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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Optimal physiological operation of che
mostats at 37 ◦C, pH 6 and 10 g l− 1 

glucose. 
• Continuous glucose cultivations show 

highest alcohol yield (0.39 Cmol Cmol− 1) 
• Highest continuous butanol (2.6 g l− 1) 

and hexanol (0.7 g l− 1) production 
titers. 

• Possible thermodynamic regulation of 
alcohol selectivity and chain elongation. 

• Long-term glucose cultivations show 
shift to acid production (1.4 g l− 1 

hexanoate)  

A R T I C L E  I N F O   
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A B S T R A C T   

In this study, continuous cultivations of C. carboxidivorans to study heterotrophic and mixotrophic conversion of 
glucose and H2, CO2, and CO were established. Glucose fermentations at pH 6 showed a high ratio of alcohol-to- 
acid production of 2.79 mol mol− 1. While H2 or CO2 were not utilized together with glucose, CO feeding 
drastically increased the combined alcohol titer to 9.1 g l− 1. Specifically, CO enhanced acetate (1.9-fold) and 
ethanol (1.7-fold) production and triggered chain elongation to butanol (1.5-fold) production but did not change 
the alcohol:acid ratio. Flux balance analysis showed that CO served both as a carbon and energy source, and CO 
mixotrophy displayed a carbon and energy efficiency of 45 and 77%, respectively. This study expands the 
knowledge on physiology and metabolism of C. carboxidivorans and can serve as the starting point for rational 
engineering and process intensification to establish efficient production of alcohols and acids from carbon waste.   

1. Introduction 

Efficient bioproduction systems will be crucial for transitioning in
dustrial production of value-added chemicals and fuels towards carbon 

neutrality. Microbial fermentations have traditionally relied on starch- 
derived sugars as feedstocks. Nevertheless, gaseous feedstocks (CO2, 
CO and H2) have recently attracted attention as platform feedstocks of 
future circular bioeconomies (Köpke and Simpson, 2020). Currently 

* Corresponding author. 
E-mail addresses: charlotte.vees@tuwien.ac.at (C.A. Vees), christoph.herwig@tuwien.ac.at (C. Herwig), stefan.pfluegl@tuwien.ac.at (S. Pflügl).  

Contents lists available at ScienceDirect 

Bioresource Technology 

journal homepage: www.elsevier.com/locate/biortech 

https://doi.org/10.1016/j.biortech.2022.127138 
Received 8 March 2022; Received in revised form 5 April 2022; Accepted 6 April 2022   

mailto:charlotte.vees@tuwien.ac.at
mailto:christoph.herwig@tuwien.ac.at
mailto:stefan.pfluegl@tuwien.ac.at
www.sciencedirect.com/science/journal/09608524
https://www.elsevier.com/locate/biortech
https://doi.org/10.1016/j.biortech.2022.127138
https://doi.org/10.1016/j.biortech.2022.127138
https://doi.org/10.1016/j.biortech.2022.127138
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2022.127138&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioresource Technology 353 (2022) 127138

2

available from large industrial point sources or concentrated directly 
from air in the future, CO2 and renewable energy can be used for elec
trochemical production of gaseous (syngas) and liquid (formate, meth
anol) (Cotton et al., 2020; Haas et al., 2018; Schreiber et al., 2020). In 
this context, acetogens are promising microbial hosts capable of utiliz
ing these one carbon compounds to produce bulk chemicals such as 
organic acids and alcohols (Pavan et al., 2022). Acetogens utilize one- 
carbon compounds via the Wood-Ljungdahl pathway (WLP), the most 
energy-efficient of the currently known seven natural CO2 fixation 
pathways (Vees et al., 2020). 

Clostridium carboxidivorans P7 utilizes multiple hexoses and pentoses 
and is the only known acetogen to produce C4 and C6 acids and alcohols 
solely from gaseous feedstocks (Liou et al., 2005; Phillips et al., 2015; 
Rückel et al., 2021). Previous research with C. carboxidivorans has been 
focused on alcohol production via gas fermentation (Benevenuti et al., 
2021; Doll et al., 2018; Fernández-Naveira et al., 2016; Kottenhahn 
et al., 2021; Riegler et al., 2019), where media composition (Phillips 
et al., 2015; Shen et al., 2017a; Zhang et al., 2016), pH range (Fernán
dez-Naveira et al., 2017a), temperature (Kottenhahn et al., 2021; 
Ramió-Pujol et al., 2015; Shen et al., 2020), gas impurities (Rückel et al., 
2021) and bioprocessing and reactor design (Abubackar et al., 2018; 
Doll et al., 2018; Riegler et al., 2019) have been investigated. Compared 
to gas fermentation, metabolism and physiology under heterotrophic 
conditions have received relatively little attention (Fernández-Naveira 
et al., 2017b; Kim et al., 2020; Li et al., 2021). Recent studies have 
improved the knowledge on pathways involved in metabolite synthesis 
but the lack of genome modification tools hamper in-depth physiological 
and metabolic analyses of C. carboxidivorans (Bruant et al., 2010; Cheng 
et al., 2019; Wirth and Dürre, 2021). Nevertheless, the factors regulating 
metabolism and governing selectivity of alcohol synthesis and chain 
elongation of metabolites in C. carboxidivorans are currently only poorly 
understood. Although C. carboxidivorans frequently produces mixtures 
of acetate/ethanol, butyrate/butanol and hexanoate/hexanol, the C2 
compounds acetate and ethanol are usually the main products (C2 > C4 
> C6) and high selectivity of alcohol production (i.e. high alcohol:acid 
ratios) has not been described. While the formation of reduced metab
olites generally requires more reducing equivalents, chain elongation is 
bioenergetically less favorable compared to the formation of C2 com
pounds (Fast et al., 2015; Schuchmann and Müller, 2016). Bioenergetics 
play a key role in acetogen metabolism due to a limited amount of ATP 
which can be gained from growth on gaseous substrates (“life at the 
thermodynamic limit”) (Schuchmann and Müller, 2014). Mixotrophy, 
the simultaneous conversion of sugar and gaseous substrates, is an 
interesting concept in this context as it increases ATP production beyond 
levels for autotrophy and even heterotrophy (Fast et al., 2015; Jones 
et al., 2016; Schuchmann and Müller, 2016). In combination with 
gaseous electron donors to generate reducing power, mixotrophic sugar 
fermentations could potentially trigger alcohol synthesis and chain 
elongation. As such, mixotrophy has the potential to overcome limita
tions of sugar (carbon loss due to CO2 production) and gas (low pro
ductivity and feedstock solubility in liquids) fermentations and could be 
used to implement flexible, highly efficient production platforms. 
Despite multiple examples of mixotrophic utilization of sugars and gases 
in acetogens (Braun and Gottschalk, 1981; Jones et al., 2016; Maru 
et al., 2018), no quantitative data on mixotrophy metabolism and 
physiology of C. carboxidivorans are available. Therefore, this study used 
continuous chemostat cultivations to investigate the metabolic response 
of C. carboxidivorans under heterotrophic and mixotrophic conditions. 
Quantitative physiological insights gained from heterotrophic glucose 
fermentations served as the reference point for comparison of different 
mixotrophic cultivation modes. Specifically, single gases and gas mix
tures were co-fed in a well-controlled manner to get insights on the 
metabolic impact of additional carbon and energy sources on sugar 
fermentation. H2, syngas and CO mixotrophic conditions were chosen 
and carbon and energy conversion efficiency, alcohol selectivity and 
formation of chain elongated metabolites were evaluated. Moreover, a 

metabolic core model of C. carboxidivorans was established and used to 
analyze metabolic flux distributions and energy metabolism for het
erotrophic and mixotrophic conditions. Based on the physiological data 
gained from the continuous cultivations of this study, potential ther
modynamic and kinetic regulations of C. carboxidivorans metabolism are 
discussed. 

