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ABSTRACT: We report the adaptive laboratory evolution (ALE) of Clostridium ljungdahlii (Cl) for enhanced syn-

gas fermentation, enabling its integration into a photocatalytic CO₂-to-syngas conversion system for the upcycling 

of CO₂ to C₂ products, acetate and ethanol. The adapted strain, Cladapt, exhibits a 2.5-fold increase in growth rate 

and a 120-fold enhancement in C₂ production compared to the wild-type (Clwt). Isotopic labeling confirmed Cladapt's 

high conversion efficiency, yielding 6:1 and 9:1 ratios of ¹³C:¹²C in acetate and ethanol, respectively. Whole genome 

sequencing revealed eight unique mutations in Cladapt, whereas RNA-seq identified significant alterations in gene 

expression, shedding light on its enhanced metabolism. Coupling Cladapt with a CO₂-to-syngas converting semicon-

ductor-molecule hybrid photocatalyst, TiO₂|phosphonated Co(terpyridine)₂, enabled the assembly of a photocata-

lytic domino system for CO2→syngas→C2 conversion. This study offers a streamlined approach to improving syn-

gas fermentation in Cl, insights into microbial adaptability, and an ALE-guided pathway for solar-powered CO₂

upcycling using an inorganic-bacterial cascade strategy.
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INTRODUCTION

Semi-artificial photosynthesis merges synthetic and biological approaches to produce sustainable fuels using 

sunlight, particularly excelling in selective multicarbon product formation via biocatalysis.1,2 A hybrid solar water 

splitting–biosynthetic system has been reported, where intermediate green H₂ is used as a reductant to fix CO₂

and efficiently produce biomass and fuels using Cupriavidus necator.3 Coupling a synthetic photocatalyst with She-

wanella oneidensis resulted in selective hydrogenation of C=C and C=O bonds.4 The photosensitization of Moorella 

thermoacetica with extracellular CdS or intracellular gold nanoclusters established a novel pathway for photocata-

lytic CO₂ utilization, integrating microbial systems with nanomaterials to enhance photosynthetic efficiency.5,6

Gas fermenting acetogenic bacteria, particularly Clostridium species, have emerged as versatile platforms for 

producing biofuels and biochemicals from syngas, a mixture of H₂, CO and CO2.7–9 These Clostridium strains utilize 

the Wood-Ljungdahl pathway, which consists of two branches (Figure 1A) to produce the C2 compounds: the 

methyl branch, reducing CO₂ to formate and further to a methyl group, and the carbonyl branch, which forms an 

acetyl group from CO. Clostridium ljungdahlii (Cl) has shown promise in fermenting these gases into valuable prod-

ucts, underscoring the economic viability of this approach in biotechnology. For instance, a carbon-negative fer-

mentation process using engineered and closely related Clostridium autoethanogenum to convert waste gas feed-

stocks into acetone and isopropanol with high efficiency.10 A Ag-catalyst based gas diffusion electrolyzer for CO₂-

to-syngas conversion was coupled with syngas-fermenting C. autoethanogenum and C. kluyveri, producing butanol 

and hexanol with high selectivity and therefore offers a sustainable pathway for industrial chemical production from 

CO₂ and water using renewable energy.11

To further harness and optimize the metabolic capabilities of these microorganisms, adaptive laboratory evolution 

(ALE) emerges as a powerful tool to select and enhance beneficial traits without the need for genetic engineering. 

The principles and applications of ALE have demonstrated its simplicity and efficacy in tailoring microbial pheno-

types for improved industrial performance.12,13 Examples of successful ALE applications illustrate the transferability, 

flexibility and transformative potential of ALE in metabolic engineering and synthetic biology.14–19 For example, ALE 

of Sporomusa ovata integrated with light-harvesting silicon nanowires led to a 2.4-fold increase in CO₂-reducing 

current density, enhancing bioelectrochemical CO₂ reduction.16 Similarly, C. autoethanogenum strains developed 

through ALE showed superior growth and product profiles in continuous bioreactor cultures.19 ALE using CO₂ and 

H₂, with other C. autoethanogenum lineages exposed to 2% CO, has also significantly enhanced growth rates and 
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ethanol production, revealing extensive proteome and metabolome changes that highlight new targets for metabolic 

engineering.20

Here, we explore for the first time the synergistic potential of ALE-derived gas-fermenting bacteria and photoca-

talysis for the overall conversion of CO2 to acetate and ethanol (Figure 1A). A new strain of Clostridium ljungdahlii

has been adapted for improved syngas-to-acetate conversion, which is subsequently coupled to a synthetic CO2-

to-syngas photocatalyst to demonstrate an overall CO2→syngas→acetate domino-reaction. We therefore present 

a novel and alternative strategy for solar energy conversion to multicarbon chemicals and biomass that harnesses 

the symbiotic strength of synthetic and biological catalyst.

