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A B S T R A C T

Gas fermentation using H2:CO2 and CO as feedstocks offers a sustainable alternative to fossil fuel-derived
production of chemicals. Clostridium autoethanogenum is an industrially relevant acetogen for this process,
but the effects of gas compositions — particularly H2:CO2 ratios — on product distribution are still unclear,
hindering optimisation. Previous studies have not provided comprehensive analysis of metabolic responses
during the coutilisation of multiple gaseous substrates in batch cultures. This study investigates how H2:CO2
ratios and low-level CO supplementation steer C. autoethanogenum metabolism, specifically influencing ace-
togenic and solventogenic pathways (acetate and ethanol production) and exogenous carboxylate reduction
(conversion of butyrate to butanol). Batch cultures were conducted with H2:CO2 ratios of 1:1, 2.5:1, and 4:1,
CO supplementation of 0%, 2%, and 5%, and butyrate addition of 0, 10, and 20 mM. Substrate consumption,
product generation, and biomass were monitored over time. Flux balance analysis (FBA) was employed to
estimate the changes in internal fluxes during different stages of the culture. Ethanol production positively
correlated with initial H2:CO2 ratios, increasing from 0.7 mM ± 0.6 mM at 1:1 to 6.0 mM ±1.8 mM at 4:1.
Acetate concentrations remained stable at 24.7 mM ± 4.7 mM. Higher initial CO pressures boosted biomass and
CO uptake rates. Butyrate addition accelerated butanol but delayed ethanol production, indicating competition
for reducing equivalents. Overall, this study demonstrates how H2:CO2:CO ratios can be strategically adjusted
to steer C. autoethanogenum metabolism. The combination of factorial and Box–Behnken experimental design
provided a flexible approach to generate data that can guide gas fermentation strategies towards targeted
chemical production.
. Introduction

Microbial fermentation of H2/CO2 and CO-rich gases offers a sus-
ainable route for transforming residual carbon into fuels and chemi-
als, aligning with circular economy principles [1]. Feedstocks include
ndustrial flue gases, such as steel mill off-gas, and syngas from gasifi-
ation of lignocellulosic residues and organic waste. CO-rich flue gases
iffer from syngas streams, which have variable CO:CO2:H2 ratios [2].
cetogenic bacteria drive the gas fermentation process through the
ood–Ljungdahl Pathway (WLP), fixing CO2 and CO into acetyl-CoA

or biomass growth, producing acetate and ethanol as main end prod-
cts [3]. CO2-rich streams require an electron donor such as H2, while
O can serve as both carbon and energy source [4]. Gas-fermentation

∗ Corresponding author.
E-mail addresses: fabian.otalora.t@mail.pucv.cl (F. Otálora), diana.sousa@wur.nl (D.Z. Sousa).

pathways can reduce GHG emissions by 67%–98% relative to petro-
chemical ethanol production; furthermore, compared with biomass-
derived ethanol, gas fermentation still offers substantially lower emis-
sions, with 4 to 10 fold reductions when using the same feedstock [5].
Among acetogens, Clostridium autoethanogenum has emerged as a model
industrial strain due to its robust metabolism and scalability [6], mak-
ing it an attractive chassis for targeted product formation. The central
metabolism of C. autoethanogenum is illustrated in Fig. 1.

Industrial gas fermentation remains primarily focused on ethanol
as the main product, though extending product ranges to C4+ alcohols
and acids is a major research focus [12]. Monocultures of acetogens
like C. carboxidivorans can reach combined C4+ selectivities of 64% in
microbial electrosynthesis and 31% in batch fermentation [13–15], but
ethanol or acetate typically remains as the predominant fermentation
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Fig. 1. Simplified scheme of C. autoethanogenum central metabolism illustrating the Wood–Ljungdahl Pathway, C2 product formation (ethanol and acetate) and
butyrate to butanol reduction (adapted from Mock et al. [7]; Isom et al. [8]; [9]; Allaart et al. [10] & Diender et al. [11]). For simplicity, only the reduced form
of each redox carrier is shown.
product. Cocultures with chain elongators such as C. kluyveri can be
used for product diversification, converting acetate and ethanol into bu-
tyrate, caproate, and corresponding alcohols [9,16–21]. These systems
achieve combined C4+ selectivities of 39%–56%, though acetate often
remains at 43%–58%. Exogenous acetate or ethanol supplementation
can improve C4+ yields by reducing competition for C2 intermediates
and driving volatile fatty acid reduction pathways [16,17].

Butanol stands out among C4+ products for its higher energy density
and compatibility with existing fuel infrastructure [22]. Two strate-
gies have shown promise for improving butanol selectivity in gas-
fermenting cocultures: (i) increasing electron donor supply (CO or
H2) favours the reduction of butyrate to butanol while limiting fur-
ther chain-elongation [23]. Reduction of butyrate to butanol has been
shown in monocultures of C. ljungdahlii, C. ragsdalei and cocultures
of C. autoethanogenum with C. kluyveri adding exogenous carboxylates
and partial CO pressures (pCO) above 1 bar [8,17,24]. (ii) maintaining
an ethanol-to-acetate (E:A) ratio below 1:1 in cocultures promotes
butyrate accumulation over caproate, increasing precursor availability
for butanol [25,26]. These strategies highlight the potential for tar-
geted manipulation of gas composition and metabolite ratios to drive
desirable product pathways.

Gas composition and ratios directly affect carbon fixation efficiency
and product distribution. In C. autoethanogenum chemostat cultures
grown on H2:CO2, adding 2% CO increased ethanol concentrations
from 2.4 ± 0.3 to 9.7 ± 0.4 g L−1 and boosted carbon distribution
to ethanol from 54 ± 3 to 66 ± 2 C-mol%, while raising CO2 uptake
rates from 460 ± 80 to 540 ± 20 mmol gCDW−1 d−1 [27]. In C.
2 
ljungdahlii, an H2:CO ratio of 2:1 promotes acetate production (E:A
produced = 0.7) after CO depletion, whereas a 0.5 ratio yields an
E:A of 1.1, diverting carbon towards CO2 and 2,3-butanediol [28].
Cocultures of C. autoethanogenum and C. kluyveri with 80% H2 and
20% CO2 enhanced butyrate yields, though at lower production rates
than H2:CO mixtures, likely due to near-1:1 E:A ratios in monocultures
under identical conditions [17,29,30]. Reducing CO levels can improve
the selectivity of acetate/ethanol and alleviate toxicity, thus stabilising
monoculture and coculture performance [31,32], indicating that CO
supply must be precisely tuned to balance carbon fixation efficiency
with targeted product formation.

Despite advances in gas fermentation, a critical gap remains in
understanding C. autoethano-genum’s solventogenic pathways at low
CO concentrations. Most carboxylate reduction studies in acetogens
have used high CO levels (>40%), which lower carbon fixation ef-
ficiency and favour byproducts such as lactate and butanediol [31].
This observation aligns with the approach of optimising syngas com-
position to shift redox balance and precursor availability in ways that
strongly influence butyrate reduction to butanol. Addressing this gap
requires systematic experimentation across a range of H2:CO2 ratios,
CO levels, and carboxylate concentrations [33]. Such integrated studies
would help identifying multiple substrate effect in C. autoethanogenum
metabolism to better understand carboxylate reduction pathways and
identify optimal bioprocess conditions for targeted product formation.