2. Material and methods 

2.1. Organism 

Clostridium carboxidivorans P7 (DSM 15243) was used for all exper
iments in this study. The cells were stored as anoxic cryo culture at 
− 80 ◦C in 37.5% (w/v) glycerol. 

2.2. Growth media 

The medium used for cultivation of C. carboxidivorans was a modified 
version of the medium described by Novak et al. (2021). The preculture 
medium contained per liter: 1 g NH4Cl, 11.73 g KH2PO4, 2.406 g 
K2HPO4, 0.1 g MgSO4 ⋅ 7H2O, 2 g yeast extract, 0.194 mg Na2SeO3 ⋅ 
5 H2O, 0.192 mg Na2WO4 ⋅ 2 H2O, 0.026 g FeSO4 ⋅ 7 H2O, 0.25 ml so
dium resazurin (0.2% w/v), 0.5 g cysteine-HCl ⋅ H2O, 5 g glucose, 20 ml 
trace element solution, and 10 ml vitamin solution. The medium was 
adjusted to pH 6.0 with 5 M KOH. 

For bioreactor cultivations, the glucose concentration was increased 
to 10 g l− 1 or 20 g l− 1, while the phosphate buffer salts and sodium 
resazurin in the medium were reduced to 0.586 g l− 1 KH2PO4, 0.12 g l− 1 

K2HPO4 and 0.20 ml l− 1, respectively. 
The trace element solution contained per liter: 1.5 g nitrilotriacetic 

acid, 3 g MgSO4 ⋅ 7 H2O, 0.5 g MnSO4 ⋅ H2O, 1 g NaCl, 0.1 g FeSO4 ⋅ 
7 H2O, 0.152 g Co(II)Cl2 ⋅ 6 H2O, 0.1 g CaCl2 ⋅ 2 H2O, 0.18 g ZnSO4 ⋅ 
7 H2O, 0.01 g CuSO4 ⋅ 5 H2O, 0.02 g KAl(SO4)2 ⋅ 12 H2O, 0.01 g H3BO3, 
0.01 g Na2MoO4 ⋅ 2 H2O, 0.033 g Ni(II)SO4 ⋅ 6 H2O, 0.3 mg Na2SeO3 ⋅ 
5 H2O and 0.4 mg Na2WO4 ⋅ 2 H2O. 

The vitamin solution contained per liter: 2 mg biotin, 2 mg folic acid, 
10 mg pyridoxine-HCl, 5 mg thiamine-HCl, 5 mg riboflavin, 5 mg 
nicotinic acid, 5 mg D-Ca-pantothenate, 0.1 mg vitamin B12, 5 mg para- 
aminobenzoic acid and 5 mg lipoic acid. 

Chemicals were purchased from Roth (Carl Roth GmbH + Co. KG, 
Karlsruhe, Germany) and Merck (Merck KGaA, Darmstadt, Germany). 

2.3. Pre-culture preparation 

For C. carboxidivorans pre-cultures, one cryo vial (1.8 ml) was used to 
inoculate one 125 ml serum bottle with 20 ml heterotrophic growth 
medium and incubated at 37 ◦C and 200 rpm (Infors AG, Bottmingen, 
Switzerland). After ~ 24 h, the culture was transferred anaerobically to 
fresh serum bottles (five per reactor) each with 40 ml medium, with an 
initial OD600 of approximately 0.1 and incubated until the pH decreased 
to around 4.5. Afterwards, the pH was adjusted with 5 M NH4OH to 5.5 
to 6.0 and the culture incubated until the OD600 reached 1.5. Using these 
exponentially growing cultures, bioreactors were inoculated with an 
initial OD600 of approximately 0.2. 

2.4. Cultivation in continuous bioreactors 

The continuous bioreactor cultivations were carried out in 2-liter 
bioreactors (Applikon Biotechnology BV, Delft, Netherlands) with a 
working volume of 650 or 1000 ml. Cultivations were performed with a 
stirrer speed of 500 rpm and a temperature of 29 or 37 ◦C (as indicated). 
The pH was monitored by a pH electrode (Mettler-Toledo GmbH, 
Urdorf, Switzerland) and controlled by adding 6 M NH4OH with a 
peristaltic pump (Cole-Parmer GmbH, Wertheim, Germany). Process 
control and monitoring were executed with a process information 
management system (Lucullus, Securecell AG, Urdorf, Switzerland). 
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To remove oxygen before inoculation, the reactor was sparged with 
1 vvm nitrogen overnight. During cultivation the liquid medium was 
sparged with 0.25 vvm nitrogen or the respective gas mix. Pure nitrogen 
(Messer Austria GmbH, Gumpoldskirchen, Austria) was used during 
heterotrophic experiments. Gas mixtures were either premixed or 
blended by using pure gases. For the gas blends nitrogen was either 
mixed with hydrogen (60/40% (v/v) H2/N2) or carbon monoxide (20/ 
80% (v/v) CO/N2). H2 and CO were obtained from Air Liquide Austria 
GmbH (Schwechat, Austria). Premixed gas with 60.1/9.5/10.6/19.8% 
(v/v) H2/CO/CO2/N2 (Messer Austria GmbH, Gumpoldskirchen, 
Austria) was used to model industrial blast furnace gas blended with H2. 
In this work, the gas mixture containing only H2 was denote as “H2 
mixotrophy” and the one containing only CO as “CO mixotrophy”. The 
ternary gas mix is denoted as “Syngas mixotrophy”. To enhance the gas 
transfer into the liquid, sinter metal microspargers (Sartorius Stedim 
Biotech GmbH, Göttingen, Germany) with 10 µm pore size were used. 
Gas flow rates were measured using a portable flow meter (Definer™ 
220 Series, Mesa Laboratories, Butler/NJ, USA). The off-gas flow rate 
was monitored continuously during the cultivation. A two-stage cold 
trap was used to recover product stripped by gas flushing. Metabolite 
concentrations of the cold trap were included in the titer, rate and yield 
calculations. 

For the continuous cultivation the feed medium and a 1:100 anti
foam solution (Polypropylenglycol P2000, Sigma-Aldrich, St. Louis, 
USA) were continuously pumped (Preciflow peristaltic pumps, Lambda 
Instruments GmbH, Baar, Switzerland) with a dilution rate of 0.05 h− 1 

and 0.014 min− 1, respectively. A constant reactor volume was main
tained by continuously harvesting culture broth through a dip tube by 
peristaltic pumps (Cole-Parmer GmbH, Wertheim, Germany). 

To achieve steady state conditions the reactor volume was 
exchanged at least three times. Steady state was verified by checking for 
constant biomass, off-gas composition, and metabolite concentrations. 
Three samples for OD600, CDW and HPLC determination were taken 
during steady state conditions in 3-hour intervals. 

2.5. Optical density and biomass determination 

The optical density at 600 nm (OD600) was measured using a spec
trophotometer (GenesysTM20, Thermo Fisher Scientific, Waltham, USA). 