RESULTS AND DISCUSSION

For ALE of the commercial C. ljungdahlii wild-type strain (DSMZ 13528), it was first inoculated in PETC medium 

(ATCC Medium 1754) containing 5.0 g L⁻¹ fructose (Figure 1B). The resulting culture was preserved with 20% 

glycerol at –80 °C, designated as Clwt. Subsequent transfers (trans1 to trans9, Figures 1B and S1) involved grad-

ually reducing the fructose concentration while maintaining the syngas concentration constant (25% CO, 10% H₂, 

65% CO₂, 112 mL headspace) as carbon and energy sources. Then, the culture was grown exclusively on syngas 

over 11 transfers, with fructose removed entirely. Each transfer in both stages lasted 72 hours, with incubation at 

37 °C and 150 rpm. The final adapted culture (trans20) was preserved similarly, and designated as Cladapt (Figure 

1B). We monitored OD600 at the start and end of each transfer (Figure S2), confirming consistent growth throughout 

the adaptation process.

To validate the success of ALE, we assessed bacterial growth on syngas under batch and continuous flow con-

ditions (Figure S3), simulating potential future application designs.21 Cell populations were monitored via OD600

readings, and C2 products (acetate and ethanol) were quantified using quantitative ¹H NMR (qNMR) spectroscopy 

(Figure 1C, 1D). The adapted strain, Cladapt, exhibited faster growth and higher final OD600 values than the wildtype 

Clwt in both modes. In batch mode, Cladapt reached an OD600 increase (ΔOD600) of 0.043 ± 0.002 by day 4, approxi-

mately 2.5 times higher than the 0.017 ± 0.003 ΔOD600 of Clwt (Figure S4). In continuous flow mode, by day 6, 

Cladapt and Clwt recorded OD600 values of 1.021 ± 0.343 and 0.091 ± 0.117, respectively, indicating an 11.2-fold 

increase in the adapted strain. Growth rate analysis (Table S1) showed that Cladapt had rates of 0.376 ± 0.022 per 

day in batch mode and 0.959 ± 0.106 per day in flow mode, compared to Clwt's slower rates of 0.255 ± 0.007 and 

0.232 ± 0.215 per day, respectively (Figure S5). The enhanced growth of Cladapt under flow mode suggests 
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improved syngas utilization following ALE, likely due to increased CO tolerance, as previous studies have shown 

high CO concentrations can impede growth rates.22,23

Figure 1. ALE of Clostridium ljungdahlii. (A) Schematic illustration of the syngas-fermenting metabolic pathways in C. ljungdahlii, 

including integration with photocatalytic syngas production. [CH3] (red color), methyl branch; [CO] (blue color), carbonyl branch.

(B) Schematic summary of the ALE process. The wild-type strain (Clwt) was adapted to a syngas environment through gradual fruc-

tose reduction and removal over 20 transfers, resulting in the adapted strain (Cladapt). (C) Comparative analysis of growth and C2

product generation (acetate and ethanol) between Cladapt and Clwt under batch gas purging conditions (syngas purging for 30 min 

daily, 112 mL headspace). (D) Similar comparative analysis under continuous gas flow conditions (10 mL syngas per min). Growth 

conditions: PETC medium (pH 5.9), 37 °C with 150 rpm mixing.

In batch mode (Figure 1C), Cladapt produced 0.27 ± 0.01 mM acetate and 0.061 ± 0.005 mM ethanol over seven 

days, amounting to 0.047 ± 0.02 mM C2 compounds per day from syngas. In contrast, Clwt produced 0.064 ± 0.003 

mM acetate and 0.051 ± 0.005 mM ethanol, equivalent to 0.016 ± 0.001 mM C2 compounds per day, approximately 
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three-fold less than Cladapt, consistent with the observed growth rate differences. Under continuous flow mode (Fig-

ure 1D), Cladapt generated 69.1 ± 28.3 mM acetate and 7.7 ± 5.2 mM ethanol in six days, translating to 12.8 ± 5.6 

mM C2 compounds per day. In contrast, Clwt generated 0.54 ± 0.70 mM acetate and 0.09 ± 0.03 mM ethanol, or 

0.11 ± 0.12 mM C2 compounds per day, approximately 120-fold lower than Cladapt. This large discrepancy suggests 

that continuous flow conditions, providing sustained syngas availability, greatly enhance the performance of Cladapt. 

