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A B S T R A C T

Gas fermentation is a promising approach to reduce carbon emissions of production processes by using micro
organisms to convert industrial gas streams into valuable carbon-based products. Here, isopropanol production 
by engineered Cupriavidus necator from CO2-rich gas streams is presented. Four different engineered strains were 
tested first on synthetic gas mixture, and one was selected, namely Re2133/pEG7d, for further evaluation on two 
different industrial CO2-rich gas streams. Up to 1.6 g L− 1 of isopropanol was obtained in autotrophic gas flasks 
with this strain. Then, raw biogas from landfill containing 45% methane was successfully used as a CO2 source 
for isopropanol production with this strain Re2133/pEG7d producing up to 2.35 ± 0.25 g L− 1, and methane 
enrichment was demonstrated. Finally, flue gases from a municipal incinerator were used as a source of CO2 and 
O2 for the autotrophic cultivation of the strain Re2133/pEG7d, obtaining a final isopropanol concentration of 
2.5 ± 0.3 g L− 1.

This work highlighted the robustness of C. necator to potential industrial gas stream impurities and its 
versatility in using diverse gaseous feedstocks, promising future developments at larger scale.

1. Introduction

To reach the climate goals for 2050, anthropogenic greenhouse gas 
emissions have to be reduced drastically, shifting from fossil resources to 
sustainable alternatives and moving towards a circular economy. It is 
essential to meet the demand for carbon-based industrial products with 
alternative, low-emission processes. This comprises recirculating carbon 
that would otherwise be emitted as CO2, thereby contributing to climate 
change. One promising approach is gas fermentation, where microor
ganisms convert carbon to produce a wide range of value-added 
products.

The relevance of different microbial conversion processes is deter
mined by the composition of the gas streams. Acetogens are efficient 
biocatalysts for gas streams rich in carbon monoxide and free of oxygen, 
while Knallgas bacteria can effectively convert streams containing 

carbon dioxide, such as flue gas from the cement industry and lime 
production (Nagappan et al., 2020, Patricio et al., 2017). While gas 
streams with high purity carbon dioxide are already directly being 
valorised in industry, the separation of carbon dioxide from streams 
additionally containing, e.g., nitrogen is costly (Patricio et al., 2017, 
Kircher and Schwarz, 2023). For example, biogas from landfill before 
upgrading, typically contains 45–70% CH4 and 30–40% CO2 (Hagen 
et al., 2001). To introduce methane into the gas grid, a purity of 95% is 
required, with the cost of separating CH4 from CO2 being inversely 
proportional to the amount of CO2 present (Kircher and Schwarz, 2023). 
In case of incinerator flue gas, the composition typically contains around 
5–11% CO2, 8–12% O2 and 80% N2 depending on the process conditions 
and the waste composition ( Aouini et al., 2014, Patricio et al., 2017). In 
2018, incinerator plants in Europe emitted around 78 Mt CO2, with 
around 55% CO2 being of fossil origin (Warringa, 2021). The 
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valorisation of carbon dioxide in incinerator flue gas is challenging due 
to fluctuations in gas composition based on the processed waste (Aouini 
et al., 2014). The low CO2 content in incinerator gas results in higher 
energy requirements for carbon capture. Microbial processes offer an 
inherent advantage over chemical methods due to their higher flexibility 
regarding feedstock composition and greater tolerance to impurities 
(Mohammadi et al., 2011, Liew et al., 2013).

Among the Knallgas bacteria, Cupriavidus necator has attracted most 
interest due to its versatile metabolism allowing for hetero- and auto
trophic growth under aerobic and anaerobic conditions. Furthermore, it 
is characterised by the ability to redirect substantial carbon flux toward 
the storage molecule PHA. This characteristic has been exploited by 
replacing the PHA biosynthesis with heterologous pathways. Addition
ally, proof-of-concept studies have successfully demonstrated the pro
duction of PHA based on syngas (Volova and Voinov, 2004), high-purity 
off-gas from an ethanol plant (Garcia-Gonzalez and Wever, 2017, Rossi 
et al., 2025), and biogas (Garcia-Gonzalez and Wever, 2017, Serna-
García et al., 2024). Also, the first heterologous product, lycopene, has 
been produced using the off-gas stream from a coal-fired plant (Wu 
et al., 2022). In this study, this is complemented by demonstrating the 
potential for producing the biofuel isopropanol as an additional heter
ologous product. We focus on a direct comparison of cultivations using 
industrial-grade gas sources and pure lab-grad gasses.

Isopropanol is the most widely used disinfectant world-wide due to 
its antimicrobial properties (Rosenberg et al., 2013). Its high-octane 
number and energy density make it an interesting add-in for biofuels. 
Additionally, it is commonly used as solvent, e.g., in the cement in
dustry, in cosmetics and healthcare products. In the chemical industry, 
isopropanol is furthermore used as a feedstock for the production of 
acetone, polypropylene, acrylates, and isopropylamines (Logsdon and 
Loke, 2000, Rosenberg et al., 2013). The conventional production pro
cess via direct or indirect hydration of propene relies on propene, which 
is a fossil-derived product (Logsdon and Loke, 2000).

While some acetogens can produce isopropanol natively, higher 
concentrations and lower by-product formation and faster growth rates 
have been obtained by heterologously expressing genes from Clostridium 
sp. in other host organisms. The highest isopropanol concentration so far 
was obtained under heterotrophic conditions with Escherichia coli with 
40 g L− 1 in the liquid phase using glucose as substrate (Inokuma et al., 
2010). However, for the valorisation of gaseous substrates, the most 
advanced productions have been obtained anaerobically in engineered 
Clostridium autoethanogenum with 8 g L− 1 from syngas (Liew et al., 2022) 
and aerobically in engineered C. necator with concentrations ranging 
8–11.5 g L− 1 from CO2 (Di Bisceglie et al., 2025; Weickardt et al., 2025, 
unpublished).