The present study investigates the effect of varying initial H2:CO2 ra-
tios, CO supplementation and butyrate concentration on the
ethanol:acetate ratio and solventogenic metabolism in batch cultures
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of C. autoethanogenum. To fully explore the relationship between gas
composition and metabolic behaviour while optimising the experimen-
tal workflow, a statistical design of experiments (DoE) approach was
employed, establishing correlations between the inputs (substrates)
and metabolic responses [34]. The Box–Behnken design, particularly
effective for three-factor studies, was used here, as it offers higher
efficiency over full factorial or central composite designs and supports
predictive modelling of fermentation performance parameters across a
efined experimental space [35,36]. The DoE framework thus provides
mpirical insights, that has the potential to guide the optimisation of
onoculture and coculture strategies for the selective production of

econdary alcohols, such as butanol, via gas fermentation.

2. Materials and methods

2.1. Microorganism and cultivation

C. autoethanogenum DSM 10061 was obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig,

ermany). The ATCC 1754 medium was used for cultivation, with
he following composition (per litre): 1 g NH4Cl, 1 g NaCl, 0.2 g

MgSO4 ⋅ 7H2O, 0.1 g KH2PO4, 0.02 g CaCl2 and 0.5 mg resazurin. The
medium was supplemented with 1% v/v of a trace elements solution
that contained (per litre): 20 mg of nitrilotriacetic acid (NTA), 10
mg MnSO4⋅H2O, 8 mg Fe(SO4)2(NH4)2⋅6H2O, 2 mg CoCl2⋅6H2O, 2
mg ZnSO4⋅7H2O, 0.2 mg CuCl2⋅2H2O, 0.2 mg NiCl2⋅6H2O, 0.2 mg
Na2MoO4⋅2H2O, 0.2 mg Na2SeO4 and 0.2 mg Na2WO4⋅2H2O. The
medium was boiled, and subsequently cooled on ice while bubbling
N2 before the addition of 0.75 g cysteine (per litre) as a reducing
agent. The pH was adjusted to 6.0. The medium was dispensed into
serum bottles that were immediately sealed with rubber stoppers and
aluminium caps. The headspace of the bottles was gas-exchanged with
nitrogen. The bottles were autoclaved immediately after preparation.
Before inoculation, the medium was further supplemented with yeast
extract (0.25 g L−1) and a vitamin solution at a 1:100 dilution contain-
ing (per litre): 2 mg biotin, 2 mg folic acid, 10 mg pyridoxine-HCl, 10
mg thiamine-HCl, 5 mg riboflavin, 5 mg nicotinic acid, 5 mg calcium
pantothenate, 5 mg cyanocobalamine, 5 mg p-aminobenzoic acid and
5 mg lipoic acid. When specified (Runs 10–18, Table 1), butyrate was
upplemented from a sterile 1 M stock solution. For culture propaga-
ion, 1.5 bar CO was used as substrate. Cultivation was performed at
7 ◦C with shaking at 150 rpm.

2.2. Experimental design

The effect of gas composition on C. autoethanogenum metabolism
was investigated following a phased experimental design approach.
Initially, a two-factor, three-level factorial design was considered to
valuate the impact of initial pCO and H2:CO2 ratio (Runs 1–9, Table 1).

The central point of this design was set at an initial CO supplementation
of 5% (0.075 bar) and an H2:CO2 ratio of 2.5 (corresponding to 64.3%
H2 and 25.7% CO2 in the gas mixture, see Table 1).

Subsequently, a Box–Behnken design was applied to comprehen-
sively assess the influence of three independent variables: initial pCO,
2:CO2 ratio, and initial butyrate concentration. The levels for initial

pCO and H2:CO2 ratio were maintained from the preliminary factorial
esign (Runs 6–18, Table 1). For butyrate concentration, a central

level of 10 mM was selected, based on concentrations used in previous
studies Perez et al. [24] . The level +1 for added CO and butyrate
was defined by doubling the central point value, while the level −1
corresponded to the absence of the compound. However, for the H2:CO2
ratio, the ‘‘+1’’ and ‘‘−1’’ levels were established by incrementing or
decrementing the central point ratio by 1.5 units, respectively. This ap-
proach ensured the presence of H2 in all cultures, establishing different
levels where either CO2 or H2 would become limiting factors for carbon
fixation. The specific values for each experimental run are detailed in
Table 1.
3 
2.3. Batch bottle experiments

The experimental design described above was executed in two batch
xperiments, conducted in 250-mL serum bottles with 50-mL medium
s described above and variable headspace composition. The first ex-
eriment was aimed at evaluating the effect of different H2:CO2 ratios
nd CO supplementation on the physiology of C. autoethanogenum.
or this, the headspace of bottles was pressurised to 1.5 bar with the
orresponding mixture of H2, CO2, CO and N2, as detailed in Table 1.

The second experiment aimed at assessing butyrate reduction by C.
autoethanogenum under different H2:CO2 mixtures and CO supplemen-
ation, as detailed in Table 1. All bottles were inoculated (5% v/v) with

an exponentially growing culture of C. autoethanogenum, and incubated
at 37 ◦C with agitation (150 rpm). Liquid (1 mL) and headspace (0.2
mL) samples were routinely collected during 7 days for further analysis.
pH was monitored at each sampling point for the duration of the
ultures. All conditions were tested in triplicate, with results expressed

as mean ± standard deviations. To assess for statistically significant
ifferences between the means of the three levels of each factor, a one-

way ANOVA was performed using the open-source statistical package
Pingouin in Python 3. Results were considered statistically significant
at p < 0.01.

2.4. Analytical methods

Cell dry weight (CDW) was determined by collecting 8 mL of
culture at the end of cultivation. Cells were harvested by centrifugation
and washed twice with distilled water containing 2.5 mM NaCl. The
washed cell pellets were then transferred to pre-weighed aluminium foil
dishes and dried at 105 ◦C until constant weight. A calibration curve
was established by correlating dry weight measurements with optical
density at 600 nm (OD600). This calibration was subsequently used to
estimate biomass concentration in batch cultures over time from OD600
readings.

Ethanol, acetate, formate, lactate, 2,3-butanediol, butyrate and bu-
anol concentrations on the liquid phase were determined via high

pressure liquid chromatography (HPLC; LC-2030C, Shimadzu). The
HPLC was equipped with a MetaCarb 67H column (300 mm 𝑥 6.5 mm,
Agilent Technologies) with UV and RI detectors for compound detec-
tion. The column was operated at 55 ◦C and 0.01 𝑁 H2SO4 was used
as eluent at a flowrate of 1 mL min−1. Gas phase composition was
determined via gas chromatography (Compact GC 4.0, Global Analyser
Solutions, The Netherlands). CO, H2 and N2 were measured using a
Molsieve 5A column operated at 100 ◦C coupled to a Carboxen 1010
precolumn. CO2 was measured using an Rt-Q-BOND column operated
at 80 ◦C. In both channels, argon was used as carrier gas. Detection
was performed in all cases via a thermal conductivity detector.

2.5. Parameter determination

Specific uptake and production rates were evaluated across three
hases: exponential growth (period I), solvent production (period II),
efined as a >20% increase in ethanol or butanol concentrations within
4 h, and post-CO depletion (period III). In cultures with no initial
O, period III rates were considered equivalent to those of solvent
roduction (period II). Period II was defined as a relevant period of
ime to analyse flux distributions at the different observed production
hases of the culture, which varied according to the gas composition

used. Consequently, it could overlap with periods I or III whenever
he solvent production criterion was fulfilled (e.g. Fig. 3). Specific time

periods defined for each condition are shown in Supplementary File S1.
Specific growth rates (𝜇) were determined from the analytical so-

lution of the mass balance Eq. (1), where 𝑋 represents the biomass
oncentration.