The cell dry weight (CDW) was determined gravimetrically in trip
licate. Briefly, 2 ml of the fresh culture was transferred into dried and 
pre-weighed glass tubes. The tubes were centrifuged, washed with 2 ml 
dH2O, centrifuged again, followed by drying at 105 ◦C for at least 24 h. 
After cooling in a desiccator, the tubes were weighed and the cell dry 
weight calculated. 

2.6. HPLC analysis 

Glucose, organic acids, and alcohols in the liquid samples were 
analyzed with an Aminex HPX-87H column (300 × 7.8 mm, Bio-Rad, 
Hercules, USA) operated in an Ultimate 3000 HPLC system (Thermo 
Scientific, Waltham, USA). As mobile phase, 4 mM H2SO4 was used at a 
flow rate of 0.6 ml min− 1 and a column temperature of 60 ◦C. 10 µl 
samples were injected and 90 min chromatograms were recorded. For 
detection, a refractive index (Shodex RI-101, Showa Denko America, 
Inc., New York, USA) and a diode array detector (Ultimate 3000, 
Thermo Fisher Scientific, Waltham/MA, USA) were used. 

HPLC samples were prepared by using 450 µl supernatant of the 
culture sample diluted with 50 µl of 0.04 M H2SO4 (Erian et al., 2018). 
The mixture was vortexed and centrifuged for 10 min at 14,000 rpm 
(21,913 g) at 4 ◦C. The supernatant was filled in HPLC vials. 5–point 
calibration curves were established by injecting 1 to 25 µl of standard 
solutions containing 1 to 6 g l− 1. Data analysis was done using Chro
meleon 7.2.6 Chromatography Data System (Thermo Scientific, Wal
tham, USA). 

2.7. Gas chromatography 

To analyze H2, CO, CO2 and N2 a gas chromatograph (Trace GC Ultra, 
Thermo Fisher Scientific, Waltham, USA) was used. 100 µl gas sample 
was automatically injected on a ShinCarbon ST 100/120 packed column 
(Restek Corporation, Bellefonte, USA) with a split ratio of 5 and a carrier 
gas flow of 2 ml min− 1 Argon 5.0 (Messer Austria, Gumpoldskirchen, 
Austria). The initial temperature of the column was 30 ◦C until 6.5 min 
and was increased to a temperature of 240 ◦C with a 16 ◦C min− 1 ramp 
and kept at 240 ◦C for 1.38 min. A thermal conductivity detector was 
used at 200 ◦C transfer, 240 ◦C block and 370 ◦C filament temperature to 
analyze the sample composition. An electronic multiplexing system was 
used to switch between the two reactors, allowing measurements to be 
done at one-hour intervals. 

Data analysis was done using Chromeleon 7.2.10 Chromatography 
Data System (Thermo Scientific, Waltham, USA). Calibration was done 
using defined gas mixtures containing H2, CO, CO2 and N2. Gas analysis 
of the gas feed to the reactor was done before and after cultivations. Off- 
gas was analyzed continually during the cultivation and at least four 
measurements were obtained per reactor once steady state conditions 
were reached. 

2.8. Rate calculations, carbon and energy efficiency, and elemental 
balancing 

For calculation of the volumetric rates of metabolite production and 
substrate uptake in the chemostat, the average concentrations from at 
least 3 data points obtained from steady state conditions were multiplied 
with the liquid dilution rate (D). The volumetric gas rates were calcu
lated from the GC data as described by Neuendorf et al. (2021). Specific 
production and uptake rates were obtained by dividing the volumetric 
rates by the average biomass concentration. Yields (YP/S) in 
Cmol Cmol− 1 were calculated by dividing the volumetric production (P) 
of certain metabolite [Cmol l− 1 h− 1] by the sum of volumetric uptake (S) 
of glucose and CO [Cmol l− 1 h− 1]. 

Carbon efficiency was defined as the percentage of carbon retained 
in metabolites and biomass in relation to total carbon substrate turnover 
(glucose and CO) with the remaining carbon being released as CO2. 
Calculations were performed using specific uptake and formation rates 
[Cmmol g–1 h− 1] obtained from steady states. 

Energy efficiency was defined as the energy retained in metabolites 
and biomass in relation to the energy supplied by the substrates 
(glucose, H2, CO). Calculations were performed using the combustion 
energies of the individual compounds and their specific uptake and 
formation rates [mmol g–1 h− 1]. 

For biomass, the average carbon content of 50% (w/w) was assumed 
for carbon balancing, while 4.20 mol electrons per mole of carbon were 
assumed for the degree of reduction (DoR) balance (Novak et al., 2021; 
Shen et al., 2020). All balances closed well without consideration of 
yeast extract. 

2.9. Metabolic modeling and flux balance analysis 

A metabolic core model of C. carboxidivorans was established based 
on a model available for A. woodii (Neuendorf et al., 2021; Novak et al., 
2021) consisting of 139 reactions and 134 metabolites. The metabolic 
network, including substrate uptake, metabolite formation, energy 
conservation and redox balancing was implemented (see supplementary 
material). A biomass composition similar to C. autoethanogenum was 
assumed (Valgepea et al., 2017). Simulation of flux balance analysis 
(FBA) was done by using the CellNetAnalyzer toolbox (Klamt et al., 
2007; von Kamp et al., 2017). Experimental rates for biomass formation, 
substrate uptake and metabolite formation were used to constrain the 
model. For simulations, the specific growth rate was kept constant (as 
data were obtained from steady state chemostat cultivations with a 
constant dilution rate D). Instead, the pseudo reaction that quantifies the 
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non-growth associated ATP maintenance (NGAM) demand served as 
objective function was maximized during FBA simulations. In this way, 
the intracellular flux distribution, and the upper limit of ATP available 
for NGAM processes were determined. 

3. Results and discussion 

3.1. Design and implementation of continuous glucose fermentations in 
C. carboxidivorans 

Although earlier studies described glucose fermentation in batch 
cultures, continuous heterotrophic cultures of C. carboxidivorans utiliz
ing glucose had not been demonstrated. Therefore, the first step of this 
investigation was to implement robust and stable operation of glucose 
fermentation in chemostat mode. 

Consequently, suitable cultivation parameters for the heterotrophic 
reference chemostat were evaluated (Table 1). With the aim of estab
lishing carbon-limited cultivations with complete sugar degradation, the 
glucose concentration (10 g l− 1, 20 g l− 1) was tested in combination with 
the liquid dilution rate (0.05 h− 1, 0.10 h− 1). Initial experiments showed 
cell washout at higher dilution rates and incomplete substrate utilization 
when the glucose concentration was increased. To exclude potential 
limitations from other medium components, dynamic pulse experiments 
were used to study the effect of individual medium components on 
glucose fermentation in continuous cultivation (data not shown). Using 
medium containing increased concentrations of iron, selenium, and 
tungsten significantly improved the ability of C. carboxidivorans to uti
lize glucose in continuous cultivations. 