A wide range of promoters has been used in C. necator. As for the cell- 
toxic product isopropanol reduced growth rates were reported when the 
operon was controlled by a constitutive promoter, inducible-systems are 
preferred (Grousseau et al., 2014). The main disadvantage of inducible 
promoter is the high cost of the inducer molecule on an industrial scale 
(Johnson et al., 2018). This makes auto-inducible systems attractive, 
which are upregulated under nutrient limitation or a switch of substrate. 
Several auto-inducible promoters have been successfully applied in 
C. necator, including PphaP ( Srinivasan et al., 2002, Fukui et al., 2011), 
PcbbL (Lütte et al., 2012, Dangel and Tabita, 2015) as well as PacoD and 
PacoX (Delamarre and Batt, 2006, Schwarze et al., 2010). The strongest 
native promoters identified so far is PSH, which is induced on glycerol 
and under autotrophic conditions (Jugder et al., 2016). Here iso
propanol production was performed autotrophically on four different 
engineered strains, a constitutive isopropanol producer and three 
inducible producers responding to the arabinose or rhamnose promoter 
and to an auto-induced promoter under nitrogen limitation. One of the 
strains was further evaluated for growth and production on two indus
trial flue gases, a biogas from landfill and an incinerator flue gas.

2. Material and methods

2.1. Plasmid and strain construction

Four different isopropanol-producing strains were used, which all 
contained the isopropanol-operon (Grousseau et al., 2014) in the PHA 
deletion mutant Re2133 ΔphaB1B2B3C1 (Budde et al., 2011) but under 
different promoter (Table 1; Fig. 1). The isopropanol operon comprises 
the native phaA (H16_A1438) and ctfAB (H16_A1331, H16_A1332) and 
codon-optimised acetoacetate decarboxylase (CA_P0165) from Clos
tridium acetobutylicum and codon-optimised alcohol dehydrogenase 
(AF157307) from Clostridium beijerinckii. In strain Re1233/pEG7b the 
operon was placed downstream of the constitutive PTAC promoter. In 
Re1233/pEG7c it was placed under the control of the 
arabinose-inducible PBad promoter (Grousseau et al., 2014) and in 
Re2133/pJLSG02 under the control of the rhamnose-inducible promoter 
PRha. In strain Re2133/pEG7d, the operon was inserted downstream of 
the PGln promoter (a 400 bp upstream sequence of the glutamine syn
thetase glnA3 gene (H16_B2191), a putative NtrC binding site). So far, 
nitrogen-dependent systems have been successfully established in E. coli, 
using the glnA2 promoter for the expression of recombinant proteins 
(Schroeckh et al., 1996).

DNA sequence amplification was achieved using Phusion High- 
Fidelity PCR Master Mix with GC Buffer (New England Biolabs, Ips
wich, MA, USA). QIAQuick Gel Extraction Kit (QIAGEN, Valencia, CA, 
USA) was used for gel purification of all DNA products. Plasmid ex
tractions were carried out using the QIAprep Spin Miniprep Kit (QIA
GEN). Restriction enzymes used were from New England Biolabs.

For strain construction, the protocol described by Grousseau et al., 
2014 was followed. In short, the promoter region of the broad-host 
vector pBBR1MCS-2 (Kovach et al., 1995) was replaced with the Pgln 
promoter. For construction of pEG7d, the 5′-OL pBBR1MCS-2 glnA3_up 
and 3′-OL glnA3_up pBBR1MCS-2 primers described in Table 2 were used 
to amplify the 400 bp upstream sequence of glnA3 gene (H16_B2191). 
The 5′-OL glnA3_ up pBBR1MCS-2 and 3′-OL pBBR1MCS-2 glnA3_up 
primers were used to amplify the plasmid backbone pBBR1MCS-2. Both 
fragments were assembled by one-step isothermal DNA assembly pro
tocol (Gibson et al., 2009) to lead to pBBR1MCS-2-PGln. Then 
pBBR1MCS-2-PGln digested by ClaI and XhoI was used respectively as 
backbone DNA for the assembly of pEG7d plasmid. The fragment with 
pathway genes from the digestion of pEG7a (Grousseau et al., 2014) 
with XhoI and ClaI was isolated and purified. The fragment was then 
ligated with the corresponding digested vector to obtain pEG7d plasmid.

For construction of pSLSG02, the Rhamnose promoter was amplified 
from pKRrha plasmid (Sydow et al., 2017) with the primers pBBad_Pr
ha_fw and pBBad_Prha_rev (Table 2). The fragment was ligated with a 
DNA sequence amplified from pBBAD with pBBad_ampli_Fw and 
pBBad_ampli_rev primers. Both fragments were assembled by one-step 
isothermal DNA assembly protocol (Gibson et al., 2009) to lead to 
pBBAD-PGln. The fragment with pathway genes from the digestion of 
pEG7a (Grousseau et al., 2014) with XhoI and EcoRV was isolated and 
purified. The fragment was then ligated with the corresponding digested 

Table 1 
Plasmids used in this study.

Plasmid Description Literature

pEG7b pBBR1MCS-2[Kanr]-[Ptac-phaA-RBS-ctfAB- 
RBS-adc*-RBS-adh*]

(Grousseau et al., 
2014)

pEG7c pBBR1MCS-2[Kanr]-[PBad-phaA-RBS-ctfAB- 
RBS-adc*-RBS-adh*

Grousseau et al., 
(2014))

pJLSG02 pBBR1MCS-2[Kanr]-[Prha-phaA-RBS-ctfAB- 
RBS-adc*-RBS-adh*]

This work

pEG7d pBBR1MCS-2[Kanr]-[Pgln-phaA-RBS-ctfAB- 
RBS-adc*-RBS-adh*]

This work

(*) the gene was codon-optimised.
The RBS sequence was AAAGGAGGACAACC (Lu et al., 2012)
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vector to obtain pJLSG02 plasmid.
The ligation products were transformed into chemical competent 

E. coli Top10 cells (InvitrogenTM, Life technologies). After plasmid 
extraction, their correct assembly was verified via plasmid digestion. 
The correct gene insertion into the plasmids was confirmed via 
sequencing. Every correct plasmid was transformed into E. coli S17–1 by 
electroporation, which was then used for conjugative transfer of the 
plasmid into C. necator Re 2133.