Cell-specific uptake and production rates (𝑞𝑘) were calculated from
he mass balance equation (Eq. (2)), with 𝐶𝑘 denoting the time-

dependent concentration of extracellular component 𝑘 (CO, CO , H ,
2 2



A. Suazo et al.

a

v

a
s
w
r
a

T
L
t

Chemical Engineering Journal 530 (2026) 172982 
Table 1
Coded and uncoded values for factorial (Runs 1–9) and Box–Behnken (Runs 6–18) experimental designs.

Run # Coded Values Uncoded Values Headspace gas composition (% v/v)

x1 x2 x3 X1
H2:CO2

X2
%CO

X3
HBUT
[mM]

H2 CO2 CO N2

1 1 1 −1 4 10 0 72.0 18.0 10.0 0.0
2 1 −1 −1 4 0 0 72.0 18.0 0.0 10.0
3 −1 −1 −1 1 0 0 45.0 45.0 0.0 10.0
4 −1 1 −1 1 10 0 45.0 45.0 10.0 0.0
5 0 0 −1 2.5 5 0 64.3 25.7 5.0 5.0
6 −1 0 −1 1 5 0 45.0 45.0 5.0 5.0
7 0 1 −1 2.5 10 0 64.3 25.7 10.0 0.0
8 0 −1 −1 2.5 0 0 64.3 25.7 0.0 10.0
9 1 0 −1 4 5 0 72.0 18.0 5.0 5.0
10 −1 −1 0 1 0 10 45.0 45.0 0.0 10.0
11 −1 1 0 1 10 10 45.0 45.0 10.0 0.0
12 0 0 0 2.5 5 10 64.3 25.7 5.0 5.0
13 1 −1 0 4 0 10 72.0 18.0 0.0 10.0
14 1 1 0 4 10 10 72.0 18.0 10.0 0.0
15 −1 0 1 1 5 20 45.0 45.0 5.0 5.0
16 0 −1 1 2.5 0 20 64.3 25.7 0.0 10.0
17 0 1 1 2.5 10 20 64.3 25.7 10.0 0.0
18 1 0 1 4 5 20 72.0 18.0 5.0 5.0
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ethanol, acetate, formate, butyrate, butanol) over a defined interval
from 𝑡𝑖 to 𝑡𝑓 .

𝑑 𝑋
𝑑 𝑡 = 𝜇 ⋅𝑋 (1)

𝑑 𝐶𝑘
𝑑 𝑡 = 𝑞𝑘 ⋅𝑋 (2)

For period I, 𝑞𝑘 was calculated analytically as the coefficient of 𝜇
nd the yield of the component relative to biomass (𝑌𝑋∕𝐶𝑘

). For periods
II and III, 𝑞𝑘 was estimated using the integral viable cell concentration
(IVCC, Eq. (4)), calculated by the trapezoidal rule [37,38]. Thus, 𝑞𝑘
alues were determined as shown in Eq. (3).

𝑞𝑘 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜇
( 𝐶𝑘𝑡𝑓

−𝐶𝑘𝑡𝑖
𝑋𝑡𝑓 −𝑋𝑡𝑖

)

Period I
𝐶𝑘𝑡𝑓

− 𝐶𝑘𝑡𝑖

𝐼 𝑉 𝐶 𝐶 Periods II and III
(3)

where:

𝐼 𝑉 𝐶 𝐶 = ∫

𝑡𝑓

𝑡𝑖
𝑋 𝑑 𝑡 (4)

2.6. Response surface

Response surface equations were used to correlate the studied vari-
bles (H2:CO2 ratios, CO supplementation and butyrate addition) with
ubstrate consumption, product concentration and 𝑞𝑖 values obtained
ithin the experimental design range. Multiple quadratic polynomial

egression models were calculated for the set of parameters defined,
ccording to Eq. (5) [39].

𝑦 = 𝛽0 +
𝑘
∑

𝑖=1
𝛽𝑖𝑥𝑖 +

𝑘
∑

𝑖=1
𝛽𝑖𝑖𝑥

2
𝑖 +

𝑘−1
∑

𝑖=1

𝑘
∑

𝑗 >𝑖
𝛽𝑖𝑗𝑥𝑖𝑥𝑗 (5)

Where:
𝑦 : Response value.
𝑥 : Coded factor level value (as defined in Table 1).
𝛽 : Coefficients of the polynomial equation.
The method for determining the coefficients involves minimising the

sum of squared errors (SSE) between the observed and predicted values.
his minimisation is achieved through the application of the Sequential
east Squares Programming algorithm (SLSQP) using the optimisation
ool minimize from the SciPy library in Python 3.
 s

4 
In instances where both the experimental results and the surface
esponse equation suggested the presence of a local maximum within
he investigated concentration range, constrained optimisation using
he trust-region algorithm was employed. This approach facilitated the
etermination of the maximum response values through the response
urface equation.

2.7. Flux balance analysis

Three published genome-scale models (GEMs)—iCLAU786 [40],
MetaCLAU [31], and iHN637 [41]— were assessed to identify the most
uitable metabolic network for representing the carbon flux distribution
hrough flux balance analysis (FBA). LP optimisation was implemented
n Python 3 using the GLPK solver interfaced via the COBRApy pack-
ge [42]. To elucidate the competitive dynamics of acetate and butyrate

reduction for shared reducing equivalents, butyrate reduction reactions
catalysed by aldehyde ferredoxin oxidoreductase (AOR) and alcohol
ehydrogenase (ADH) enzymes were incorporated into the metabolic
odel (the modified MetaCLAU model is detailed in Supplementary

ile S2). This modified MetaCLAU model was subsequently employed
n all the conducted FBAs. To test predictive capability across culture
tages, FBA was performed by constraining specific growth, substrate
ptake, and ethanol/butanol production rates to experimental data,
hile maximising acetate production as the objective function, given

hat is a core WLP product [43], comparing it with the experimentally
determined specific uptake of acetate (𝑞𝐴𝐶 𝐸 𝑇 ).

2.8. Thermodynamic calculations

Changes in Gibbs free energy (𝛥𝐺′) for the reduction of acetate to
ethanol and butyrate to butanol were calculated to assess the ther-
modynamic selectivity of solvent production under the experimental
conditions. The calculations considered both H2 and CO as electron
donors, according to the reactions shown in Table 2.

The actual Gibbs free energy (𝛥𝐺′) at specific time points was
calculated according to Eq. (6) [45,46].

𝛥𝐺′ = 𝛥𝐺0 + 𝑅𝑇 ln(𝑄) (6)

Where 𝑅 is the gas constant (8.314 J mol−1 K−1), 𝑇 is the tem-
erature (310.15 K), and 𝑄 is the reaction quotient calculated from
he experimental concentrations of liquid metabolites and partial pres-
ures of gases. Henry’s law constants (𝑘 ) for H , CO, and CO were
𝐻 2 2
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Table 2
Standard Gibbs free energy change for acetate and butyrate reduction reactions using CO and H2 as electron donors at pH 6.0
and 37 ◦C [44].