These findings confirm the successful adaptation of Cladapt to syngas, demonstrating significantly higher C2 com-

pound production, especially under continuous flow operation.

To confirm the source of carbon in the C2 products (Figure 1A), we performed isotopic labelling experiments 

using 13C-syngas as the sole substrate for Cladapt and Clwt over 12 days. The isotopologues were analyzed by qNMR 

spectroscopy (Figure 2A for acetate and Figure S6 for ethanol). Cladapt and Clwt showed acetate (38.2 and 5.3 mM)

containing mixtures of 13C and 12C, including 13CH3-13COO−, 13CH3-12COO−, 12CH3-13COO−, and 12CH3-12COO−.

However, only Cladapt produced ethanol (0.7 mM) containing mixtures of 13CH3-13CH2OH and 12CH3-13CH2OH. For 

further discussion, see Supplementary Note 1. The 13C/12C ratios were 86:14 for acetate and 95:5 for ethanol in 

Cladapt, and 70:30 for acetate in Clwt, indicating that the majority of carbon in the products originates from 13C-syngas, 

with a smaller portion of 12C likely coming from the parental culture or cellular carbon reserves. This finding confirms

that both Cladapt and Clwt can produce C2 compounds by converting the carbon in syngas. The higher 13C content

and the presence of ethanol as a more reduced product in Cladapt indicates better syngas uptake and conversion 

activity compared to Clwt
24

Figure 2. Growth Analysis of Strains Using 13C- and 13C/12C Mixed-Substrates. (A) qNMR spectra showing acetate production by 

Cladapt and Clwt, when cultivated on 13C-syngas (112 mL headspace) over 12 days. (B) Consumption of 13C-formate, and (C) 
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production of 13C-acetate, when cultivated on 13C-formate (~30 mM) alongside 12C-syngas (112 mL headspace) over 4 days.

Growth conditions: PETC medium (pH 5.9), 37 °C with 150 rpm mixing.

Notably, both strains produced less 13CH3-12COO− than 12CH3-13COO− (Table S3), a metabolic preference that 

extended to 12CH3-13CH2OH (Table S5). This suggests a preference for retaining the 12C-methyl rather than 12C-

carbonyl group. Compared to Clwt (13CH3-12COO−/12CH3-13COO− = 0.9), the Cladapt (13CH3-12COO−/12CH3-13COO− = 

0.5) shows a more unbalanced 12C/13C distribution. This observation may reflect a bottleneck in the Cl’s Wood-

Ljungdahl pathway’s methyl branch,25 which Cladapt has not yet overcome, or alternatively the carbonyl branch has 

been significantly enhanced during adaptation.

To investigate differences in the methyl branch of the Wood-Ljungdahl pathway between Cladapt and Clwt, we 

performed a second isotopic labeling experiment using 13C-formate and 12C-syngas. Cladapt exhibited significantly 

faster growth, achieving a cell population five times greater than Clwt within four days (Figure S8A). Cladapt con-

sumed ~25 mM of 13C-formate within two days, whereas Clwt utilized only ~15 mM over four days (Figure 2B), 

resulting in a markedly higher production of 13C-acetate in Cladapt (3.86 ± 0.11 mM vs. 0.66 ± 0.06 mM) (Figure 2C). 

This finding highlights Cladapt's enhanced efficiency in utilizing formate for such as growth and acetate production,

reflecting optimized pathway dynamics compared to Clwt. For further discussion, see Supplementary Note 2.

We conducted whole genome sequencing and RNA-seq analysis to investigate the genetic and transcriptional 

changes in Cladapt compared to Clwt. The analysis revealed specific mutations (Table S6-S8, Figure S10) and sig-

nificant differences in gene expression (Figure S11-S14), particularly in pathways linked to glycine reductase and 

carbon-oxygen lyase activities. For a detailed account of the mutations and transcriptional profiles, please refer to 

Supplementary Note 3.