2.2. Medium and preculture

Strains were streaked from a glycerol stock being stored at − 70◦C on 
complex medium plates. After three days of incubation, one colony was 
used to inoculate 10 mL of complex medium in a baffled 50 mL shake 
flask. The cells were grown to an OD of around 1.0 (~17 h) and used to 
inoculate a second preculture with an OD of 0.05 in minimal medium. 
This was conducted in 50 mL liquid containing 2 g L− 1 fructose and 
0.5 g L− 1 NH4Cl in 250 mL baffled shake flask. After this preculture 
reached an OD of around 0.5 it was used to inoculate the main culti
vation with an OD of 0.05.

The rich medium contained 27.5 g L− 1 dextrose-free Bacto™ Tryptic 
soy, supplemented with 20 g L− 1 agar for plate cultivation. The minimal 
medium contained 11.6 g L− 1 Na2HPO4 x 12 H2O, 5.2 g L− 1 NaH2PO4 x 
2 H2O, 0.8 g L− 1 MgSO4 x 7 H2O, 0.08 g L− 1 CaCl2 x 2 H2O, 0.45 g L− 1 

K2SO4, 0.04 g L− 1 NaOH, 0.033 mg L− 1 NiCl2 x 6 H2O, 15 mg L− 1 FeSO4 
x 7 H2O, 2.4 mg L− 1 MnSO4 x H2O, 2.4 mg L− 1 ZnSO4 x 7 H2O and 
0.48 mg L− 1 CuSO4 x 5 H2O. In the mid-exponential growth phase 
additional 0.033 mg L− 1 NiCl2 x 6 H2O were added to the cultivation. 
For main cultivations, 1.0 g L− 1 NH4Cl were added, limiting the 
maximal obtainable cell dry weight to 2 g L− 1, corresponding to an OD 
of 1.0. For heterotrophic cultivations, 30 g L− 1 fructose were added, for 
lithoautotrophic growth, no organic carbon source was added. In all 

cultivations, 10 mg L− 1 gentamicin and 100 mg L− 1 kanamycin were 
added. For induction 1 g L− 1 L-arabinose or 0.5 g L− 1 L-rhamnose were 
added in the mid-exponential growth phase except stated otherwise.

2.3. Main culture

All flasks were incubated at 30◦C and 140 rpm. For autotrophic 
cultivations, baffled Schott bottles closed with a hermetic lid were used. 
In the lower part of the bottles, a glass nozzle with a silicon septum was 
attached to enable sampling. The lid was equipped with two valves, for 
connections with the gas refill system, the barometer to measure head- 
space pressure, the vacuum pump or a syringe for gas sampling as 
described in Weickardt et al., 2025. Incinerator cultivations were con
ducted with 50 mL liquid volume to reduce gas consumption due to 
limited available amount, while for biogas cultivations 100 mL culti
vation volume was used.

The bottle headspace was filled with the envisaged gas mixture. First, 
the headspace was emptied by applying a vacuum. Strain character
isations were conducted with a commercial gas mixture (UN 1954 
compressed gas, flammable, N.O.S. (Hydrogen, Carbon dioxide), 2.1, 
(B/D), Air Liquide, Bagneux, France) containing 80.12% hydrogen and 
19.88% carbon dioxide. This mixture was filled up to an overpressure of 
2.3 bar. 0.2 bar oxygen were added, to reach a final gas composition of 
H2/O2/CO2 74/8/18 mol% (Weickardt et al., 2025). During the culti
vation, the headspace-pressure was followed. The gas phase was 
replaced by a new gas mixture when the over-pressure dropped to 
around 0.8 bar.

Depending on the composition of the off-gas, the headspace of the 
cylinder was topped up after being filled with industrial gas with the 
appropriate gas to achieve the targeted mixture composition. To add H2 
and adjust CO2 quantity in cultivations with industrial gas and their 
references, pure carbon dioxide or hydrogen (Air Liquid, Bayeux, 

Fig. 1. Schematic representation of the isopropanol biosynthetic operon inserted in the plasmid pBBR1MCS-2. Each plasmid was incorporated into strain Re2133 
(H16 ΔphaB1B2B3C1, Budde et al. 2011). Plasmid name, promoter (in bold), genes name in arrows.

Table 2 
Primers used for pBBR1MCS-2-PGln construction.

Primer name Sequence (5’ to 3’)

Construction of pBBR1MCS-2-PGln
5'-OL pBBR1MCS-2 glnA3_up GCTCACTCATTAGGCACCCCAGGCCATCGTACTTGCTGAACAGCACC
3'-OL glnA3_up pBBR1MCS-2 GGTGCTGTTCAGCAAGTACGATGGCCTGGGGTGCCTAATGAGTGAGC
5'-OL glnA3_ up pBBR1MCS-2 CAAAGTCGGAAGGAGCCGATCCGGTACCGGGCCCCCCCTC
3'-OL pBBR1MCS-2 glnA3_up CGAGGGGGGGCCCGGTACCGGATCGGCTCCTTCCGACTTT
Construction of pBBAD-PRham
pBBad_Prha_fw ATTGTCTGATTCGTTACCAATTAATCTTTCTGCGAATTGAG
pBBad_Prha_rev CTAGCCCAAAAAAACGGGTTACGACCAGTCTAAAAAGCG
pBBad_ampli_Fw CGCTTTTTAGACTGGTCGTAACCCGTTTTTTTGGGCTAG
pBBad_ampli_rev CTCAATTCGCAGAAAGATTAATTGGTAACGAATCAGACAAT
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France) instead of the commercial CO2/H2-mixture was used. The cul
tivations for testing the impact of methane were conducted with pure 
methane (AirLiquide, purity > 99.9995%, Bagneux, France). The bottles 
were first filled with the off-gas and then completed with the necessary 
pure gases to reach the targeted mixture and a final pressure of 2.3–2.5 
bars. Pure oxygen was supplied to reach the 8–12% range to avoid hy
drogenases inhibition by the oxygen and hydrogen was supplied the 
most (30–45% range) because it has the lowest solubility of the three 
gases (Di Bisceglie et al., 2024; Weickardt et al., 2025).