Product Electron donor Reaction Δ𝐺0 [kJ /mol Carboxylate]

Ethanol CO C2H3O−
2 + H+ + 2CO + H2O → C2H6O + 2CO2 −69.5

H2 C2H3O−
2 + H+ + 2H2 → C2H6O + H2O −48.8

Butanol CO C4H7O−
2 + H+ + 2CO + H2O → C4H10O + 2CO2 −77.7

H2 C4H7O−
2 + H+ + 2H2 → C4H10O + H2O −57.0
Table 3
Specific growth rates of C. autoethanogenum in fermentations of gaseous mixtures containing H2:CO2 or H2:CO2:CO mixtures.

Gas composition 𝜇 [h−1] Max. biomass conc. [gCDW L−1] Operational conditions Reference

90% H2 + CO2 mixtures,
plus 10% CO

0.052 ± 0.011 0.103 ± 0.008 Batch, headspace pressure
1.5 bar, 150 rpm

This study

90% H2 + CO2 mixtures,
plus 5% CO

0.028 ± 0.001 0.074 ± 0.009

90% H2 + CO2 mixtures 0.020 ± 0.007 0.062 ± 0.022
20% H2, 20% CO2 &
50% CO

0.040 ± 0.001 0.480 ± 0.040 Chemostat, 50 mL/min gas
feeding, 500 rpm

Valgepea et al. [50]

65% H2, 23% CO2 & 2%
CO

0.042 ± 0.001 0.340 ± 0.020 Chemostat, 30 mL/min gas
feeding, 1200 rpm

Heffernan et al. [27]

67% H2 & 23% CO2 0.020 ± 0.0004 0.180 ± 0.020 Chemostat, 32 mL/min gas
feeding, 500 rpm

20% H2, 20% CO2 &
50% CO

0.116 ± 0.003 1.430 ± 0.030 Chemostat, 72 ml/min gas
feeding, 1160 rpm

de Lima et al. [51]

20% H2, 20% CO2 &
60% CO

0.065 ± N.D. 0.520 ± N.D. Batch, 83 mL/min gas
feeding, 500 rpm

Oliveira et al. [52]

22% H2, 9% CO2 & 30%
CO

0.060 ± N.D. 0.540 ± N.D. Batch, 83 mL/min gas
feeding, 1200 rpm

Oppelt et al. [53]

80% H2 & 20% CO2 0.025 ± 0.002 0.063 ± N.D. Batch, headspace pressure
1.75 bar, 100 rpm

Ricci et al. [29]

20% H2, 20% CO2 &
50% CO

0.038 ± 0.002 0.273 ± N.D.
c
b

c
0
e
l

l
l
t

t
t

o

taken from Sander [47] to determine dissolved gas concentrations. The
eaction quotients for H2-driven reduction were defined as:

𝑄H2,𝐴𝑐 𝑒𝑡 =
[Ethanol]

[Acetate−] ⋅ [H2]2 ⋅ 10−𝑝𝐻
(7)

𝑄H2,𝐵 𝑢𝑡 =
[Butanol]

[Butyrate−] ⋅ [H2]2 ⋅ 10−𝑝𝐻
(8)

Analogous equations were applied for CO-driven reduction.

3. Results and discussion

The effect of gas composition (H2:CO2 ratios and CO supplemen-
ation) was assessed on (i) cell growth, substrate consumption and
roduct formation in batch cultures of C. autoethanoge-num, and (ii) the
olventogenic metabolism of this acetogen, with a focus on ethanol and
utanol production.

3.1. Effect of CO supplementation on the growth of C. autoethanogenum
during H2:CO2 fermentation

Specific growth rates (𝜇) and maximum biomass concentrations
(𝑋𝑚𝑎𝑥) of C. autoethanoge-num were studied during H2:CO2 fermen-
tation supplemented with 5% or 10% CO (0.075 and 0.15 bar pCO,
espectively). The initial pH was 6.04 ± 0.07, and the final pH remained

at 5.59 ± 0.13 across all conditions. This buffering capacity ensured
hat the culture pH remained within the physiologically active range
f pH for this strain (5.5–6.5), preventing significant growth inhibition
r product profile changes due to acidification [17,48,49]. Results

were compared with previously published data, summarised in Table 3.
The average 𝜇 obtained in this study using only H2:CO2 mixtures
0.020 ± 0.007 h−1) agrees with previously reported values for C.
utoethanogenum in both chemostat and batch cultures continuously fed
y a gaseous mixture containing 80% H2 and 20% CO2 [27,29]. This
ndicates a reproducible baseline for growth performance when H2 and
O are the sole gaseous carbon and energy sources.
2

5 
Specific growth rates of C. autoethanogenum increased with CO
supplementation, indicating that even low pCO can enhance growth.
The 𝜇𝑚𝑎𝑥 observed was 0.065 ± 0.003 h−1 with a gas mixture of 45%
H2, 45% CO2, and 10% CO (pCO = 0.15 bar). This 𝜇𝑚𝑎𝑥 is comparable
to those reported in batch cultures with continuous syngas supply at
higher pCO (0.3–0.6 bar) and higher agitation rates (> 500 rpm) [52,
53]. The highest 𝜇𝑚𝑎𝑥 reported to date for C. autoethanogenum batch
ultures employing H2, CO2 and CO mixtures is 0.08 h−1, achieved
y Ingelman et al. [54] after adaptive laboratory evolution with a high

pCO (0.95 bar) over 107 generations. Thus, the 𝜇𝑚𝑎𝑥 observed in this
study approaches the upper range reported for syngas fermentation,
although using lower agitation rate and pCO. The average 𝜇 with CO
supplementation was 0.043 ± 0.015 h−1, comparable to those obtained
by Heffernan et al. [27] and Valgepea et al. [50] in chemostat cultures
ontinuously fed with H2:CO2 mixtures containing pCO of 0.02 and
.5 bar, respectively. A comparison of the present study’s results with
xisting literature highlights the significant influence of mass transfer
imitations, particularly for CO, on 𝜇 values. Ricci et al. [29] observed

lower 𝜇 in batch cultures using a pCO of 0.88 bar, probably due to a 33%
ower agitation rate, which would restrict CO mass transfer into the
iquid phase. This critical role of agitation rate in facilitating CO mass
ransfer and, consequently, improving 𝜇 is also evident in continuous

systems. For instance, de Lima et al. [51] achieved a higher 𝜇𝑚𝑎𝑥 of
0.116 h−1 using the same gas composition as Valgepea et al. [50]
(Table 3), but employed a higher gas flow rate and more than double
he agitation rate, underscoring the importance of the gaseous mass
ransfer rate to control C. autoethanogenum growth.

A linear regression analysis of average maximum biomass concen-
trations (𝑋𝑚𝑎𝑥) obtained across the range of 0 to 0.15 bar of CO
supplementation resulted in a biomass yield of 1.52 gCDW molCO−1

with a strong correlation (R2 = 0.948). This experimentally determined
yield is in close agreement with the maximum theoretical yield (𝑌 𝑚𝑎𝑥

𝑋∕CO)
f 1.87 gCDW molCO−1 reported by Elisiário et al. [55] for continuous

cultures using CO as the sole carbon and energy source. This further
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Fig. 2. Consumption of CO2 (A), H2 (B) and CO2 + H2(C) by C. autoethanogenum at 96 h of incubation. Experimental data points are represented by red dots,
while the contour plot depicts the response surface equations (Supplementary File S3: Table S1). The corresponding coefficients of determination (R2) are 0.992,
0.977, and 0.892, respectively.
Fig. 3. Example of culture periods defined along the time-dependent concentration profiles of products (A) and substrates (B) at the central point of the factorial
design, illustrating period I (exponential growth), period II (solvent production), and period III (post-CO depletion).
supports the efficient incorporation of CO-derived carbon into biomass
under the conditions tested.