Finally, we coupled Cladapt with syngas produced from a synthetic photocatalytic CO2 reduction system, creating 

an inorganic-bacterial system capable of domino valorization of CO2 into acetate and biomass with solar energy 

(Figure 3A). The photocatalytic system was composed of light-absorbing TiO2 nanoparticles (P25, 365 mg) and a 

phosphonated cobalt(II)(terpyridine)2 CO2 reduction molecular catalyst (CotpyP, 20 µmol gTiO2
−1).26,27 During pho-

tocatalysis, the hybrid TiO2|CotpyP photocatalyst was suspended in an aqueous solution (217 mL) containing 0.1 

M triethanolamine (TEOA) as sacrificial electron donor and irradiated with UV-containing LED simulated sunlight 

(AM1.5G). CO2 flowed over six days (flow mode), mimicking the flow conditions described above, and the photo-

generated syngas was continuously flown from the photoreactor to the bioreactor (Figure 3A). See Supplementary 

Note 4 for batch mode experiment details.
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In flow mode, TiO2|CotpyP produced syngas under irradiation and exhibited activities of 147.8 ± 96.8 nmol 

CO gTiO2
−1 min−1 and 367.1 ± 605.9 nmol H2 gTiO2

−1 min−1 (Table S9). The generated solar syngas had thus a CO:H2

ratio of ~30:70. The activity of TiO2|CotpyP over time under flow conditions is significantly higher than other state-

of-the-art photocatalytic flow systems (Table S10), and therefore well suited for our biological-inorganic assembly.

The bacterial cultures were able to increase their biomass from the start of the flow experiment until day 4, 

reaching a ΔOD600 of 0.30 ±0.09 which remained approximately constant until day 6 (Figure 3B). In comparison 

to the batch mode, the flow configuration showed an increase in acetate from day 0 to day 6 with a maximum 

Δ[acetate] of 0.46 ± 0.07 mM (Figure S15). The lack of ethanol, lower ΔOD600 and Δ[acetate] can be attributed to 

the syngas concentration in the photocatalysis gas stream (<0.1%) as well as its formation rate by TiO2|CotpyP

compared to the utilized commercial syngas cylinder. As shown in Figure 1D, Cladapt can produce high biomass 

and C2 product outputs under syngas flow rates as high as 102 µmol CO min-1 and 41 µmol H2 min-1, highlighting 

the limitations of the presented photocatalytic system and need to develop improved systems capable of delivering 

higher syngas formation rates to Cladapt.

Figure 3. Light-Driven CO2 Domino Valorization System. (A) Scheme of flow mode setup: the mass flow controller (MFC) flows CO2

inside the photoreactor, where TiO2|CotpyP generates photocatalytically syngas from 0.1M TEOA in CO2-saturated water. An UV-

containing LED simulated sunlight (AM1.5G) source irradiates the photoreactor from the top; and the bioreactor where bacteria is 
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cultured, receives the syngas output. (B) Variation of acetate concentration and optical density (OD600) over 6 days under solar 

light. 

Our results show that simple photocatalytic powder systems can in principle be used to feed solar syngas to gas-

fermenting bacteria, thereby providing an alternative to wired devices such as electrolyzers and photoelectrochem-

ical cells3,5,6,11. They also serve as a cautionary tale for researchers working in the fields of biohybrids and domino 

catalysis, emphasizing the need for new renewable energy-driven syngas forming systems and device architectures 

to fully exploit the capabilities of gas fermenting adapted bacteria, enabling high levels of C2 products and cell 

growth over time.

CONCLUSION

In conclusion, our proof-of-concept approach combines for the first time photocatalytic CO2 reduction with bio-

synthesis with adapted bacteria and thereby provides a blueprint for solar bioproduction of multicarbon products. It 

highlights the potential of enhancing microorganisms' natural abilities through adaptive evolution and their integra-

tion with inorganic catalytic systems. Future efforts will aim to optimize these biological-inorganic hybrid systems

by assessing their syngas formation rates, scalability, and advancing genetic and metabolic engineering strategies 

to fully leverage microbial gas fermentation. This study exemplifies the transformative potential of cross-pollinating 

biological, materials science and chemistry innovations to tackle pressing global environmental challenges.

SUPPORTING INFORMATION

Supporting Information is available online. Including experimental details, adaptation evolution laboratory data, 

NMR spectra, growth calculation rates, isotopic distribution information of acetate and ethanol, genomic analysis 

and RNA-seq analysis of adapted and wild-type Clostridium ljungdahlii strains, and photocatalysis data. 
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