To test the transfer of volatile fatty acids from the biogas into the 
cultivation medium, triplicates were conducted in non-inoculated min
imal medium without nitrogen source. The bottle headspace was filled 
with 40% industrial biogas, 50% H2 and 10% O2 and incubated for 70 h 
at 30◦C and 140 rpm to simulate cultivation conditions.

During experiments using industrial off-gas and their respective 
reference cultivations, before and after the gas refill, the headspace 
composition was analysed. For this, 10 mL of the headspace gas was 
sampled via a syringe equipped with a 3-way-valve and directly injected 
into a GC-MS.

2.4. Analytical methods

Growth was followed by measuring the optical density (OD) with a 
Hach Lange Spectrophotometer (Hach Lange Berlin, DR3900) with 2 
mm-length glass cuvettes. If necessary, samples were diluted with tap 
water. The correlation to the cell dry weight was determined as CDW 
= 2 x OD.

Concentrations of fructose, isopropanol, acetone, pyruvate, succi
nate, acetate, arabinose and rhamnose were measured via HPLC from 
the filtered supernatant of samples centrifuged for 5 min at 13 200 rpm. 
A HPLC Waters e2695 (Waters, Milford, US) with a 300 × 7.8 mm HPX- 
87H Biorad Aminex column was used, equipped with a 30 × 4.6 mm 
Cation H+ cartridge pre-column (Bio-Rad, Hercules, CA, USA), and a 
refractive Index (RI) and UV detector. Analysis were conducted with 50 
◦C column temperature and 2.5 mM H2SO4 as eluent with a flow rate of 
0.5 mL min− 1.

The headspace composition was determined offline using gas chro
matography. Gas samples of 10 mL were taken from the bottle head
space using a 10 mL syringe closed with a 3-way valve, in front of which 
a syringe filter was attached. The syringe was connected to the bottle lid 
via a 10 cm tube. The gas samples were injected into the GC to quantify 
H2, CO2, O2, N2 and CH4. The used device was the gas chromatograph 
Trace 1300, Thermo Scientific (Waltham, USA) equipped with a Rxi-1ms 
column (30 m, internal diameter 0.32 mm, from Restek, Bellefonte, 
USA). A loop for hydrogen was implemented using nitrogen as the 
carrier gas and a pulsed flame photometric detector, while helium was 
used as carrier gas for quantification of nitrogen, CO2, O2 and CH4, using 
a thermoconductivity detector.

The concentrations of acetate, propionate, iso-butyrate, butyrate and 
iso-valerate were measured using a GC-FID from the filtered liquid 
phase, with 1 g L− 1 2-ethylbutyrate in 4.25% orthophosphoric acid as 
internal standard. Analysis were conducted using a Varian 430-GC gas 
chromatograph (Agilent Technologies, Santa Clara, USA), which was 
equipped with a 15 m x 0.53 mm polyethylene glycol column (CP-WAX 
58 FFAP CB, Agilent). The carrier gas was nitrogen at a flow rate of 
25 mL min− 1. Injections were conducted at 250 ◦C and the program for 
separation was as followed: 2 min at 90 ◦C, increase of 20 ◦C min− 1 until 
reaching 130 ◦C, which was held for 12 min and then decreased by 50 ◦C 
min− 1up to 210 ◦C, which was maintained for 2 min. Detection was 
carried out at 240 ◦C using a flame ionisation detector (FID).

2.5. Industrial off-gas

Incinerator flue gas and biogas were provided by SUEZ (Le Pecq, 
France). The biogas was taken from a landfill and filled into 10 L Tedlar 
gas bags (SKC, Ref. 262–10). The gas contained around 45% CH4, 37% 

CO2, 2.4% O2 and nitrogen. In the most recent analysis of the biogas 
composition before sampling, the concentration of total siloxane was 
19.5 mg m− 3, primarily consisting of trimethylsilanol and hexame
thyldisiloxane, as well as 1100 mg m− 3 total volatile organic com
pounds which were not further specified. The gas also contained 
10–20 ppm CO. Since the biogas sample was taken after the first puri
fication step, it did not contain H2S.

The flue gas was originated from a municipal incinerator plant 
(France) processing 4.2 tons of waste per hour, composed of 81% 
household waste and 19% industrial waste. The off-gas contained 
13–19% humidity and the dry gas was composed of around 79% nitro
gen, 7% carbon dioxide, and 14% oxygen (Table 3). Further gas impu
rities are listed in Table 1. The composition provided here was measured 
by SUEZ (Le Pecq, France) at the time of taking gas samples for the 
cultivations in this work. Gas was sampled at the plant chimney by 
filling the gas samples into 6 L stainless steel cannisters under vacuum 
(Eurofins, Ref. N807W).

3. Results and discussion

3.1. Strain characterisation

Three inducible strains were screened and compared with the 
constitutive isopropanol producer Re2133/pEG7b (isopropanol operon 
under constitutive PTac promoter) (Fig. 2). The three inducible strains 
differed in the nature of the inducible promoter inserted in front of the 
isopropanol synthetic operon; the arabinose inducible promoter PBAD 
(strain Re2133/pEG7c), the rhamnose inducible promoter PRha 
(Re2133/pJLSG02) and the nitrogen sensitive promoter PGln (Re2133/ 
pEG7d) (Fig. 1).