The observed increase in biomass concentration with increasing
CO supplementation can be explained by the preferential utilisation
of electrons derived from CO oxidation by CODH for the reduction
of ferredoxin. This pivotal step, leads to the regeneration of NADH
and NADPH through Ferredoxin:NAD+-oxidoreductase (Rnf) complex
and ferredoxin-dependent transhydrogenase (Nfn), respectively [56].
Consequently, under conditions of low 𝑝CO, a substantial portion of
the metabolic flux may be directed towards the initial step, i.e.: ATP-
independent reduction of CO2 to formate. This is evidenced by transient
extracellular formate accumulation peaking between 17 and 24 h,
followed by reassimilation (Supplementary File S3: Figure S1). No-
tably, the average concentration of accumulated formate was inversely
proportional to CO supplementation and shows statistical significance
(ANOVA p-value < 0.01), reaching 0.81 mM, 0.63 mM, and 0.29 mM
at 0, 0.075, and 0.15 bar 𝑝CO, respectively. This diversion of reducing
equivalents and carbon towards formate limits the flux through the
ATP-generating steps in the WLP leading to acetate production, thereby
decreasing overall ATP yield and resulting in reduced biomass pro-
duction [55]. Conversely, increasing CO concentrations enhances the
overall electron donor uptake rate, directly fuelling the generation of
reduced ferredoxin and consequently ATP production, enhancing cell
growth and biomass accumulation [10]. The observed transient formate
excretion and subsequent reassimilation confirms a dynamic metabolic
adjustment in response to the changing availability of CO during the
first 48 h.
6 
3.2. Effect of initial CO concentration and H2:CO2 molar ratio on H2 and
CO2 consumption

Concerning gaseous substrate utilisation, all cultures showed com-
plete consumption of CO within 24–48 h. CO2 consumption increased
with the increase of the initial H2:CO2 ratio (Fig. 2A). Addition of CO
resulted in a decrease in CO2 consumption. These results align with
preferential CO oxidation, despite the presence of H2 and CO2 in the gas
headspace, as reported by Xu et al. [57]. At 4:1 H2:CO2 molar ratio in
absence of CO, 97% of CO2 was consumed. In contrast, at 2.5:1 H2:CO2
molar ratio with 0.15 bar of CO, the total CO2 consumed was 29%.
H2 consumption decreased from 98% to 50% when the H2:CO2 molar
ratio increased from 1:1 to 4:1 (Fig. 2B). At 4:1 H2:CO2 molar ratio, the
increase of CO concentration resulted in an increase in H2 consumption.
This effect is consistent with the increased H2 demand for CO2 fixation
due to CO-derived CO2 production. The highest combined consumption
occurred at 2.5:1 H2:CO2 molar ratio (Fig. 2C). The central point,
defined by a 2.5:1 H2:CO2 ratio and 0.075 bar of CO, exhibited the
maximum combined consumption of 81%. Similarly, optimisation of
the second order quadratic equation fitted to the experimental results
shows a local maximum of 80% (R2 = 0.96) combined gas consumption
using a 2.4:1 H2:CO2 ratio and 0.05 bar of CO. This is consistent with
the stoichiometric requirements of 2:1 to 3:1 H2:CO2 molar ratios in
the WLP for optimal carbon fixation in ethanol and acetate [58,59].

For specific uptake and production rates calculation, time periods
were defined for each culture condition (see Supplementary File S1) as
shown for the central point of the factorial design in Fig. 3 . During
the exponential growth phase (Period I) 𝑞CO increased proportionally
with initial CO concentration, ranging from 6.8 ± 0.5 to 21.8 ± 8.7
mmol gCDW−1 h−1 at 0.075 and 0.15 bar p , respectively. This direct
CO
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Fig. 4. qH2
/qCO2

ratios during Period I (white bars), Period II (grey bars) and Period III (black bars) for the factorial DoE conditions.
proportionality is in agreement with the findings of Allaart et al. [60].
The average 𝑞CO at 0.15 bar pCO closely matches chemostat values (18.8
mmol gCDW−1 h−1) obtained using 0.5 bar pCO, 0.2 bar pH2

, and 0.2 bar
pCO2

[50]. Once solvent production started (Period II), 𝑞CO dropped
by ≥50%, even reaching zero due to complete CO consumption during
Period I. In contrast, 𝑞H2

just decreased from 48.5 ± 12.2 to 37.1 ± 13.0
mmol gCDW−1 h−1, with Period I rates similar to chemostat values
(47.1 ± 6.7 mol gCDW−1 h−1) under 0.8 bar pH2

and 0.2 bar pCO2
[27].

The agreement of specific uptake rates for Period I and previously
reported chemostat values suggests that uptake rates can also remain
similar during exponential growth, as observed for 𝜇𝑚𝑎𝑥 values.

Despite variability in 𝑞CO2
, 𝑞H2

/𝑞CO2
ratios ranged from 1.5 to

8.0, increasing with pCO (Fig. 4), reflecting greater H2 demand to
fix CO2 derived from CO oxidation. In CO-free conditions, the av-
erage 𝑞H2

/𝑞CO2
ratio was 2.27 ± 0.17, consistent with the 2:1–3:1

H2:CO2 ratio stoichiometry required by the WLP for optimal ethanol
and acetate formation [58,59]. The observed trends may reflect CO-
induced inhibition of hydrogenases [61], limiting CO2 incorporation
from sources other than CO oxidation. Moreover, CO has been reported
to influence both uptake rates and 𝜇 in acetogenic 𝐶 𝑙 𝑜𝑠𝑡𝑟𝑖𝑑 𝑖𝑎 [55]. The
multiple quadratic polynomial regression of 𝑞H2

/𝑞CO2
(Supplementary

File S3: Table S2) further confirmed this effect: the coefficients of
the quadratic term (C1 vs. C5) and linear term (C4 vs. C7) indicate
that CO concentration exerted a stronger influence than H2:CO2 ratio,
highlighting the strong dependence of uptake fluxes and 𝜇 on pCO,
particularly at low CO concentrations.

3.3. Effect of H2:CO2 ratios and CO supplementation on product formation

Ethanol concentrations increased significantly from 0.7 ± 0.6 mM
at 1:1 H2:CO2 ratio to 5.5 ± 1.0 mM and 6.0 ± 1.8 mM at H2:CO2 ratios
of 2.5:1 and 4:1, respectively (ANOVA, p-value < 0.01). This strongly
suggests that increasing H2 partial pressures promotes ethanol produc-
tion by providing additional reducing power, a phenomenon previously
reported by Valgepea et al. [62] in C. autoethanogenum chemostat
cultures using syngas. In general, ethanol production was also enhanced
by increasing pCO, a trend consistent with observations in C. ljungdahlii
batch cultures grown at H2:CO ratios varying from 2 to 0.5 [28]. The
average acetate concentrations for the experimental conditions shown
in Fig. 5 was 24.7 ± 4.7 mM without significant differences (ANOVA, p-
value = 0.248). Neither lactate or 2,3-butanediol, as minor by-products
of C. autoethanogenum CO-driven fermentations [31] were detected.