Next, the impact of a lower pH on C. carboxidivorans physiology in 
heterotrophic chemostats was verified. Lowering the culture pH has 
previously been shown to shift product formation towards alcohol syn
thesis in batch fermentations of syngas by C. carboxidivorans (Fernán
dez-Naveira et al., 2016). However, decreasing the culture pH from 6.0 
to 5.5 even at the lowest dilution rate tested (0.05 h− 1) resulted in cell 
washout. Therefore, it appears that the maximum specific growth rate at 
pH 5.5 is low despite previous studies reporting the optimal pH of C. 
carboxidivorans between 5.0 and 7.0 (Liou et al., 2005). Previous ex
periments in serum bottles also confirmed this observation, showing a 
growth rate of < 0.01 h− 1 at pH values below 5.5. Regarding mass 
transfer, two gas flow rates were tested to determine if stripping of CO2 
by the gas flow from the reactor negatively affects fixation of CO2 
evolved during glycolysis in the WLP. The experiments showed no sig
nificant difference hence the higher flow rate was chosen for all exper
iments to ensure sufficient gas–liquid mass transfer for subsequent 
mixotrophic experiments. 

Next, the impact of the cultivation temperature on continuous cul
tures of C. carboxidivorans was investigated. To that end, the tempera
ture was lowered to 29 ◦C, where a stable, carbon-limited chemostat 
with complete glucose utilization could be established. Previous studies 
indicated enhanced alcohol production and a shift towards longer chain 
products in autotrophic serum bottles using syngas when the cultivation 
temperature was lowered to 29 ◦C or even 25 ◦C from 37 ◦C, the optimal 

growth temperature of C. carboxidivorans (Ramió-Pujol et al., 2015; 
Shen et al., 2017a; Shen et al., 2020; Zhang et al., 2016). Additionally, a 
lower cultivation temperature was shown to prevent an issue related to 
C. carboxidivorans morphology, which is the formation of cell agglom
erates and pellets (Shen et al., 2020), which have previously been re
ported (Kottenhahn et al., 2021; Shen et al., 2017a) and were also 
observed in this study. 

At 29 ◦C, the total alcohol yield decreased by 29% compared to 37 ◦C 
(Table 2 and supplementary material). This observation contrasts with 
previous findings from batch studies which have observed increased 
alcohol formation at lower cultivation temperatures (Ramió-Pujol et al., 
2015; Shen et al., 2020; Zhang et al., 2016). Conversely, decreased 
alcohol formation was also observed in electricity-enhanced mixo
trophic batch cultivations with C. carboxidivorans carried out at 25 ◦C 
(Cheng et al., 2022). Based on these data, a decreased maximum specific 
growth rate at 29 ◦C seems unlikely as the reason for lower alcohol 
production. In the chemostat runs, the specific growth rate is defined by 
the dilution rate applied which was at a fixed value of 0.05 h− 1 for both 
temperatures. Additionally, the biomass yield was comparable for both 
temperatures (0.16–0.17 Cmol Cmol− 1) indicating that growth was not 
affected by the downshift in temperature. Therefore, a more detailed 
analysis is required to understand how the cultivation temperature af
fects cell physiology and metabolite formation. 

Finally, stable carbon-limited heterotrophic chemostats of C. car
boxidivorans were established using 10 g l− 1 glucose, a dilution rate of 
0.05 h− 1, a gassing rate of 0.25 vvm, pH 6.0 and 37 ◦C. Under these 
conditions, chemostats showed a biomass concentration of 1.4 g l− 1, 
corresponding to a yield of 0.17 Cmol Cmol− 1 (Table 2). C. carbox
idivorans utilized glucose at a cell-specific rate of 2.1 mmol g− 1 h− 1 

(Table 3). The product spectrum observed is in line with previous reports 
for batch cultivations on glucose and included: acetate/ethanol, buty
rate/butanol, hexanoate/hexanol and traces of formate and lactate 
(Table 2) (Fernández-Naveira et al., 2017b). Despite the neutral pH of 
6.0, a high alcohol:acid ratio of 2.79 mol mol− 1 was observed with 
combined titers of 1.6 and 3.7 g l− 1 for acids and alcohols, respectively 
(Fig. 1A). Acetate was the preferred acid formed, as indicated by the 
acetate:butyrate:hexanoate molar ratio of 1.0:0.23:0.12. Similarly, 
ethanol was the dominant alcohol produced with an ethanol:butanol: 
hexanol molar ratio of 1.0:0.31:0.11. In terms of productivity, combined 
rates for acid and alcohol formation of rates 1.1 and 3.2 mmol l− 1 h− 1, 
respectively, were observed (Table 4). Moreover, the combined alcohol 
yield shows that nearly 40% of carbon was converted into ethanol, 
butanol and hexanol (0.39 Cmol Cmol− 1) which is the highest yield re
ported for C. carboxidivorans (see supplementary material). Generally, 
C. carboxidivorans displayed a high carbon efficiency of 78% when uti
lizing glucose with only 22% of carbon being released as CO2 (Fig. 2). 

During the investigation, a second physiological steady–state of C. 
carboxidivorans was observed only noticeable after an extended culti
vation time of > 450 h. While for shorter cultivation times a high 
alcohol:acid molar ratio was observed (termed “high state”), a state 
favoring acid formation (termed “low state”) was observed for long 
cultivation times (Table 2). The low state showed a significantly 

Table 1 
Overview of the process design parameters evaluated for the stable carbon-limited continuous cultivation of C. carboxidivorans on heterotrophic substrate. The final 
parameters were used for all following chemostat experiments.  

Parameter Final Tested Results 

Glucose [g l− 1] 10 10 / 20 Incomplete glucose utilization at 20 g l− 1 

Dilution rate [h− 1] 0.05 0.05 / 0.10 Cell washout at 0.10 h− 1 

pH 6.0 6.0 / 5.5 Cell washout at lower pH 
Gas flow rate [vvm] 0.25 0.25 / 0.10 No effect of gas flow on CO2 stripping and product formation 
Temperature [◦C] 37 37 / 29 Decreased alcohol productivity at 29 ◦C 
Metals and trace 

elements 
FeSO4, Na2SeO3, 

Na2WO4 

CaCl2, FeSO4, NaCl, Na2SeO3, Na2WO4, NiSO4, 
ZnSO4 

Increased alcohol productivity and glucose uptake with additional Fe, Se, 
and W  
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increased combined acid concentration of 4.4 g l− 1, with a C2:C4:C6 
molar ratio of 1:0.31:0.35. A shift towards the formation of long-chain 
acids was observed, which is also reflected by a 6-fold increase in hex
anoate formation (1.4 g l− 1 and 0.21 Cmol Cmol− 1), whereas acetate 
and butyrate formation increased 2.0–fold and 2.7–fold, respectively 
(Table 2). Conversely, the combined alcohol yield decreased by 59% 
compared to the high state. Additionally, a higher portion of carbon was 
released as CO2 during the low state (33%, see supplementary material), 
indicating metabolic rearrangements related to the shift in metabolite 
formation. Despite this shift in metabolite formation, no changes in 
strain morphology were observed and biomass concentrations and yields 
for both states were comparable (Table 2). A more detailed analysis on a 
systems level is required to understand how extended cultivation pe
riods mediate changes in metabolism. Ultimately, such insights could 
serve as the basis to implement genetic and bioprocess engineering 
strategies to tailor scenarios for selective alcohol or long-chain acid 
production. 