Growth rates were twice as high when fructose was used as the 
carbon source compared to CO2. In heterotrophic cultivations, Re2133/ 
pEG7c and Re2133/pEG7d obtained the highest growth rates of 
0.26 h− 1 compared the two other strains (0.20 h− 1). However, under 
autotrophic conditions, all four strains achieved an identical growth rate 
of 0.09 ± 0.01 h− 1. With the constitutive strain, (Re2133/pEG7b) 
already 1.1–1.3 g L− 1 isopropanol was formed by the end of the growth 
phase in heterotrophic conditions and 0.2–0.3 g L− 1 in autotrophic 
conditions. In contrast, with the three inducible strains, growth and 
product formation were decoupled as expected.

Overall, the constitutive strain Re2133/pEG7b obtained the highest 
isopropanol concentrations, reaching 2.4–3.6 g L− 1 under heterotrophic 
and 1.2–3.1 g L− 1 isopropanol under autotrophic conditions. In 

Table 3 
Composition of incinerator flue gas. (A) Measures at the collect point during 
filling cannisters performed every minute for 9 h, (B) Semestrial measures of the 
facility (triplicates).

Compound Concentration (on dry 
gas)

A) Average measures during filling cannisters
N2 78.5% ± 0.6
CO2 7,5% ± 0.3
O2 14% ± 0.3
Humidity 15% ± 1.5
Dust 0.09 mg m− 3

NO 94 mg m− 3 ± 36
N2O 8 mg m− 3 ± 2
NH3 8.4 mg m− 3 ± 0.3
CO 5.7 mg m− 3 ± 0.2
SO2 2.7 mg m− 3 ± 0.1
Hg 0.002 mg m− 3 ± 0.0005
B) Average semestrial measures at the incinerator facility
Total organic carbon 1.1 mg m− 3

NOx (eq. NO2) 159 mg m− 3 ± 14
Zn 0.03 mg m− 3 ± 0.01
Total metals (As, Cd, Co, Cr, Cu, Mn, Ni, Pb, Sb, Se, Zn, 

Te, Tl, V)
0.014 mg m− 3 ± 1.7
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contrast, the inducible strains Re2133/pEG7c and Re2133/pJLSG02 
were only performant with fructose as substrate with final isopropanol 
concentrations of 3.2 and 3.8 g L− 1, respectively. Under autotrophic 
conditions, both strains started producing isopropanol after adding the 
inducer. However, product formation stopped once the growth phase 
ended due to nitrogen depletion, leading to a low final isopropanol 
concentration of 0.5 and 0.2 g L− 1, respectively. With a two-fold in
crease in the initial nitrogen concentration, isopropanol formation was 
prolonged in strain Re2133/pEG7c until growth stopped again 
(Supplementary Fig. 1). A relation between product formation and ni
trogen availability under autotrophic conditions has been shown for the 
inducible strain, at least for Re2133/pEG7c.

The auto-inducible Re2133/pEG7d, containing the Pgln promoter, 
was cultivated under hetero- and autotrophic conditions. Without the 
need for added inducer, isopropanol formation started when growth 
stopped due to nitrogen depletion. Under heterotrophic conditions, the 
strain showed a lower production than the other three strains, with a 
final isopropanol concentration of 1.3 ± 0.03 g L− 1. Under autotrophic 
conditions, isopropanol formation started after growth stopped and 

slowed down only after 120 h, resulting in a final concentration of 
1.2–1.6 g L− 1 and a distinct separation of growth and product formation 
phase. The strain did not show the previously phenomenon described for 
strains induced by arabinose or rhamnose of stopping isopropanol for
mation once nitrogen was depleted.

In previous studies, PBad and PRham have been successfully applied for 
autotrophic cultivations of C. necator under nitrogen depletion. Heter
ologous mevalonate formation under the PBad promoter continued 
product formation even during the stationary phase, and the same was 
observed for α-humulene formation under the PRham promoter, both 
molecules relying on acetoacetyl-CoA as precursor (Krieg et al., 2018, 
Garavaglia et al., 2024). In contrast, heterologous acetoin formation in 
C. necator under heterotrophic conditions obtained higher product for
mation with the PBad and PRham promoters compared to the constitutive 
native Pphb promoter, while the inducible promoter showed only mini
mal product formation in autotrophy (Windhorst, 2019, Windhorst and 
Gescher, 2019). However, as acetoin formation is not 
growth-dependent, different promoter efficiencies in dependence of the 
substrate might be not due to the same mechanisms as observed here.

Fig. 2. Isopropanol-formation by four engineered C. necator strains under heterotrophic and autotrophic conditions. All strains included the same isopropanol 
operon, consisting of a native keto-thiolase thl and CoA-transferase ctf, along with heterologous acetoacetate decarboxylase and alcohol dehydrogenase from 
Clostridium sp. In strain Re2133/pEG7b, the operon was under the control of the constitutive PTAC promoter, in Re2133/pEG7c of the arabinose-inducible PBad 
promoter, in Re2133/pJLSG02 of the rhamnose-inducible PrhaB promoter and in Re2133/pEG7d of the autoinducible PGln promoter. For autotrophic cultivations, a 
gas composition of 74% H2, 8% O2, 18% CO2 was used; heterotrophic cultivations were conducted with 30 g L− 1 fructose. Vertical dashed lines indicate the induction 
with 0.5 g L− 1 rhamnose for pJLSG02 and 1 g L− 1 arabinose for Re2133/pEG7c. Cultivations were performed in triplicate for Re2133/pEG7b and duplicates for the 
other strains. Maximal specific growth rates are given accordingly: µ1 and µ2 values for duplicates; mean of µ + /- standard deviation for triplicates.
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One potential explanation for the observed differences of nitrogen 
limitation on CO2 or fructose would be the metabolic burden imposed by 
plasmid expression. Upon induction, the heterologous production ma
chinery would compete with the stringent response for cellular resources 
and protein allocation. Under autotrophic conditions, cells already 
experience oxidative stress, which is further exacerbated by the sudden 
expression of a cell-toxic heterologous product (Hoffmann and Rinas, 
2004, Schwartz et al., 2009). Additionally, major changes of the meta
bolism of R. eutropha H16 have been observed in autotrophic conditions 
compared to heterotrophic growth on succinate (Kohlmann et al., 2011), 
potentially limiting the capacity for heterologous protein production.

