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Microbial chain elongation represents an attractive alternative to chemical synthesis for the production of medium-chain fatty acids (MCFAs), enabling the upgrading of short-chain organic acids and alcohols through reverse β-oxidation. Clostridium kluyveri typically utilizes ethanol as an electron donor and acetate as a carbon acceptor; however, the potential of alternative substrates derived from industrial and biorefinery waste streams, such as succinic acid, remains poorly investigated. This study investigated the feasibility of using succinic acid as an alternative electron acceptor in C. kluyveri fermentation for MCFA production. 
Anaerobic batch fermentations were conducted in sealed serum bottles (40 mL working volume) at 37°C and initial pH 6.8, evaluating the co-utilization of succinate and ethanol. The effects of succinate on metabolic activity, product distribution, and product yields were assessed.
The results demonstrated that succinate can sustain C. kluyveri metabolism under anaerobic conditions, resulting in hexanoic acid concentrations of approximately 4.3–4.7 g/L when ethanol was supplied as the reducing equivalent source. The co-utilization of succinate and ethanol promoted butyrate and hexanoate formation, confirming the activation of chain elongation pathways and highlighting the strong dependence of succinate conversion on ethanol availability.
Overall, these findings demonstrate the metabolic flexibility of C. kluyveri and support the integration of succinate-rich waste streams into MCFA bioproduction processes, provided sufficient reducing equivalents are available.