3.2. H2 mixotrophy: Impact of an additional electron source on glucose 
fermentation 

In this study, the feasibility to mixotrophically utilize different gases 
in combination with glucose and the potential impact of different mix
otrophic modes on strain physiology and metabolite formation was 
evaluated. Specifically, it was investigated whether metabolism can be 
shifted towards the formation of alcohols or generation of longer chain 
products (C4-C6 acids and alcohols) in the presence of different gas 
mixtures. Based on the heterotrophic reference chemostat, three gas 
mixtures corresponding to three mixotrophic cultivation modes were 
selected by providing either additional electrons using H2 (H2 mixo
trophy) or additional carbon and electrons using H2, CO and CO2 
(Syngas mixotrophy) or CO alone (CO mixotrophy). For the first mixo
trophic scenario, H2 mixotrophy, it was hypothesized that H2 as an 
additional electron source could either promote an increased carbon 
conversion efficiency by fixing CO2 evolving from glycolysis or shift 
metabolite production towards more reduced products, i.e. alcohols. To 
that end, chemostats were established under the same conditions as for 
heterotrophic glucose fermentation and introduced H2 via the gas 
stream. However, H2 feeding showed no significant effect on metabolite, 
CO2 and biomass production as no H2 uptake was noticeable (Table 3, 
Table 4). As such, the overall carbon conversion efficiency was com
parable to the heterotrophic cultivations (83.4%, Fig. 2). The apparent 
inability of C. carboxidivorans to utilize H2 under these conditions could 
be due to carbon catabolite repression (CCR) (Fast et al., 2015). Utili
zation of glucose by C. carboxidivorans could therefore simply repress H2 
consumption. For acetogens, CCR has been shown to be strain specific 
with no rationale available to predict the ability to co-consume H2 with 
sugars without experimental verification. While multiple strains have 
been shown to efficiently co-utilize sugars and gaseous substrates (A. 
woodii, T. kivui, C. ljungdahlii, C. autoethanogenum) for other acetogens 
H2 uptake was not observed in the presence of sugar substrates (C. 
aceticum, M. thermoacetica) (Braun and Gottschalk, 1981; Huang et al., 
2012; Jones et al., 2016; Neuendorf et al., 2021). Besides H2 utilization 
in the presence of sugars, also continuous cultures of C. carboxidivorans 
provided with syngas mainly consumed CO with low or no H2 uptake 
(Doll et al., 2018). In case of syngas, CO inhibition of hydrogenases as an 
explanation for the lack in H2 consumption needs to be considered. 
However, as the cultivations were carried out under CO-limiting con
ditions, inhibition of CO seems rather unplausible. Rather, it appears 
that the ability of C. carboxidivorans to utilize H2 is generally low. This 
explanation is underlined by the fact that C. carboxidivorans naturally 
grows poorly also on H2/CO2 where all reduction equivalents must be 
generated from H2 oxidation (Lakhssassi et al., 2020). Nevertheless, a 
more detailed biochemical and systems level analysis is required to gain 
a more comprehensive picture of H2 metabolism in C. carboxidivorans. Ta
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3.3. Syngas mixotrophy: Impact of additional carbon and electron sources 
on glucose fermentation 

Next, Syngas mixotrophy was studied, where in addition to H2 also 
CO2 and CO were supplied to continuous glucose cultivations. With the 
demonstrated ability of C. carboxidivorans to utilize CO, it was antici
pated that co-utilization of glucose and syngas could trigger shifts in 
metabolism. Indeed, upon changing to a syngas gas feed, a specific CO 
uptake rate of 9.7 mmol g− 1 h− 1 was observed (Table 3). Similar to H2 
mixotrophic cultures and studies reporting autotrophic syngas fermen
tation at ambient pressure with C. carboxidivorans, no significant H2 
uptake was observed (Doll et al., 2018; Ramió-Pujol et al., 2015; Rückel 
et al., 2021; Shen et al., 2020). Nevertheless, C. carboxidivorans has been 
reported to grow on H2/CO2 (Lakhssassi et al., 2020; Liou et al., 2005) 
and that at least one of its hydrogenases is CO-tolerant (Schuchmann 

et al., 2018). Moreover, H2 consumption has been reported for growth 
on syngas in both serum bottles and bioreactor cultivations (operated at 
2 bar) (Shen et al., 2017b). Therefore, H2 utilization by C. carbox
idivorans seems to be limited to conditions with high partial pressures, a 
crucial aspect to be considered for bioprocess development. 

With the increased total carbon turnover resulting from CO con
sumption, also the steady state biomass concentration (+20%, Fig. 1A) 
increased. Consequently, the specific glucose uptake rate decreased 
(-20%, Table 3), as the total amount of glucose supplied to the culture 
remained constant. Additionally, significant changes in metabolite for
mation were observed. Specifically, the combined titers for acid and 
alcohol production increased 3.9-fold and 1.2-fold, respectively, when 
compared to heterotrophy (Fig. 1A). Considering that CO consumption 
boosts the carbon flux through the Wood-Ljungdahl pathway, additional 
acetyl-CoA appears to be preferably converted into acetate and ethanol 

Table 3 
Specific rates obtained from steady-state chemostat runs of C. carboxidivorans (37 ◦C, pH 6.0, dilution rate 0.05 h− 1) with 10 g l− 1 glucose (heterotrophy) and 
co–feeding of gas mixtures (mixotrophy). Mean values and standard deviations were calculated from biological replicates (heterotrophy: 8 replicates with 1.43 g l− 1 

biomass, H2 mixotrophy: 2 replicates with 1.67 g l− 1 biomass, Syngas mixotrophy: 2 replicates with 1.71 g l− 1 biomass, CO mixotrophy: 3 replicates with 2.32 g l− 1 

biomass).  

Operation mode qS [mmol g− 1 h¡1] qP [mmol g− 1 h¡1] 

Glucose CO H2 CO2 H2 Acetate Butyrate Hexanoate Ethanol Butanol Hexanol 

Heterotrophy  2.06  –  –  2.66  0.14  0.60  0.14  0.07  1.59  0.49  0.18  
± 0.27  –  –  ± 0.44  ± 0.17  ± 0.15  ± 0.04  ± 0.03  ± 0.40  ± 0.26  ± 0.08 

H2 mixotrophy  1.83  –  1.76  2.10  –  0.46  0.09  0.05  1.41  0.20  0.13  
± 0.41  –  ± 1.19  ± 0.62  –  ± 0.15  ± 0.00  ± 0.02  ± 0.74  ± 0.05  ± 0.02 

Syngas mixotrophy  1.66  9.66  0.53  5.88  –  2.18  0.31  0.23  2.42  0.15  0.11  
± 0.01  ± 2.37  ± 0.37  ± 0.44  –  ± 0.40  ± 0.22  ± 0.02  ± 0.16  ± 0.22  ± 0.01 

CO mixotrophy  1.27  24.48  –  17.27  0.02  1.12  0.16  0.03  2.69  0.74  0.15  
± 0.20  ± 2.72  –  ± 1.56  ± 0.01  ± 0.32  ± 0.02  ± 0.01  ± 0.50  ± 0.09  ± 0.05 

qS: specific uptake rate (glucose, CO, H2), qP: specific production rate (metabolites, CO2, H2). 

Fig. 1. Comparison of heterotrophic and mixotrophic titers (A) and yields (B) of C. carboxidivorans chemostat cultivations (cultivation conditions: 37 ◦C, 
pH 6.0, dilution rate 0.05 h¡1). Mean values and standard deviations were calculated from biological replicates (heterotrophy: 8, Syngas and H2 mixotrophy: 2, CO 
mixotrophy: 3). Titer is given in g l− 1, yield is given in Cmol per Cmol glucose and CO. 