Based on the sudden nature of stopped product formation, a link to 
regulation processes related to the stringent response might play a role 
and differences in the heterotrophic and autotrophic metabolism might 
lead to unexpected promoter behaviour. For example, the σ54 factor 
RpoN, responsible for de-repressing the hydrogenases genes and regu
lating the nitrogen starvation response, plays a significant role during 
autotrophic growth, while its deletion increased fitness during growth 
on fructose (Jahn et al., 2024). Its expression is furthermore linked with 
PHB formation (Tang et al., 2022). Additionally, distinct preferences for 
the household factors RpoD1 or RpoD2 have been found in the hetero
trophic and autotrophic metabolism (Kohlmann et al., 2011). Under 
autotrophic conditions, furthermore a general upregulation of phaA, 
coding for the first enzyme in PHA-synthesis and the initial enzyme in 
our isopropanol-operon, was found (Kohlmann et al., 2011). Thus, 
regulatory responses during nitrogen starvation may vary, preventing 
metabolic adaptation to the sudden induction of a strong promoter in 
heterotrophic and autotrophic conditions. This underlines the impor
tance of considering various cultivation conditions during strain devel
opment and suggests that optimisation under heterotrophic conditions 
cannot be directly transferred to autotrophy (Salinas et al., 2022). Based 
on the results obtained, a re-evaluation of available promoters in 
C. necator under autotrophic conditions could be valuable. As an alter
native to the sugar inducible promoters in C. necator, PGln was charac
terised and its potential was shown for autotrophic isopropanol 
formation. Its independence from an inducing molecule would increase 
the potential for scaling up (Johnson et al., 2018) while ensuring control 
of gene expression relative to constitutive promoters. Hence, the strain 
Re2133/pEG7d was selected for all further cultivations.

3.2. Impact of methane and industrial biogas on growth and isopropanol 
formation

Biogas typically contains 45–70% CH4 (Hagen et al., 2001). After 
supplementing with the necessary oxygen and hydrogen contents for 
cultivation C. necator, a methane concentration of less than 24% was 
expected from our initial knowledge of the off-gas mix composition. 
First, cultivations were performed on synthetic gas mixture containing 
methane. Fig. 3 shows the impact on growth and isopropanol formation 
of 16% and 24% CH4 compared to a reference where methane was 
replaced by nitrogen. The reference process had a slightly shorter lag 
phase before it became limited in oxygen at around 48 h. The growth 
rates were 0.12 ± 0.02 h− 1 (0% CH4), 0.10 ± 0.02 h− 1 (16% CH4), and 
0.08 ± 0.01 h− 1 (24% CH4), none of which were statistically significant 
(two-sided t-test assuming equal variance, conducted for all three data 
pairs). Interestingly, the fact that the H2 contents were lower in these 
experiments (40–45%) compared to the ones with synthetic gases (78%) 
did not impact the growth rate of the strain suggesting that even with 
such low H2 content growth was not limited by H2, at least until an OD 
value of 1. The presence of methane did not negatively impact either 
product formation, with a final isopropanol concentration of 0.87 
± 0.06 g L− 1 in the reference, 0.86 ± 0.07 g L− 1 with 16% CH4 and 
1.13 ± 0.18 g L− 1 with 24% CH4.

The gas compositions showed an enrichment of methane due to the 
consumption of oxygen, hydrogen and carbon dioxide. Since C. necator 
lacks genes for methane metabolism (Pohlmann et al., 2006), variations 

in methane partial pressure reflect either measurement inaccuracies in 
headspace composition or a contamination of the gas sample by residual 
air in the sampling tube. In the cultivation with 24% methane, the gas 
phase was replenished four times with a gas mixture containing 
CH4/CO2 in a ratio of 2.2/2.6. Due to the consumption of the other 
gasses, methane concentrations increased to up to of 46% and 
CH4/CO2-ratios of up to 5.0 were reached. For further improvements, a 
cultivation system, equipped with an online measurement of dissolved 
and exhaust gas analysis would allow adaptation of the gas feed to 
carbon dioxide consumption. With synthetic biogas it was already 
shown, that purifying a biogas stream to 95% methane is feasible using 
C. necator (Li et al., 2024). The results obtained here further confirm 
previous publications, describing no negative effect on growth of 
C. necator with up to 50% methane (Li et al., 2024, Serna-García et al., 
2024).

After confirming that the presence of methane did not impede 
product formation, cultivations using landfill biogas were conducted. 
The landfill biogas used contained 39–43% CH4, 32–35% CO2, and 

Fig. 3. Autotrophic cultivation of C. necator Re2133/pEG7d with synthetic gas 
mixture containing 0%, 16% or 24% CH4. All cultivations were conducted with 
11–15% CO2, 40–45% H2, 8–12% O2, 0–24% CH4 and 12–36% nitrogen 
accordingly. Bottles were filled with the envisaged gas mixture to reach an 
overpressure of 1.5 bar. All cultivations were conducted in triplicates. The 
dashed vertical lines indicate gas refills. Upper panel: Measured gas composi
tion of bottle headspace. Shaded areas indicate standard deviation from trip
licates. Lower panel: Biomass and isopropanol formation.
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around 3% O2. Additionally, it contained 10–20 ppm CO and 
20 mg m-³ siloxanes. The gas was supplemented to 10% oxygen and 
50% hydrogen by adding pure gases.