Introduction
The transition toward a circular and low-carbon economy requires the development of sustainable routes for producing chemicals and fuels from renewable and waste-derived resources. Microbial fermentation has emerged as a key enabling technology for converting carbon-rich waste streams into value-added products, thereby reducing greenhouse gas emissions and dependence on fossil resources (Angenent et al., 2016). 
Among the available fermentation-based strategies, chain elongation has gained increasing attention as an effective microbial route for upgrading short-chain carboxylates and alcohols to medium-chain fatty acids (MCFAs), such as butyrate and caproate. MCFAs are characterized by a higher market value and lower water solubility than their short-chain counterparts (Wang and Yin, 2022). These peculiar features facilitate downstream separation and improve the overall economic feasibility of anaerobic fermentation processes (Sarkar et al., 2021).
Clostridium kluyveri is a well-established model microorganism for chain elongation studies. This strictly anaerobic bacterium converts ethanol and short-chain carboxylates, mainly acetate, into longer-chain fatty acids through the reverse β-oxidation pathway, elongating the carbon chain by two carbon units per cycle (Seedorf et al., 2008). Owing to its well-defined metabolism and robustness, C. kluyveri has been extensively investigated for MCFA production in both batch and continuous systems (Zhao et al., 2024).
The metabolism of C. kluyveri is traditionally associated with ethanol as the primary electron donor and acetate as the carbon acceptor, making the availability of reducing equivalents a key factor in controlling growth and metabolite distribution (San-Valero et al., 2019). Recent studies have highlighted that changes in electron balance and inorganic carbon availability can significantly affect C. kluyveri physiology and chain elongation performance (Pisacane et al., 2025). Moreover, recent studies on continuous microbial fermentation systems have indicated that variables, such as pH, electron donor-to-acceptor ratios, and substrate composition, can strongly modulate the metabolic profile and yield of chain-elongated products, providing insights for designing more resilient and efficient bioprocesses (Pisacane et al., 2024; Lanzillo et al., 2025).
Despite extensive investigations into ethanol–acetate systems, the role of alternative organic acids, such as succinate, in supporting C. kluyveri metabolism remains poorly understood. Organic acids, such as succinate, are frequently detected in mixed-acid fermentation broths, anaerobic digestion effluents, and biorefinery waste streams, making them attractive candidates for integrated bioprocesses. Early studies reported that C. kluyveri can metabolize succinate under anaerobic conditions; however, its utilization appears to be strongly dependent on the availability of suitable electron donors, particularly ethanol (Kenealy and Waselefsky, 1985). Therefore, determining whether succinate can effectively function as a carbon acceptor within the reverse β-oxidation pathway is essential to broaden the substrate spectrum and operational flexibility of chain elongation processes.
Therefore, the aim of this study is to evaluate the potential of succinic acid as an alternative substrate for Clostridium kluyveri growth and medium-chain fatty acid production. Batch fermentation experiments were conducted to assess the impact of succinate on metabolic activity, product spectrum, and chain elongation performance, with particular emphasis on its interaction with ethanol as a source of reducing equivalents.
Materials and methods 
Microorganism and media
An active strain of Clostridium kluyveri (DSM 555) was obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). Stock preservation, preculture preparation, and anaerobic cultivation were performed at 37 °C according to the protocol described by Pisacane et al. (2025). 
The fermentation medium was prepared using acetic acid, ethanol, and succinic acid as substrates. Ethanol was supplied at a fixed concentration of 13 g/L under all experimental conditions, whereas succinic acid was added at 6 g/L. Acetic acid was supplied at concentrations of 1 or 2 g/L, depending on the experimental setup. Specific details regarding the substrate combinations and experimental conditions are listed in Table 1. All chemicals were purchased from Sigma-Aldrich (Milan, Italy).
Apparatus and operative conditions 
Batch fermentations were performed in 100 mL sealed serum bottles, and the working volume (VL) was set to 40 mL. A defined volume of medium was dispensed into the bottles and boiled. During cooling, the medium was sparged with a stream of nitrogen (N₂) to maintain anaerobic conditions and autoclaved for 20 min at 121 °C. After sterilization and cooling of the medium in the bottles, cysteine-HCl, carbonate, and sulfide were added from sterile degassed stock solutions (details of the stock solutions can be found in DSMZ 52 medium). The pH was adjusted to 6.8, and vitamins were finally added. The inoculum was prepared by cultivating C. kluyveri in DSMZ 52 medium in 15 mL Hungate tubes containing 10 mL of medium, under the same temperature and strictly anaerobic conditions adopted for the fermentation experiments. Cultures were grown until the exponential phase and then used to inoculate the experimental bottles.
Serum bottles were inoculated to achieve an initial cell concentration of 0.02 gDM/L. Fermentations were carried out at 37 °C with orbital shaking at 130 rpm for about 80 h. Process monitoring was performed at least once per day by measuring biomass concentration as well as acid and alcohol concentrations. 
All experiments were conducted in biological triplicate, and results are reported as mean values ± standard deviation. Biomass and metabolite concentrations were determined using calibrated analytical methods. Calibration curves were established prior to analysis using standard solutions of the target compounds over an appropriate concentration range.
Analytical methods
The pH of the cultures was measured at regular intervals using a standard pH meter. Liquid samples (1 mL) were periodically withdrawn to determine biomass and metabolite concentrations, following the procedure described by Lanzillo et al. (2020). The optical density at 600 nm (OD₆₀₀) was recorded using a UV–visible spectrophotometer (SPECORD 50 UV-VIS, Analytik Jena, Jena, Germany), and the cell dry weight (gDM/L) was estimated based on a calibration curve (1 OD = 0.4 gDM/L). Samples were centrifuged at 13,000 rpm for 10 min using a MiniSpin® centrifuge (Eppendorf Italia, Milan, Italy), and the supernatant was analyzed for the soluble metabolites. The concentrations of acids and alcohols, including acetic, butyric, and hexanoic acids, as well as ethanol, were quantified using an HPLC system (HP1260, Agilent Co., Santa Clara, CA, USA) equipped with a Rezex™ ROA-Organic Acid H⁺ column (8 %, 150 × 7.8 mm) and a RID detector (Column Temperature Controller, Thermasphere™ TS-130). The mobile phase consisted of 3 mM H₂SO₄, delivered at a flow rate of 0.8 mL/min, at room temperature.
Results 
The production of medium-chain fatty acids (MCFAs) by Clostridium kluyveri using alternative electron acceptors was investigated using batch fermentation experiments with a pure culture. The experiments aimed to assess the impact of succinate and acetate on cell growth, substrate utilization, and MCFA production, with a particular focus on butyric and hexanoic acid formation. 
Table 1 summarizes the initial substrate concentration, the maximum product concentration, yield regarding hexanoic acid production (YHA/X, YHA/AA, YHA/E, and YHA/SA), and specific cell growth rate (μ) assessed for each test.