The highest total product formation (30.7 ± 2.6 mM; acetate plus
ethanol) occurred at an H2:CO2 ratio of 2.5:1, corresponding to the
highest substrate consumption within the defined experimental de-
sign range. The carbon yield on C2 products (ethanol and acetate)
remained stable across the tested conditions, averaging 91 ± 2%.
7 
This suggests that an H2:CO2 molar ratio of approximately 2.5:1 may
approach the optimal stoichiometric balance for efficient gaseous sub-
strate utilisation while simultaneously promoting a high concentration
of C2 products in C. autoethanogenum batch cultures under low CO
concentrations. The carbon recovery in C2 products obtained here is
substantially higher than the 52% value reported by Valgepea et al.
[62] in C. autoethanogenum chemostat cultures using a syngas mixture
containing a pCO of 0.5 bar (20% H2, 20% CO2, and 50% CO), where
the remaining fraction of the carbon was directed towards CO2 pro-
duction. Conversely, our carbon recovery in C2 products is comparable
to the 96% reported by Heffernan et al. [27] in C. autoethanogenum
chemostat cultures employing only H2:CO2 mixtures or with minimal
0.02 bar), evidencing the impact of the initial gas composition on
carbon distribution.

Specific production rates of acetate (q𝐴𝐶 𝐸 𝑇 ) halved from 12.2 ± 2.8
to 6.4 ± 2.0 mmol gCDW−1 h−1 between Period I and II, while spe-
cific production rates of ethanol (q𝐸 𝑇 𝑂 𝐻 ) increased to 1.17 ± 0.87
mmol gCDW−1 h−1. Although q𝐸 𝑇 𝑂 𝐻 values were more variable, the
overall trend indicates that ethanol production started during Period
II. The variability was explained by its proportional increase with
initial H2:CO2 ratios. This is due to the increased availability of H2 as
electron donor. The average q𝐴𝐶 𝐸 𝑇 and q𝐸 𝑇 𝑂 𝐻 values observed during
Period II are consistent with those reported in chemostat cultures
(6.4 and 1.2 mmol gCDW−1 h−1, respectively) using syngas containing
0.5 bar pCO, 0.2 bar pH2

, and 0.2 bar pCO2
[50]. Notably, changing the

primary electron donor from CO to H2 promotes a higher proportion
of q𝐸 𝑇 𝑂 𝐻 relative to q𝐴𝐶 𝐸 𝑇 . Although ethanol production from CO is
energetically superior [63], under H2-dependent conditions (Period III)
acetate and ethanol synthesis become energetically equivalent (∼0.3
ATP/product via AOR pathway). In this state, metabolism is driven
by the need to balance the reducing equivalents generated by H2
oxidation. Since ethanol formation serves as an electron sink, consum-
ing 4 electrons per acetyl-CoA compared to none for acetate, flux is
directed towards solvent production to maintain redox homeostasis.
Consequently, the q𝐸 𝑇 𝑂 𝐻/q𝐴𝐶 𝐸 𝑇 ratio increased throughout cultiva-
tion, particularly during Period III, as shown in Fig. 6. This trend
was most pronounced at the central point condition (2.5:1 H2:CO2,
0.075 bar 𝑝CO), where ethanol production finished around 55 h (ap-
prox. 35 h after the onset of Period II). This prolonged solventogenic
activity required a higher stoichiometric input of electrons compared to
acetate formation (3H2 per CO2 vs 2H2 per CO2, respectively [58,59]),
providing a metabolic explanation for the distinct increase in the
specific H2 uptake ratio (𝑞H2

∕𝑞CO2
) observed for this condition in Fig. 4.



A. Suazo et al. Chemical Engineering Journal 530 (2026) 172982 
Fig. 5. Concentrations of ethanol (green bars), acetate (purple bars) and E:A molar ratios (black dots) measured at 96 h for the factorial DoE conditions. At the
bottom of the figure initial H2:CO2 ratio and CO supplementation are indicated.
Fig. 6. q𝐸 𝑇 𝑂 𝐻/q𝐴𝐶 𝐸 𝑇 ratios during Period I (white bars), Period II (grey bars) and Period III (black bars), for the factorial DoE conditions.
3.4. Reduction of butyrate to butanol by C. autoethanogenum under vari-
able H2:CO2:CO head-space

The central point of the factorial design, characterised by the high-
est consumption of H2 and CO2 with one of the highest product con-
centrations and E:A ratios, was selected as the basis for the subsequent
Box–Behnken design to investigate the impact of butyrate addition on
C. autoethanogenum metabolism. Although increasing butyrate concen-
trations resulted in a statistically higher initial pH (ANOVA p-value
< 0.01), the variation was biologically negligible (6.00 ± 0.08 to
6.08 ± 0.06, CV = 1.15%), and no significant differences were observed
in the final pH (ANOVA p-value = 0.77). This confirms that the buffer-
ing capacity effectively maintained physiological conditions across all
butyrate concentrations, indicating that the marginal differences in
initial pH did not significantly altered the culture. All incubations,
both without CO and with low CO (10%) in the headspace, showed
butyrate reduction to butanol (Fig. 7). At the two butyrate concen-
trations tested, an H2:CO2 ratio of 1:1 (lowest H2 percentage tested)
resulted in the lowest butyrate-to-butanol conversion (9.3 ± 2.8%),
likely attributed to insufficient H2 for the required reduction steps.
Increasing the H2:CO2 ratio to 2.5:1 - 4:1 resulted in a 2 to 3 times
higher butanol concentration, highlighting the correlation between H2
availability and carboxylate reduction metabolism [62]. CO supplemen-
tation exhibited a lower impact than increasing H2:CO2 ratios on the
final butanol concentration, with increases reaching up to 1.5 times
the concentration observed in its absence. However, CO promoted the
onset of butyrate reduction, with conversion starting on the first day
of culture, in contrast to the lag of 48 h observed under CO-free
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conditions. This early onset suggests that inducing solvent production
prior to the stationary phase may be a pivotal step for targeted solvent
production. For example, Diender et al. [19] reported no butanol for-
mation when adding 8 mM butyrate to a C. autoethanogenum chemostat
on day six, after stationary phase was reached, under a CO:H2 ratio
of 2:1. Thus, timely initiating the production of solvents emerges as
a critical factor in enhancing butanol yields from butyrate. In CO
supplemented cultures, specific production rates of butanol (q𝐵 𝑈 𝑇 𝑂 𝐻 )
reached 0.95 ± 0.29 and 1.53 ± 0.37 mmol gCDW−1 h−1 at 0.075
and 0.15 bar pCO, respectively, during Period I. However, these rates
declined by 59 ± 21% during Period II, likely due to CO depletion
and diversion of reducing equivalents to reduce acetate to ethanol.
In contrast, cultures grown solely on H2 and CO2 exhibited delayed
butyrate reduction, with q𝐵 𝑈 𝑇 𝑂 𝐻 of 1.15 ± 0.68 mmol gCDW−1 h−1.