Using biogas as the sole carbon source, 2.0–2.7 g L− 1 isopropanol 
were produced with 0.01–0.03 g L− 1 acetone as by-product (Fig. 4). The 
obtained product concentrations were higher than those measured for 
the reference cultivation with synthetic biogas, where an isopropanol 
concentration of 1.1 ± 0.2 g L− 1 was obtained. Also, the final iso
propanol concentration of 0.87 ± 0.06 g L− 1 obtained during the culti
vation without methane was lower. Furthermore, the lag-phase was 

shorter in the cultivations using industrial biogas. However, both the 
reference and the industrial biogas cultivation had an identical maximal 
growth rate of 0.09 ± 0.02 h− 1.

The shorter lag-phase with the industrial gas was surprising and may 
be attributed to a slightly different gas composition. The biogas culti
vations were started with a gas composition of 8–9% O2, 9–11% CO2, 
16–17% CH4 and 40–50% H2 compared to 8–10% O2, 13–15% CO2, 
15–18% CH4 and 42–44% H2 for the reference cultivation. Thus, the 
reference process had a slightly higher CO2 concentration. The lag-phase 
is particularly sensitive to dissolved bicarbonate concentrations that lie 
outside of the optimal range of 0.66–5.3 mmol L− 1 (Repaske et al., 
1971). With an initial pH of 6.7 and an overpressure of 2.5 bar, a CO2 
concentration of 9% in equilibrium would result in 15 mmol L− 1 HCO3

- 

and 15% CO2 in 25 mmol L− 1 HCO3
- . Thus, the lower CO2 concentration 

in the biogas cultivation might explain the shorter lag-phase. To enable a 
more precise gas feed with lower gas inflow, cultivations have to be 
conducted at bioreactor scale.

Overall, the conducted cultivations underline the potential of val
orising CO2 in the biogas stream by converting it via the chassis or
ganism C. necator. Successful enrichment of methane was shown, with 
the initial molar CH4/CO2-ratio being 1.8 which was increased to 3.8 
before the 1st complete refill, 6.6 before the 2nd complete refill and 3.1 
by the end of the cultivation.

As biogas potentially contains traces of organic compounds such as 
volatile fatty acids (VFA), we investigated whether these molecules 
could provide additional carbon. The start sample of the cultivation was 
analysed, showing the presence of 1.3 mg L− 1 acetate, 1.5–1.9 mg L− 1 

isobutyrate, less than 1 mg L− 1 butyrate, and traces of isovalerate, 
resulting in a total of around 4 mg L− 1 VFA. Additionally, non- 
inoculated cultivations with the biogas mixture were conducted as 
described in Section 2.3. There, up to 4.7 mg L− 1 of total VFA after 1.6 h 
and up to 2.5 mg L− 1 VFA after 70 h were found in the liquid phase 
confirming the exchange between liquid and gas phases. With three 
refills of biogas this sum up to a maximum of 14 mg L− 1 equalling 0.55 
mCmol, which would provide carbon for maximum 11 mg L− 1 iso
propanol. In total, the landfill biogas typically contains around 
1.36 mg L− 1 other volatile organic compounds, showing that only a 
negligible amount of isopropanol could potentially be formed on these 
organic compounds.

Nevertheless, the presence of organic compounds might impact 
lithoautotrophic growth. During co-metabolisation of VFA and CO2 it 
was shown, that organic carbon sources were metabolised first, followed 
by a switch to lithoautotrophic growth (Al-Ani and Kim, 2025). Due to 
this diauxic behaviour, the lag phase was prolonged when instead of 
only VFA as carbon sources also CO2 and H2 were available, postulating 
a repression of hydrogenases in the presence of VFA at the used con
centration of 10 mM (0.6–1 g L− 1). Conversely, a higher production of 
PHA was observed under mixotrophic conditions compared to hetero
trophic cultivation (Jawed et al., 2022). Also, Amer and Kim, (2023)
reported faster mixotrophic growth on 1 g L− 1 acetate and CO2 rather 
than using each carbon source separately.

Here, a higher product concentration was obtained on industrial 
biogas, suggesting a potential positive effect from the presence of 
organic impurities. In this context, the substrate versatility of C. necator 
is advantageous, making it more flexible than chemical catalysers.

3.3. Incinerator flue gas as carbon source

Cultivations were conducted using incinerator flue gas as sole source 
for carbon dioxide and oxygen. The industrial off-gas contained around 
7% CO2, 14% O2 and 79% nitrogen (in dry gas), and was supplemented 
for cultivations with around 40% H2. In parallel, reference cultivations 
were conducted, simulating the same gas composition with lab-grade 
gasses (Fig. 5).

The two reference flasks had shifted lag-phases, with synthetic gas A 
reaching the maximal OD of 1.0 after 29 h and synthetic gas B after 40 h, 

Fig. 4. Growth and isopropanol formation with C. necator Re2133/pEG7d with 
biogas and synthetic biogas as carbon source. The reference cultivation with 
synthetic biogas was conducted in triplicates, while the cultivation with biogas 
was conducted in duplicates (A and B). 40% industrial biogas were supple
mented with 50% H2 and 10% O2. For the synthetic biogas, a composition of 
16% CH4, 12% CO2, 42% H2, 10% O2 and 20% N2 was targeted. Upper panel: 
Measured gas composition of the bottle headspace. Vertical black, dashed lines 
indicate a full refill of the headspace, vertical grey, dotted lines indicate a 
supplement of 0.6 bar H2 and 0.2 bar O2. Upper panel: Measured gas compo
sition of bottle headspace. Shaded areas indicate standard deviation from 
triplicates for synthetic gas. Lower panel: Biomass and isopropanol formation.
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however maximum specific growth rates were similar, 0.12 
± 0.005 h− 1. In the cultivation with the shortest lag-phase a higher 
isopropanol concentration of 3.1 g L− 1 was observed, compared to 
2.2 g L− 1 in its duplicate, with 0.3 and 0.08 g L− 1 acetone, respectively. 
In both, comparable initial gas compositions were obtained with 11% 
O2, 5% CO2, 29% H2 and 55% N2 in synthetic gas flask A, 10% O2, 4% 
CO2, 28% H2 and 58% N2 in synthetic gas flask B. As observed for the 
biogas experiments, lowering further the H2 content (as low as 30% 
here) in the flasks did not impact the growth rate of the strain pointing 
out that growth occurred without H2 limitation. As the flasks were 
manually baffled, they potentially slightly differed in gas transfer, but 
without measuring the dissolved gas concentrations, their impact can 
only be assumed.