Table 1: Initial concentration of substrate and fermentation results in terms of maximum metabolite concentrations, yields, and specific cell growth rate
	Test
	Initial substrate conc.
g/L
	Maximum product conc.
g/L
	Yields
g/g
	Growth rate
h-1

	
	E
	AA
	SA
	BA
	HA
	YHA/X
	
	YHA/E
	YHA/SA
	μ

	I
	13
	1
	6
	3.7±0.3
	4.7±0.3
	6.9±0.3
	
	0.50±0.03
	0.80±0.03
	0.090±0.06

	II
	13
	2
	6
	3.7±0.3
	4.5±0.3
	7.5±0.4
	
	0.60±0.04
	0.90±0.03
	0.085±0.06

	III
	13
	-
	6
	2.8±0.1
	4.3±0.3
	7.2±0.4
	
	0.60±0.06
	1.00±0.07
	0.041±0.04



Figure 1 shows the time profiles of the pH and the biomass, substrate, and product concentrations under different experimental conditions. All tests were carried out at initial concentrations of ethanol (main electron donor) and succinic acid of 13 and 6 g/L, respectively. The effect of acetate availability on microbial growth and product formation was assessed by tuning the initial concentration of acetic acid: fermentation tests were carried out at initial acetate concentrations of 1 (A-B) and 2 (C-D) g/L, and without acetate (E-F). 
Significant cell growth was observed under all tested conditions, confirming the ability of C. kluyveri to utilize the tested substratesTests I and II were characterized by a rapid increase in the biomass concentration from the beginning of fermentation, approaching a maximum value after approximately 24 h. No appreciable differences were observed in either the maximum cell concentration or the specific growth rate, which were 0.65 and 0.60 g L⁻¹ and 0.090 and 0.085 h⁻¹ for tests I and II, respectively (Table 1). The cell growth rate measured in test III was slower than that measured in tests I and II. Cell growth extended over a longer period, and the maximum biomass concentration (0.62 g/L) was approached only after approximately 48 h, including a short lag phase. This lag phase was likely due to the absence of acetic acid and the need for the bacteria to adapt to succinate as the sole electron acceptor.
There are few reports on the specific growth rate of C. kluyveri in the presence of succinate plus ethanol. Specific growth rates reported for growth on other C4 substrates, such as butyrate, range between 0.029 h⁻¹ in the presence of 2.2 g/L butyrate and 16 g/L ethanol (Weimer and Stevenson, 2012) and high values (0.039 h-1) measured for ethanol/acetate/butyrate mixtures at concentrations of 15, 5.3, and 8.5 g/L, respectively (San Valero et al., 2019). The slightly higher growth rates measured in this study with respect to data reported in the literature suggest that the growth kinetics of C. kluyveri may be strongly affected by substrate concentration and the nature of the electron donors and acceptors provided. 
Ethanol and succinic acid concentrations decreased progressively as the cells grew. Succinic acid was almost completely consumed under all operating conditions; ethanol approached a residual concentration of approximately 3 g/L in tests I and II and approximately 4 g/L in test III. 
The main products obtained during batch fermentation using C. kluyveri with ethanol and succinic acid were butyric and hexanoic acids. In tests I (Figure B) and II (Figure D), butyric acid production started in the first 12 h of the process at the onset of ethanol and succinate uptake. In both cases, the butyric acid concentration increased rapidly, approaching a plateau at about 3.5 g/L after approximately 36–48 h of fermentation. The slight increase in the initial acetate concentration - from 1 g/L to 2 g/L - had a negligible effect on the overall kinetics. Hexanoic acid began to accumulate only after 12 h of fermentation and approached the concentrations of about 4.5 g/L by the end of the tests.
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Figure 1: Data measured during batch fermentations: concentration of cells and pH (left axis) and concentration of ethanol, acetic acid, butyric acid, and hexanoic acid (right axis). A-B) Test I; C-D) Test II; E-F) Test III. 