Table 4 
Volumetric rates obtained from steady-state chemostat runs of C. carboxidivorans (37 ◦C, pH 6.0, dilution rate 0.05 h− 1) with 10 g l− 1 glucose (heterotrophy) and 
co–feeding of gas mixtures (mixotrophy). Mean values and standard deviations were calculated from biological replicates (heterotrophy: 8, H2 and Syngas mixotrophy: 
2, CO mixotrophy: 3).  

Operation mode rS [mmol l− 1 h¡1] rP [mmol l− 1 h¡1] Carbon 
balance 
[%] 

DoR 
balance 
[%] Glucose CO H2 CO2 H2 Acetate Butyrate Hexanoate Ethanol Butanol Hexanol 

Heterotrophy  2.92  –  –  3.77  0.19  0.84  0.20  0.10  2.25  0.70  0.27  99.6  98.8  
± 0.16  –  –  ± 0.46  ± 0.22  ± 0.15  ± 0.06  ± 0.05  ± 0.50  ± 0.36  ± 0.12  10.4  14.9 

H2 mixotrophy  2.97  –  2.68  3.38  –  0.73  0.14  0.09  2.18  0.32  0.22  103.3  107.5  
± 0.29  –  ± 1.60  ± 0.57  –  ± 0.15  ± 0.01  ± 0.04  ± 0.93  ± 0.04  ± 0.06  8.6  12.4 

Syngas 
mixotrophy  

2.84  15.87  0.81  10.04  –  3.84  0.47  0.33  4.10  0.25  0.18  109.9  129.2  
± 0.43  ± 1.44  ± 0.48  ± 1.89  –  ± 1.27  ± 0.30  ± 0.01  ± 0.37  ± 0.32  ± 0.02  6.3  4.0 

CO mixotrophy  2.90  56.14  –  39.94  0.03  2.53  0.37  0.07  6.17  1.75  0.33  99.1  97.7  
± 0.07  ± 4.59  –  ± 5.77  ± 0.03  ± 0.40  ± 0.05  ± 0.02  ± 1.02  ± 0.42  ± 0.12  5.9  5.1 

DoR: degree of reduction, rS: volumetric uptake rate (glucose, CO, H2), rP: volumetric production rate (metabolites, CO2, H2). 
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rather than being utilized for synthesis of longer chain metabolites. This 
observation is reflected by titers of 4.4 g l− 1 (+342% compared to het
erotrophy) and 3.7 g l− 1 (+80% compared to heterotrophy) for acetate 
and ethanol (Fig. 1A), respectively. Additionally, the molar ratios for 
acids and alcohols reflect the preference for acetate and ethanol for
mation: 1.0:0.14:0.11 (acetate:butyrate:hexanoate) and 1.0:0.06:0.05 
(ethanol:butanol:hexanol) (Table 3). Despite an overall enhanced acid 
(4-fold) and alcohol (1.4-fold) productivity (Table 4), total carbon 
conversion efficiency decreased to 71.5% (Fig. 2). Concomitantly, a 2.2- 
fold increased specific CO2 evolution rate was observed, which reflects 
that CO is partially oxidized to CO2 to serve as an electron source (by 
generation of reduced ferredoxin) and only partially as a carbon source 
(Table 3). Generally, CO2 production rates from this study match well 
with reported values (9–50 mmol l− 1 h− 1, see supplementary material) 
for C. carboxidivorans (Doll et al., 2018; Riegler et al., 2019; Rückel 
et al., 2021) and other acetogens such as C. autoethanogenum and C. 
ljungdahlii (Hermann et al., 2020; Valgepea et al., 2018; Valgepea et al., 
2017). 

3.4. CO mixotrophy: Impact of enhanced CO supply on 
C. carboxidivorans metabolism 

Based on the promising results from Syngas mixotrophy, i.e. 
increased formation of C2 compounds by CO and glucose co-utilization, 
the next step was to investigate if an increased supply of CO can further 
boost alcohol productivity or trigger formation of longer chain elonga
tion alcohols. The rationale behind this approach was that additional CO 
could increase the pool of acetyl-CoA (via enhanced activity of the WLP) 
available for chain elongation and at the same time provide Fd2−

(through partial oxidation to CO2) needed for reduction of acids to their 
corresponding alcohols. To that end, CO was used as the sole gaseous 
carbon and electron source as H2 and Syngas mixotrophy had not shown 
an effect of either H2 or CO2 on metabolite formation by C. carbox
idivorans. Consequently, continuous glucose cultures were supplied with 
20% CO in N2. Doubling the amount of CO in the gas feed led to a 1.6- 
fold increase in biomass concentration compared to heterotrophy 
(Fig. 1A). Consequently, the specific glucose uptake rate decreased by 
38% as the overall amount of glucose fed to the system remained con
stant (Table 3). In contrast, the specific CO uptake rate increased 2.5- 
fold to 24.5 mmol g− 1 h− 1 (Table 3), which is comparable to reported 
values of 29–42 mmol g− 1 h− 1 (Doll et al., 2018; Riegler et al., 2019; 
Rückel et al., 2021) for C. carboxidivorans (see supplementary material) 
and other acetogens (Hermann et al., 2020; Nagarajan et al., 2013; 
Valgepea et al., 2017). As a result of the increased CO uptake, CO 
mixotrophy was accompanied by a significant increase in CO2 evolution. 
The specific CO2 rate was 17.3 mmol g− 1 h− 1, 2.9-fold and 6.5-fold 
higher compared to Syngas mixotrophy and heterotrophy, respectively 
(Table 3). Consistent with the high specific CO2 evolution rate, the 

overall carbon efficiency decreased to 45.4% (Fig. 2). Reference values 
for carbon efficiency of C. carboxidivorans are scarce, with the notable 
exception of a recently published study investigating electricity- 
enhanced mixotrophy reporting a wide range of carbon efficiencies 
(53–83%) (Cheng et al., 2022). However, values similar to CO mixo
trophy in C. carboxidivorans have been reported for autotrophic syngas 
and CO utilization by C. ljungdahlii and C. autoethanogenum (36–59%) 
(Hermann et al., 2020; Valgepea et al., 2018; Valgepea et al., 2017). 

CO mixotrophy resulted in the highest metabolite titers of this study, 
with combined acid and alcohol titers of 3.9 g l− 1 (+145% compared to 
heterotrophy) and 9.1 g l− 1 (+148% compared to heterotrophy), 
respectively (Fig. 1A). Under these conditions, acetate, ethanol, and 
butanol were the major metabolites formed, with titers of 3.1, 5.7 and 
2.6 g l− 1, respectively (Fig. 1A). Consequently, also the specific forma
tion rates for acetate, ethanol, and butanol were enhanced 1.9, 1.7 and 
1.5-fold, respectively, while the rates for butyrate, hexanoate and hex
anol were comparable to the heterotrophic cultivation (Table 3). 
Overall, the molar alcohol:acid ratio was 2.73 mol mol− 1, comparable to 
2.79 mol mol− 1 observed for heterotrophy. Despite higher production 
rates for acetate, ethanol, and butanol, the high oxidation rate of CO 
decreased the yield for acids and alcohols by 45% and 23%, respectively, 
compared to heterotrophy (Fig. 1B). Nevertheless, the alcohol yields for 
CO mixotrophy are comparable to previous reports and the yields ob
tained under heterotrophic conditions are overall the highest values 
reported for C. carboxidivorans (see supplementary material). Moreover, 
the butanol and hexanol titers for CO mixotrophy are the highest re
ported values for continuous cultivations and the total alcohol titer was 
only surpassed by studies using continuous packed-bed and biofilm re
actors (Shen et al., 2014; Shen et al., 2017b). However, in addition to 
being difficult-to-operate (uncontrolled cell growth and decreasing 
viability) (Vees et al., 2020), these reports showed significantly lower 
alcohol productivities of 2.4–6.1 mmol l− 1 h− 1 (see supplementary 
material). 