These findings highlight the trade-off between CO and H2 in C.
autoethanogenum carboxylate reduction pathways. While CO enhances
growth and provides the necessary reduced ferredoxin and NADH for
earlier butyrate reduction, H2 plays a crucial role in CO2 fixation
and subsequent reduction of carboxylates (i.e. acetate and butyrate).
Enhanced H2 availability stimulates NADPH generation via the hydro-
genase complex (HYT). Excess NADPH is recycled to NADP+ through
the Nfn enzyme, simultaneously producing reduced ferredoxin and
NADH. Carboxylate reduction through AOR and ADH enzymes acts as
an electron sink, maintaining cellular redox balance and energy home-
ostasis. Thus, the regeneration of ferredoxin and NADH requires fewer
enzymatic steps than through the WLP. Despite the positive influence
of H2 on carboxylate reduction, total H2 consumption varied by less
than 10% relative to butyrate-free controls. This is consistent with
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Fig. 7. Butanol (turquoise), ethanol (green) and acetate (purple) concentrations measured in C. autoethanogenum cultures at 96 h grouped by initial butyrate
concentration, for the Box–Behnken DoE conditions. At the bottom of the figure initial H2:CO2 ratio, CO supplementation and butyrate concentrations are indicated.
prior observations in C. ljungdahlii, where a relatively low proportion
of the electrons derived from CO and H2 oxidation was allocated to
butyrate reduction, resulting in approximately a 6% increase in H2
consumption [24].

Fig. 7 shows that higher addition of butyrate increased the butanol
concentrations produced. However, it should be noted that this increase
in butyrate concentration resulted in lower substrate conversion rates.
Specifically, the maximum butanol concentrations reached with 10 mM
and 20 mM butyrate additions were 3.0 ± 0.2 mM and 3.6 ± 0.1 mM,
respectively. A comparison of the moles of butanol produced to the
moles of butyrate consumed for each condition revealed discrepancies
of 6.7 ± 4.2% (<1 mM). This differences could be attributed to the
inherent limitations of the analytical method at low concentrations
(≤ 10 mM). To date, no alternative pathway or enzyme has been
identified in C. autoethanogenum or closely related strains that could
incorporate butyrate or butanol into other metabolic routes beyond
the reduction/oxidation reactions catalysed by aldehyde ferredoxin
oxidoreductase (AOR) and alcohol dehydrogenase (ADH) [8,11,24].

The H2:CO2 ratio significantly influences alcohol production in C.
autoethanogenum batch cultures, mainly due to the availability of H2 as
an electron donor for acetate reduction to ethanol. While the reduction
of carboxylic acids to alcohols driven solely by molecular hydrogen has
been demonstrated in biocatalytic systems using the hyperthermophile
Pyrococcus furiosus [64], studies on carboxylate reduction in acetogens
have predominantly utilised fixed syngas compositions characterised
by high partial pressures of CO [8,24]. The reduction of butyrate to
butanol is intrinsically linked to CO2 fixation, as evidenced by the
formation of a complex between the bifurcating hydrogenase (HYT)
and formate dehydrogenase (FDH) enzymes [56]. The activity of this
complex drastically decreases when CO2 availability becomes limiting,
potentially restricting hydrogen utilisation and further carboxylates re-
duction. Consequently, both H2 and CO2 could act as limiting substrates
in butyrate reduction.

The tested CO supplementation (0%–10%) suggests an interest-
ing solvent production potential at higher percentages. Increased CO
could enhance electron availability, potentially boosting ethanol and
butanol concentrations produced, but may also increase byproducts
formation like CO2 or butanediol, compromising selectivity for acetate
and ethanol [29,31] and shifting the process away from CO2 utilisation
as feedstock. For instance, Moreira et al. [33] reported that in C.
autoethanogenum batch cultures (H2:CO2 = 4:1, 0.8 bar headspace),
increasing pCO from 0.19 to 0.36 bar decreased CO2 utilisation from
82% to 73%. At higher supplementation (up to 1.1 bar, 60% CO), the
carbon yield of acetate dropped from 96% to 67%, mainly due to initial
CO2 production. These findings suggest that while higher CO levels may
enhance reduction capacity, they also introduce trade-offs in selectivity
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and carbon efficiency. Future work should expand CO supplementation
studies to better define these trade-offs and optimise electron donor use
for target product formation.

Butyrate addition did not significantly influence acetate production
by C. autoethanogenum (ANOVA, p-value = 0.17), with an average
acetate concentration of 24.6 ± 5.0 mM measured at the end of incuba-
tions (Fig. 7). This final acetate concentration is similar to butyrate-free
cultures (Fig. 5). Conversely, ethanol production exhibited a substantial
decrease in the presence of butyrate, ranging from a 20% to 70%
reduction, which affects the E:A molar ratio produced. Consequently,
the maximum E:A ratio was 0.29 in butyrate-free cultures, decreasing to
0.23 and 0.14 with the addition of 10 mM and 20 mM initial butyrate,
respectively (Fig. 8). The observed decrease in ethanol formation is
attributed to competition for reducing equivalents, specifically ferre-
doxin and NADH, between acetate and butyrate reduction pathways.
The presence of butyrate from the start of fermentation likely leads
to a preferential utilisation of these redox cofactors towards butyrate-
to-butanol reduction, a process requiring fewer enzymatic steps than
acetate reduction to ethanol.

3.5. Modelling the effect of gas composition and butyrate addition in C.
autoethanogenum metabolism

To obtain mechanistic insights into the impact of varying gas com-
positions on product distribution in the batch cultures, internal flux dis-
tribution was estimated through FBA. For model selection, the ethanol-
to-acetate (E:A) flux ratio was selected as the parameter that represent
the distribution between the targeted products, comparing it with the
experimentally determined E:A ratio of 2.71 reported by Heffernan
et al. [27] for a C. autoethanogenum continuous culture grown on a gas
mixture with 67% H2, 23% CO2, and 2% CO. Among the evaluated
Genome-scale models (GEMs MetaCLAU [31], iCLAU786 [40], and
iHN637 [41]), the MetaCLAU model exhibited the closest predictive
capability, with an E:A flux ratio of 2.73. In contrast, the iCLAU786
and iHN637 models predicted significantly different E:A flux ratios
of 9.91 and 3.31, respectively. Based on this comparative analysis,
the MetaCLAU model was chosen as the most suitable foundation for
our FBA. The obtained q𝐴𝐶 𝐸 𝑇 averaged 11.1 ± 6.2 and 4.3 ± 2.3
mmol gCDW−1 h−1 during Periods I and II, respectively (Fig. 9). Model
predictions matched experimental values with 95 ± 28% agreement,
and 15 of 18 conditions showed <30% deviation (R2 = 0.89).

The FBA-based flux indicated that ATP generation decreased more
sharply than fluxes of NADH, NADPH and Fd𝑟𝑒𝑑 produced over time,
particularly when CO was depleted at 20–25 h. Consequently, the
q𝑁 𝐴𝐷 𝐻/q𝐴𝑇 𝑃 ratio increased from 1.2 ± 0.3 in Period I to 1.4 ± 0.2 dur-
ing Period II, reaching 1.7 ± 0.2 in Period III (Fig. 10). These changes
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Fig. 8. C. autoethanogenum E:A molar ratio produced, grouped by initial butyrate added: (A) 0 mM, (B) 10 mM and (C) 20 mM for the Box–Behnken DoE
conditions. The contour plot depicts the response surface equation for E:A ratio (Supplementary File S3: Table S2), with a corresponding R2 of 0.991.
Fig. 9. Comparison between experimental data (patterned bars) and FBA predictions (solid bars) for specific acetate production rates during Period I (white bars)
and Period II (grey bars) for all the experimental conditions.
Fig. 10. FBA determined q𝑁 𝐴𝐷 𝐻/q𝐴𝑇 𝑃 ratios during Period I(white bars), Period II (grey bars) and Period III (black bars) for all the experimental conditions.
in q𝑁 𝐴𝐷 𝐻/q𝐴𝑇 𝑃 ratios coincided with the onset of ethanol production,
occurring at 25 h in cultures without butyrate and at 50 h when
butyrate was added. Similar trends were observed for q𝑁 𝐴𝐷 𝑃 𝐻/q𝐴𝑇 𝑃
(+42%) and q𝐹 𝑑𝑟𝑒𝑑 /q𝐴𝑇 𝑃 (+29%). These results suggest that Period II
is driven by the relative availability of reducing equivalents compared
to the availability of ATP.