As regards the yields reported in Table 1, test II was characterized by a slightly higher overall product formation efficiency (YHA/X = 7.5 g/g) than test I (YHA/X = 6.9 g/g), suggesting that cell growth at a higher initial acetate concentration produced more hexanoate at the same amount of biomass produced.
On the contrary, the YHA/X values for tests I and III were very close, suggesting that the absence of acetate in test III exerted only a negligible effect on hexanoate production per unit of biomass. However, it slowed cell growth kinetics and extended the period to approach the maximum biomass and hexanoate concentrations. As a matter of fact, the productivity of hexanoate decreased.
The hexanoate yield per unit of ethanol consumed (YHA/E) changed remarkably: 0.5 g/g in test I and 0.6 g/g in tests II and III. The ethanol conversion efficiency to hexanoate was only slightly affected by experimental conditions.
The constancy of YHA/E for all tests and the accumulation of both butyrate and hexanoate suggest that a substantial fraction of the butyrate formed was elongated to hexanoate. This pattern is consistent with the established reverse β-oxidation pathway in C. kluyveri: ethanol-derived acetyl-CoA is first condensed to butyryl-CoA (leading to extracellular butyrate) and then further converted to hexanoyl-CoA before hexanoic acid is released (Candry et al., 2018).
In experiment III (Figure F), performed without acetic acid supplementation, both butyric and hexanoic acids accumulated more slowly than in the acetate-supplemented tests (I and II). Butyric acid approached a low final concentration (~2.8 g/L), whereas hexanoic acid accumulated at ~4.3 g/L after 48 h, as measured in tests I and II (~4.5 g/L). The results suggest that acetate supplementation increased the growth rate and butyrate production without substantially altering the final hexanoate titers. The slow cell kinetics measured in test III may reflect a temporary limitation of C2 unit availability for chain elongation initiation, as acetyl-CoA formation is coupled to ethanol oxidation. However, the comparable final hexanoate suggests that C. kluyveri can adapt by generating sufficient acetyl-CoA from ethanol, even in the absence of exogenous acetate (Angenent et al., 2016). The acetate accumulation patterns discussed below further support this metabolic flexibility.
The dynamics of acetate are worth considering. Although acetate was initially supplemented as a substrate to initiate chain elongation, its concentration did not progressively decrease as an electron/carbon acceptor. Instead, the concentration increased under all conditions, reaching final levels that exceeded the initial supply. In tests I and II (Figures B and D), the acetate concentration was almost constant at the initial value (~1–2 g/L) for the first 12 h, then rose and stabilized at 2.4–2.7 g/L. A similar but less pronounced trend occurred in test III (Figure F), with acetate accumulating to ~1.6 g/L. This counterintuitive behavior reflects the metabolic flexibility of C. kluyveri. During ethanol oxidation, a portion of acetyl-CoA is diverted to acetate via the phosphotransacetylase–acetate kinase (PTA–ACK) pathway to generate ATP, even when exogenous acetate is supplied - particularly during active growth phases - before the remainder is channeled into reverse β-oxidation (Barker and Taha, 1942; Bornstein and Barker, 1948).”
Under succinate-supplemented conditions, C. kluyveri can assimilate succinate when reduced co-substrates, such as ethanol, are available (Kenealy and Waselefsky, 1985). Ethanol plays a dual role: as an electron donor for reductive chain elongation and as a substrate for energy conservation through ATP-generating oxidation reactions. This partitioning creates a metabolic trade-off between energy conservation and MCFA production, contributing to the observed acetate accumulation and explaining the robust chain elongation efficiency despite acetate buildup.
Conclusions
The results of this study demonstrate that succinic acid can effectively function as an alternative electron acceptor in Clostridium kluyveri chain elongation, expanding beyond the conventional ethanol–acetate system. Succinic acid supported both microbial growth and medium-chain fatty acid production under all tested conditions, confirming its compatibility with the reverse β-oxidation pathway.
Although acetate supplementation enhanced biomass growth and increased butyrate formation rates, the final hexanoate titers remained comparable across all operating conditions (~4.3–4.7 g/L). This finding indicates that succinate can sustain robust hexanoate production from ethanol, even in the absence of externally supplied acetate. The acetate accumulation observed during fermentation further highlights the metabolic flexibility of C. kluyveri, in which ethanol oxidation contributes to ATP generation via the PTA–ACK pathway while simultaneously providing acetyl-CoA for chain elongation.
Overall, these findings broaden the substrate spectrum available for C. kluyveri-based processes and demonstrate the potential of succinate as a viable carbon acceptor for MCFA. From a biorefinery perspective, this approach enables valorisation of succinate- or C4-rich waste streams within integrated fermentation platforms for medium-chain fatty acid production. Future research should focus on validating this strategy in continuous systems, optimizing ethanol-to-succinate ratios to overcome redox constraints, and assessing process scale-up to enhance productivity and evaluate industrial feasibility.
Nomenclature
AA – acetic acid concentration (g/L)

BA – butyric acid concentration (g/L) 
E – ethanol concentration (g/L)
HA – hexanoic acid concentration (g/L)
ODλ – optical density 
T – fermentation temperature (°C)
X – cell concentration (gDM/L)
μ – specific cell growth rate (h-1)
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