3.5. In silico analysis of C. carboxidivorans metabolism: CO uptake 
triggers metabolic rearrangements 

Next, a stoichiometric core model was established based on the 
metabolic pathways currently known to operate in C. carboxidivorans 
(Fig. 3). This model was then used to analyze and compare intracellular 
flux distributions of heterotrophic and CO mixotrophic conditions. 
Using the specific uptake and production rates determined for both 
conditions and the specific growth rate set by the liquid dilution rates of 
the cultures (0.05 h− 1), flux balance analyses were performed for which 
maximizing the non-growth associated ATP maintenance energy served 
as the objective function. 

Expectantly, the presence of CO triggered significant changes in 
intracellular flux distributions. Specifically, the glycolytic flux was 57% 
lower for CO mixotrophy compared to heterotrophy (Fig. 4). In contrast, 
the flux through the Wood-Ljungdahl pathway increased 23-fold when 
CO was utilized in addition to glucose. Furthermore, roughly 80% of CO 
taken up was initially oxidized to CO2 to generate reduction power 
(Fd2− ). The acetyl-CoA synthesis rate for CO mixotrophy obtained from 
FBA indicates that 35% of CO-derived carbon was ultimately fixed (total 
carbon efficiency of 45.4%, Fig. 4B). Previously reported carbon effi
ciencies from CO for autotrophic cultures of C. carboxidivorans (qCO2/ 
qCO ~0.63–0.69) and C. autoethanogenum (qCO2/qCO ~0.68) closely 
match with the findings of this study (qCO2/qCO = 0.71) (Doll et al., 
2018; Valgepea et al., 2018). Based on this observation the carbon ef
ficiency from CO in acetogenic hosts capable of synthesizing mixtures of 
more (alcohols) and less (acids) reduced metabolites appears to be 
constant and independent from the presence of other, high energy car
bon sources such as glucose. In addition to the carbon efficiency, ener
getic efficiencies were calculated, i.e. the portion of energy from a 
substrate which is retained in the metabolites and biomass formed 
during fermentation. It was found that the energetic efficiency for CO 

Fig. 2. Carbon efficiency of heterotrophic and mixotrophic chemostats of 
C. carboxidivorans. For comparison of carbon conversion efficiencies, carbon 
balances were set to 100% for each condition. 
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mixotrophy was 77.4% (Fig. 4B), which closely matches values observed 
for autotrophic CO utilization by C. autoethanogenum (69.6%) (Valgepea 
et al., 2018), H2/CO2 utilization by A. woodii (76.3%), glucose-based 
ABE (65.4%) or yeast ethanol (81.6%) fermentation (Neuendorf et al., 
2021). Compared to aerobic systems (Cotton et al., 2020), where 
frequently only energetic efficiencies of 20–40% are observed, the re
sults obtained for C. carboxidivorans once more confirm the potential of 
acetogens as highly energy efficient and flexible bioproduction hosts 
from one carbon feedstocks. 

NGAM values of 6.5 and 9.5 mmol g− 1 h− 1 for heterotrophy and CO 
mixotrophy, respectively, were observed. Similar NGAM levels were 
found for autotrophic chemostat cultivations of C. autoethanogenum with 
CO, syngas and H2:CO (5.5–9.3 mmol g− 1 h− 1) (Valgepea et al., 2018). 
Higher NGAM values for CO mixotrophy might be linked to increased 
ATP costs for operating the WLP at a higher flux and for maintaining the 
proton motive force due to higher acid and alcohol titers (Valgepea 
et al., 2018; Valgepea et al., 2017). 

The factors promoting selective alcohol production or elongation of 
acetyl-CoA to longer chain acids and alcohols in C. carboxidivorans so far 
remain unclear. Generally, alcohol synthesis by acetogenic and sol
ventogenic clostridia is linked to high concentrations of acids at a low 
culture pH to avoid excessive transport of undissociated acetic acid and 
uncoupling of proton gradients required for ATP synthesis. Nevertheless, 

heterotrophic C. carboxidivorans cultures at pH 6 displaying low acetate 
titers (~1 g l− 1) already showed a relatively high alcohol:acid ratio of 
2.8 mol mol− 1. Even autotrophic cultures at pH 6 using CO as sole 
carbon and energy source showed an alcohol:acid ratio of 1.4 (Doll et al., 
2018). Therefore, selectivity of alcohol synthesis is likely governed by 
thermodynamics. FBA simulations showed that under both conditions 
(heterotrophy and CO mixotrophy) investigated in this study, alcohol 
synthesis via the aldehyde oxidoreductase (Aor) reaction was energeti
cally more favorable compared to direct reduction of acetyl-CoA. 
Therefore, selectivity of alcohol synthesis could be governed by reac
tion thermodynamics and kinetics. At a culture pH of 6, the intracellular 
pH is likely in the range of 6.5. Therefore, the intracellular C2 acid pool 
observed for heterotrophy (extracellular acetate ~1 g l− 1) and CO 
mixotrophy (~3 g l− 1) mainly consists of acetate (51 and 152 mM) and 
the pool of free acetic acid (pKa = 4.76) is low (1 and 3 mM). The 
relatively small changes of intracellular pools of free acetic acid of 
heterotrophy and CO mixotrophy also explain why the alcohol:acid ratio 
was unaffected despite the additional supply of reducing power by CO 
feeding. Nevertheless, the Aor reaction is overall exergonic (ΔrG ~ -5.5 
kJ mol− 1) with 1–3 mM free acetic acid in the cell. At a concentration of 
152 mM, even direct conversion of acetate into acetaldehyde becomes 
exergonic (ΔrG ~ -2.5 kJ mol− 1) assuming an intracellular acetaldehyde 
concentration of 1 µM (Mock et al., 2015). Thermodynamic feasibility is 