The proportion of NADH consumed by the ADH enzyme to reduce
butyraldehyde to butanol averaged 4.7 ± 1.6% of the total NADH flux
10 
during both Periods I and II. In contrast, the use of NADH for the
reduction of acetaldehyde to ethanol showed greater variability. In
cultures supplemented with butyrate, this flux increased from 1.9 ± 2.5
during Period I to 5.8 ± 3.2% during Period II. Without butyrate, the
corresponding increase was from 3.0 ± 2.6 to 7.2 ± 6.5%. Similar
patterns were observed for Fd𝑟𝑒𝑑 utilisation by AOR in butyrate and
acetate reduction to their respective aldehydes, with proportions rang-
ing from 1 to 5%. These values are consistent with the low variations
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Fig. 11. Average differential Gibbs free energy change (𝛥𝛥𝐺′ = 𝛥𝐺′
𝐸 𝑡ℎ𝑎𝑛𝑜𝑙−𝛥𝐺′

𝐵 𝑢𝑡𝑎𝑛𝑜𝑙) for the defined fermentation periods, with 𝑝CO of 0 bar (white bars), 0.075 bar
(grey bars), and 0.15 bar (black bars) for both H2 (A) and CO (B).
in H2 consumption (<10%) observed upon butyrate addition. These
results support the idea that a minor fraction of the electron flux
is directed to solvent production pathways, even in the presence of
external carboxylates [24]. The presence of butyrate at the start of the
fermentation, likely imposed an early redirection of redox cofactors to
butyrate reduction, thereby constraining the electron flux available for
the acetate-to-ethanol reductive pathway. Furthermore, experimental
data shows that in the presence of butyrate, ethanol production begins
when acetate concentrations exceed butyrate concentrations, around
50 h (Supplementary File S1). The reduced number of enzymatic steps
required for butyrate reduction, compared to the production of acetyl-
CoA via the WLP followed by the reduction of acetate to ethanol,
contributes to the lower concentrations of ethanol reached in butyrate-
supplemented cultures. FBA also revealed that hydrogenase (Hyt) ac-
tivity was present during CO consumption, suggesting that part of
the CO2 was reduced to formate using H2 through the formate-H2
lyase activity of the HytA-E/FdhA enzyme complex [56]. This electron-
bifurcating pathway ensures CO2 reduction in the WLP, allowing H2
coutilisation. This effect represents a potential advantage of increasing
H2 concentrations compared to using CO as the sole energy source [50].

The metabolic model captured key aspects of C. autoethanogenum
metabolism but its predictive capacity was limited by assumptions
of balanced growth, uptake, and production rates, which does not
fully reflect the dynamic nature of metabolic processes. This study
combines factorial and Box–Behnken designs with metabolic modelling
to provide a framework linking gas composition to solvent production
pathways, highlighting redox and energy interplay. Future work will
develop a dynamic FBA (dFBA) approach integrating substrate uptake
kinetics and multi-substrate consumption models, alongside process
parameter optimisation, to enhance predictions of metabolic fluxes,
product distributions, concentration profiles, and selectivity in batch
gas fermentation systems.

3.6. Thermodynamic prioritisation of solvent production

The prioritisation of butanol over ethanol production can be ther-
modynamically explained. As calculated by Isom et al. [8], the reduc-
tion of butyrate to butanol is energetically more favourable than the
reduction of acetate to ethanol. When CO serves as the electron donor,
the standard Gibbs free energy change (𝛥𝐺0’) for butyrate reduction is
approximately 40% more negative than for acetate reduction (Table 2).
Even when H2 is the reductant, butyrate reduction 𝛥𝐺0’ exceeds by
17% the one needed for the reduction of acetate [8]. This gradient
can create a strong driving force that directs reducing equivalents
towards the AOR/ADH pathway for butyrate conversion, outcompeting
11 
the thermodynamically steeper energy requirements to initiate ethanol
production.

To determine how this theoretical advantage affects our specific
experimental conditions, we analysed the evolution of the Gibbs free
energy change (𝛥𝐺′) throughout the fermentation. Fig. 11 illustrates
the average differential driving force (𝛥𝛥𝐺′ = 𝛥𝐺′

𝐸 𝑡ℎ𝑎𝑛𝑜𝑙 − 𝛥𝐺′
𝐵 𝑢𝑡𝑎𝑛𝑜𝑙).

A positive 𝛥𝛥𝐺′ value indicates that the reduction of butyrate to
butanol is thermodynamically more favourable than the reduction of
acetate to ethanol. Consistent with the theoretical standard potentials,
the actual 𝛥𝐺′ disparity at the onset of fermentation is substantial
(𝛥𝛥𝐺′ > 32 kJ/mol). This gap is driven by specific experimental
conditions: the presence of exogenous butyrate (10–20 mM) creates a
highly favourable quotient (𝑄𝐵 𝑢𝑡 ≪ 𝑄𝐴𝑐 𝑒𝑡). However, as fermentation
progresses (𝑡 > 30 h), this gap narrows to approximately 5–7 kJ/mol
due to the accumulation of acetate (increasing the driving force for
ethanol production) and butanol (decreasing the driving force for bu-
tyrate reduction). This can explain the experimentally observed product
profiles: the system initially favours butyrate reduction, but as 𝛥𝐺′

difference narrows around 30 h, the metabolic flux is increasingly
partitioned towards ethanol production to satisfy redox homeostasis.
During period I, CO supplementation resulted in a significant decrease
of 𝛥𝛥𝐺′ (T-test, p-value < 0.01), due to the earlier onset of butyrate
reduction to butanol and the increased growth rates associated with
higher acetate production fluxes, boosting the described narrowing
effect between 𝛥𝐺′

𝐸 𝑡ℎ𝑎𝑛𝑜𝑙 and 𝛥𝐺′
𝐵 𝑢𝑡𝑎𝑛𝑜𝑙.

4. Conclusion

This study highlights the metabolic versatility of C. autoethanogenum
in syngas fermentation, particularly its ability to reduce butyrate to
butanol using either H2 or CO as electron donors. Increasing H2:CO2
ratios enhanced CO2 utilisation and stimulated alcohol production
pathways, favouring the reduction of externally supplied butyrate over
endogenously produced acetate. CO supplementation enhanced growth
and promoted earlier butyrate reduction due to preferential CO ox-
idation, whereas low CO partial pressures in butyrate-free cultures
enabled the production of ethanol and acetate with high selectivity
and negligible byproducts. Moreover, H2 incorporation depends on CO2
availability, while CO oxidation generates additional CO2, reducing
carbon fixation efficiency and highlighting a trade-off between H2
and CO, with favourable outcomes observed at a 2.5:1 H2:CO2 ratio.
The delayed onset of ethanol formation during butyrate-to-butanol
conversion suggests competition for NADH and Fd .
𝑟𝑒𝑑
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