The cultivation with incinerator flue gas was conducted in triplicate 
with a low deviation between the replicates. High growth rates of 0.15 
± 0.02 h− 1 and a final isopropanol concentration of 2.52 ± 0.27 g L− 1 

with 0.15 ± 0.02 g L− 1 acetone were obtained. Thus, growth and final 
product concentration were between both reference flasks. The higher 
obtained growth rates compared to the previous cultivations might be 
partially due the lower used liquid volume of 50 mL instead of 100 mL 
used for cultivations for strain characterisation and compared to biogas 
cultivations, increasing gas transfer.

Limited to the constraints of the shake flask cultivation system 
without online gas analysis, the gas feed could not be optimally adapted. 
However, the cultivation period between 31.2 h and 45.5 h underlines 
the potential of the process: the head space was refilled with 37% H2 and 
63% incinerator gas, leading to a measured composition of 2.8% CO2, 
8.7% O2, 42% H2 and 49% N2. After 14 h, all of the carbon dioxide was 
consumed, and the headspace was composed of 85% nitrogen.

The incinerator flue gas was provided from a plant which contains 
around 94 mg m-³ nitric oxide (NO) and 8 mg m-³ nitrogen dioxide. In 
general, nitric oxide is known for inhibiting cytochrome-b oxidases, 
cause DNA damage, and inhibiting enzymes with Fe-S clusters ( Torres 
et al., 1995, Wink and Mitchell, 1998, Landry et al., 2011). In C. necator, 
nitric oxide and nitrogen dioxide can be used as electron acceptor during 
anaerobic growth and at least the nitric oxide reductase is also active 
under aerobic conditions (Kohlmann, 2015, Gemünde et al., 2024). 
Assuming that all NO dissolves, the four conducted refills could intro
duce a maximum of 12 mg L− 1 in total. The incinerator flue gas 
furthermore contained 5.7 mg m− 3 carbon monoxide. C. necator is quite 
robust to the presence of CO, even if it cannot metabolise it (Cypionka 
and Meyer, 1982). In total, 0.002 mg m− 3 mercury and 0.014 mg m− 3 

other metals were found, mostly zinc but also traces of arsenic and 
chrome. The found values for chrome and arsenic are well below the 
concentrations described as growth-inhibiting for C. necator H16 while 
no studies about mercury were found (Akkurt et al., 2023). In contrast, 
the presence of heavy metals was described to have a positive effect on 
PHA formation in Cupriavidus pauculus KPS 20 and Cupriavidus taiwa
nensis (Pal and Paul, 2012, Chien et al., 2014). In general, PHA forma
tion is upregulated under stress conditions (Obruca et al., 2018) and it is 
possible that the regulation mechanisms diverting the carbon flux to 
PHA synthesis under stress conditions also positively impact IPA 
formation.

Overall, despite the presence of these impurities, no negative effect 
on growth or product formation was observed. This is in accordance 
with other studies where industrial off-gas streams were successfully 
used for cultivation of C. necator for PHA production (purified CO2 from 
biogas and bioethanol plants ( Garcia-Gonzalez and Wever, 2017), raw 
biogas (Serna-García et al., 2024), bioethanol gas effluent (Rossi et al., 
2025)) and for lycopene (exhaust gas of coal-fired power plant ( Wu 
et al., 2022)). Here we have extended the demonstration to the pro
duction of a significant quantity (on the order of g/L) of formation of 
heterologous products from exhaust gases as different as biogas and 
incineration gas. These results underline the robustness of C. necator.

This work demonstrates the potential of producing heterologous, 
value-added products using the chassis organism C. necator. Compared 
to chemical catalysers this is additionally characterised by a higher 
tolerance to impurities and flexible product and gas feedstock range 
(Kim and Chang, 2009, Liew et al., 2013).

4. Summary and conclusion

Gas fermentation with the strain Re2133/pEG7d demonstrated po
tential to remove CO2 from industrial gas streams, producing either 
cleaner offgases containing primarily nitrogen or high-purity methane. 
Here, we achieved nitrogen enrichment of up to 85% in incineration flue 
gas or a CH4/CO2 ratio of up to 6.6 with biogas. The presence of organic 
carbon and other impurities did not impair the strain's performance and 
may even have contributed positively. This study highlights the poten
tial of C. necator for transformation industrial offgases.

Fig. 5. Growth and isopropanol formation with C. necator Re2133/pEG7d with 
incinerator flue gas and synthetic incinerator gas as the sole carbon source. 
Reference cultivations are shown in duplicates, cultivations with industrial 
incinerator flue gas were conducted in triplicates. For the cultivation with in
dustrial incinerator gas, 70% flue gas was supplemented with 30% H2. Culti
vations with synthetic incinerator gas as reference were performed with gas 
mixture of 56% N2, 4% CO2, 30% H2 and 10% O2. Vertical black, dashed lines 
indicate full refill of the headspace Upper panel: Measured gas composition of 
bottle headspace. Shaded areas indicate standard deviation from triplicates. 
Lower panel: Biomass and isopropanol formation.
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