Fig. 3. Metabolic pathways of the central metabolism of C. carboxidivorans. Substrates (orange lettering) are converted via Embden-Meyerhof-Parnas (EMP) 
pathway (right yellow box) and Wood–Ljungdahl pathway (WLP) (middle yellow box). The extracellular metabolites (blue lettering) are produced via the boxed acid 
(red = hexanoate, orange = butyrate, bright orange = acetate) and alcohol pathways (blue = hexanol, turquoise = butanol, bright green = ethanol). The conversion 
between C2 > C4 > C6 products happens via the chain elongation pathway (left yellow box). The energy conservation (Rnf, NfN, Hyd, ATPase) is shown in deep 
orange. Ack, acetate kinase; Acs, acetyl-CoA synthase complex; AdhE, bifunctional acetaldehyde/alcohol dehydrogenase; Aldo, fructose biphosphate aldolase; Aor, 
aldehyde:ferredoxin oxidoreductase; Bcd, butyryl-CoA dehydrogenase; Buk, butyrate kinase; [CO], enzyme-bound CO; CODH, CO dehydrogenase; Crt, crotonase; 
Eno, enolase; Fak, fatty acid kinase; Fd, oxidized ferredoxin; Fd2− , reduced ferredoxin; FDH, formate dehydrogenase; Fts, formyl-THF synthetase; Gapdh, 
glyceraldehyde-3-phosphate dehydrogenase; Gk, hexokinase; Gpi, glucose-6-phosphate isomerase; Hbd, 3-hydroxybutyryl-CoA dehydrogenase; Hyd, electron- 
bifurcating hydrogenase; LDH, lactate dehydrogenase; Met, 5-methyl-tetrahydrofolate:CFeSP methyltransferase; Mtc/Mtd, bifunctional methenyl-THF cyclo
hydrolase/ methylene-THF dehydrogenase; Mtr, methylene-THF-reductase; NfN, electron-bifurcating transhydrogenase; PEP, phosphoenolpyruvate; Pfk-1, phos
phofructokinase; Pfor, pyruvate:ferredoxin oxidoreductase; Pgk, phosphoglycerate kinase; Pgm, phosphoglycerate mutase; Pk, pyruvate kinase; Pta, 
phosphotransacetylase; Ptb, phosphotransbutyrylase; Ptf, phosphotransferase; Rnf, Rhodobacter nitrogen fixation complex, energy-coupled transhydrogenase, 
Thl, thiolase. 
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furthermore supported by the observation that significant portions of 
alcohols (~50%) were removed from the culture broth via gas stripping. 
As such, a higher thermodynamic driving force might have been ach
ieved by efficient removal of the product of the 2-step conversion re
action (acid–aldehyde-alcohol). Despite results from in silico modeling 
and thermodynamic feasibility of the Aor route, it cannot be excluded 
that alcohol production at least partially occurs via the bioenergetically 
less favorable route for NADH-dependent reduction of acetyl-CoA to 
acetaldehyde. This reaction shows a ΔrG ~ -20 kJ mol− 1 (1 mM acetyl- 
CoA, 1 µM acetaldehyde, pH 6.5), more exergonic than the Aor reaction 
under the same conditions. 

In addition to stripping of products, lowering the culture pH is ex
pected to increase alcohol selectivity. Specifically, at a culture pH of 5, 
an intracellular pH of 6, and an extracellular acetate titer of 3 g l− 1, the 
overall thermodynamic driving force for acetic acid (ΔrG ~ -13 kJ mol− 1 

for 18 mM acetic acid) and acetate (ΔrG ~ -10 kJ mol− 1 for 317 mM 
acetate) significantly improves towards aldehyde and alcohol formation. 
However, all attempts to establish continuous cultures at a pH lower 
than 6 were unsuccessful. Likewise, 2-step continuous cultures with a pH 
of 6 and 5 in the first and second step, respectively, did not show growth 
and an overall low metabolic activity in the second stage (Doll et al., 
2018). Therefore, batch cultivations are the only examples for C. car
boxidivorans cultivated at a lower culture pH. Shifting pH from 5.75 to 
4.75 after an initial phase of growth led to a shift in alcohol:acid ratio to 
1.48 compared to cultures without a shift (0.30) (Fernández-Naveira 
et al., 2016). Consequently, continuous bioprocessing with high alcohol 
selectivity at low culture pH likely requires measures such as cell 
retention systems to maintain a high biocatalyst concentration and ac
tivity without the need for growth. Generally, an analysis on the pro
teomic and transcriptomic level in combination with metabolic 
modeling is required to verify thermodynamic and kinetic regulations as 
the trigger for alcohol synthesis. 

Next to alcohol selectivity, chain elongation is the second dimension 
of metabolite formation in C. carboxidivorans. Under which conditions 
chain elongated products are formed remains largely unclear. Generally, 
formation of acids and alcohols followed a C2 > C4 > C6 pattern (Doll 
et al., 2018; Fernández-Naveira et al., 2017a; Shen et al., 2017a). As 
such, it appears likely that thermodynamics and kinetics are also 

involved in the formation of metabolites beyond acetate and ethanol. 
Acetyl-CoA as the turntable of metabolism can either be used for ace
tate/ethanol formation via the Pta reaction (ΔG of 9.0 kJ mol− 1) or for 
chain elongation via the thiolase reaction (ΔG of 25 kJ mol− 1). Conse
quently, under standard conditions formation of C2 products is ther
modynamically more favorable than chain elongation. FBA showed a 
44% higher flux towards acetyl-CoA for CO mixotrophy compared to 
heterotrophy. Therefore, the moderate shift in the ethanol:butanol: 
hexanol towards butanol formation observed for the CO mixotrophy 
could be due to higher intracellular acetyl-CoA levels. However, a CO- 
grown continuous culture of C. carboxidivorans showed an even higher 
flux towards acetyl-CoA formation with only small amounts of butyrate 
and butanol formed. In this study, only CO mixotrophy showed 
increased levels of butanol. In addition to thermodynamic regulation by 
the acetyl-CoA pool, availability of ATP (provided by glucose and CO) 
and reducing power (mainly from CO) are potentially involved in 
regulating synthesis of longer chain products. Furthermore, feeding of 
surplus amounts of acetate and CO to a co-culture of C. autoethanogenum 
and Clostridium kluyveri has been shown to promote chain elongation 
(Diender et al., 2016). Consequently, metabolomics measurements to 
determine intracellular acetyl-CoA and ATP levels in combination with 
bioprocessing strategies supplying additional glucose, CO or acetate to 
modulate ATP, redox and acetyl-CoA household could be used to study 
regulation of chain elongation in C. carboxidivorans. Additionally, 
rational metabolic engineering could be extremely helpful in identifying 
metabolic regulations. However, the development of genetic tools has 
hitherto been hampered by the complex DNA restriction-modification 
system of C. carboxidivorans which prevents introducing foreign DNA 
effectively (Bourgade et al., 2021). 

Despite the remaining challenges, the broad product spectrum, and 
its ability to utilize multiple pentoses and hexoses in addition to gaseous 
substrates render C. carboxidivorans a promising microbial host. Pushing 
mixotrophic processes towards industrial application, C. carboxidivorans 
could be used as a carbon- and energy-efficient bioproduction system for 
mixotrophic upgrading of low-cost sugar feedstocks such as spent sulfite 
liquor and industrial waste gas streams into value-added products. 
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Fig. 4. Intracellular flux distributions of C. carboxidivorans for heterotrophic (A) and CO mixotrophic (B) chemostat cultivations. Flux values (light green 
boxes) are given in mmol g− 1 h− 1 and represent mean values of biological replicates (heterotrophy: 8, CO mixotrophy: 3). Central box (green) indicates non-growth 
associated ATP maintenance (NGAM, mmol g− 1 h− 1), energy and carbon efficiency. NGAM maximization was used as objective function for FBA simulations. 
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4. Conclusion 

In this study, heterotrophic and mixotrophic chemostats of C. car
boxidivorans have been used to understand co-utilization of glucose and 
gaseous feedstocks. CO as a carbon and energy source was found to be 
efficiently co-utilized with glucose. CO mixotrophy displayed high 
alcohol titers and productivities. Mixotrophic conversion was also 
characterized by a high energetic efficiency. An in silico metabolic 
analysis showed that selectivity of alcohol production and chain elon
gation appear to be regulated on the thermodynamic and bioenergetic 
level. The physiological insights of this study therefore lay the founda
tion for establishing efficient alcohol production from waste streams in 
the future. 
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