- und 

Acetatbildung aus CO untersucht. Dazu wurden ruhende Zellen der beiden 

bekannten HDCR-enthaltenden Organismen A. woodii und T. kivui 

herangezogen. Hier wurde die Produktbildung sowie der Substratverbrauch von 

bioenergetisch gekoppelten und entkoppelten Zellen untersucht. Auch der 

Einfluss von variierenden CO-Konzentrationen war Bestandteil der Arbeit. Um 

die CO-Verwertung zu Acetat und Formiat im Stoffwechsel der Rnf- (A. woodii) 

und Ech-Acetogenen (T. kivui) verstehen zu können, wurden Mutanten von 

A. woodii und T. kivui zu Hilfe genommen. Die Mutanten von Δhdcr, ΔcooS, 

ΔhydBA, Δrnf and Δech2 weisen katalytische Defizite bei den Enzymen des 

zentralen Zellstoffwechsels auf und ermöglichten so die Feststellung von 

Unterschieden in der CO-Verwertung der beiden untersuchten Mikroorganismen. 

In beiden Organismen war die CO-basierte Formiatbildung vom Vorhandensein 

eines funktionalen HDCR Enzymkomplexes abhängig.  

Für eine mögliche biotechnologische Anwendung der beiden acetogenen 

Bakterien A. woodii und T. kivui im Bereich der CO2-Sequestrierung und H2-

Speicherung wurde die Maßstabsvergrößerung des Ganz-Zell-Systems 

angestrebt. Dazu wurde der Maßstab von Serumflaschenversuchen (120 mL) mit 

unkontrollierten Prozessbedingungen hin zu einem Bioreaktormaßstab (3 L) mit 

kontrollierten Prozessbedingungen skaliert. Diese Arbeit demonstriert die 

effiziente Umwandlung von H2 und CO2 zu Formiat unter Verwendung eines 

Rührkesselreaktors. Der Prozess zeigte eine Effizienz von 100% für die 

Umwandlung von CO2 zu Formiat und spezifische Raten von 48.3 mmol g-1 h-1 

wurden von A. woodii Zellen erreicht. Zudem wurden verschiedene Faktoren und 

Parameter des Bioreaktoransatzes optimiert und evaluiert. So konnte unter 

anderem bei optimierter Gaszusammensetzung eine finale Formiatkonzentration 

von 73 mM im Reaktor erreicht werden. Ebenso wurde die Reversibilität der 

direkten Hydrogenierung von CO2 im Bioreaktoransatz untersucht. Dazu wurde 

die Oxidation von Ameisensäure mit simultaner Freisetzung von H2 und CO2 

betrachtet. Für eine mögliche biotechnologische Anwendung ist die Freisetzung 
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des zuvor gespeicherten H2 in Form von Ameisensäure bzw. Formiat ein nicht zu 

vernachlässigender Prozessschritt um den H2-Kreislauf zu schließen. Durch die 

kontinuierliche Zufütterung von reiner Ameisensäure in den Bioreaktor, konnte 

die Substratkonzentration sowie der pH-Wert während der gesamten Prozesszeit 

auf einem konstanten Niveau gehalten werden. Die spezifische H2-

Produktionsrate (qH2) betrug 27.6 mmol g-1 h-1 und mehr als 2.12 M 

Ameisensäure konnte über einen Zeitraum von 195 h oxidiert werden. Wichtige 

Parameter der Enzymkatalyse wie Wechselzahl (engl. turnover frequency, TOF) 

und katalytische Produktivität (engl. turnover number, TON) wurden ebenfalls im 

Versuch bestimmt. 

Nachdem die Umsetzung von H2 und CO2 zu Formiat sowie die Formiatoxidation 

zu H2 und CO2 im Rührkesselreaktor demonstriert wurden, stand die Planung 

und Konstruktion eines HDCR-basierten Anwendungsansatzes im Vordergrund. 

Basierend auf dem generierten Prozessverständnis und der effizienten 

Reversibilität der katalysierten Reaktionen wurde ein Ganz-Zell-basierter 

Bioreaktoraufbau gewählt, der die vielfache Speicherung und Freisetzung von H2 

in einer einzigen Prozesseinheit und unter Verwendung eines einzelnen 

Katalysators ermöglicht. Die konzipierte Prozesseinheit kann so als „Bio-Batterie“ 

zur Speicherung und Freisetzung von überschüssiger Energie in Form von H2 

betrachtet werden (siehe Additional results). Über eine Prozesszeit von 

2 Wochen und 15 CO2 Reduktions-/Formiat Oxidations-Zyklen wurde so im Mittel 

330 mM Formiat produziert und oxidiert. Die durchgeführten Bioreaktorstudien 

zeigen das Potential der acetogenen Bakterien in der biotechnologischen 

Anwendung und geben zudem einen vielversprechenden Ausblick auf weitere 

Prozessideen mit diversen Reaktortypen.  

Zusammenfassend thematisiert diese Arbeit die biotechnologische 

Anwendbarkeit eines Ganz-Zell-Systems zur Speicherung und Sequestrierung 

von H2 und CO2 in Form von Formiat und vice versa. Die katalytische Aktivität 

der betrachteten Organismen von A. woodii und T. kivui fußt dabei auf der 

Aktivität eines neuartigen Enzymkomplexes, der in der Gruppe der acetogenen 

Bakterien erstmals entdeckt wurde. Der als Wasserstoff-abhängige CO2-

Reduktase bezeichnete Enzymkomplexe könnte zudem die zukünftige 

Konzipierung Enzym-inspirierter und effizienter chemischer Katalysatoren 
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vorantreiben. Auch der Einsatz des Enzyms/der Zellen in so genannten 

Hydrogelen oder die Etablierung elektrochemischer Prozesse sind vorstellbar. 

Diese Arbeit stellt somit eine Basis für mögliche zukünftige Anwendungen des 

etablierten Ganz-Zell-Systems von A. woodii und T. kivui im Bereich der 

Wasserstoffökonomie dar. 

 


