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

• A mixture of C6 and C7 was obtained by
co-fermenting wine lees and WAS.

• Highest C6 and C7 selectivity of 40.2 %
observed at 40 gCOD/L.

• Fast-growing chain-elongating micro-
biome led by Clostridiaceae and
Oscillospiraceae.

• At 70 and 100 gCOD/L, ethanol-based
chain elongation shifted to a lactate-
based one.

• pH2 is a fundamental parameter to
control EEO and increase C6 and C7
selectivity.
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A B S T R A C T

In this study, wine lees and waste activated sludge (WAS) were co-fermented for the first time in a 4:1 ratio (COD
basis) at 20, 40, 70 and 100 gCOD/L, in batch at 37 ◦C and pH 7.0. The substrates were successfully converted to
caproate (C6) and heptanoate (C7) with a high selectivity (40.2 % at 40 gCOD/L). The rapidly-growing chain-
elongating microbiome was enriched in Clostridiaceae and Oscillospiraceae, representing together 3.4–8.8 % of the
community. Substrate concentrations higher than 40 gCOD/L negatively affected C6 and C7 selectivities and
yields, probably due to microbial inhibition by high ethanol concentrations (15.82–22.93 g/L). At 70 and 100
gCOD/L, chain elongation shifted from ethanol-based to lactate-based, with a microbiome enriched in the lactic
acid bacteria Roseburia intestinalis (27.3 %) and Enterococcus hirae (13.8 %). The partial pressure of H2 (pH2) was
identified by thermodynamic analysis as a fundamental parameter for controlling ethanol oxidation and
improving C6 and C7 selectivities.

1. Introduction

Upgrading biodegradable waste streams into fuels and chemicals is a
crucial step in achieving full circular economy by effectively closing the

carbon cycle. For this reason, residues valorization has become a core
aspect of the EU Green Deal, a growth strategy aiming at developing a
European circular bio-economy (European Commission, 2019). Ac-
cording to the EU Biorefinery Outlook, around 30–50 % of the European
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high-value-added organic chemicals will be produced from organic
waste by 2030 (Platt et al., 2021). However, converting complex waste
into platform molecules with competitive yields and selectivities is still a
challenging task.

Medium-chain carboxylic acids (MCCAs), i.e., carboxylates with six
to ten carbon atoms, are chemical building blocks having wide industrial
applications, explaining the increasing market demand. At present,
MCCAs are mainly obtained as a by-product of palm kernel oil refining
(Shahid, 2005). Palm kernel oil is relatively rich in caprylate (C8, ~55
%) and caprate (C10, ~ 42 %), but the C6 concentration is limited to
only ~2 % w/w (Turpeinen and Merimaa, 2011). Such low C6 content
limits the production to 25 ktons/year with a high selling price of
1.88–2.09 €/kg (Moscoviz et al., 2018). In addition, C7 is mostly derived
from castor oil through the oxidation of heptaldehyde, with a maximum
selectivity of 25 % w/w (Das et al., 1989; Springer and Lappe, 2001).
Current research efforts are focusing on increasing these low yields and
selectivities in C6 and C7 via sustainable microbial routes, the so-called
chain elongation process. Chain elongation is a secondary anaerobic
fermentation process occurring via the reverse β-oxidation pathway
(RBO). RBO pathway consists of increasing the length of the carboxylic
acid chain through sequential additions of two atoms of carbon using
ethanol or lactate as preferred electron donors. These reactions are
thermodynamically feasible under standard conditions corrected for pH
= 7 as indicated by Gibbs energy changes denoted ΔG◦’ (Eq.1) (Roghair
et al., 2018).

RBO : 5CxH2x− 1O−
2 +6C2H6O→5Cx+2H2x+3O−

2 +C2H3O−
2

+4H2O+H+ +2H2

ΔG0ʹ
= − 184.3

kJ
mol

(C4→C6)

ΔG0ʹ
= − 188.3

kJ
mol

(C5→C7) (1)

However, the competitiveness of this biological process is hampered by
the high cost and environmental impact of sugar-based feedstocks and
ethanol (Chen et al., 2017; Debergh and Van Dael, 2022). While the use
of waste streams such as wine lees can represent an environmentally and
economically sustainable feedstock, providing ethanol as electron donor
for the RBO pathway, steering fermentation pathways towards the
desired end-products is challenging when using open-mixed cultures
due to outcompeting microbial routes.

The major metabolic pathway outcompeting ethanol-based chain
elongation is excessive ethanol oxidation (EEO), where ethanol is
directly oxidized to acetate (Eq.2) at low partial pressure of H2 (pH2 =

0.0003–0.002 bar) (Roghair et al., 2018). This pathway is particularly
detrimental to RBO process when costly external ethanol is supplied to
the system. Nonetheless, partial EEO can play a positive role in
upgrading ethanol-rich waste streams such as wine lees by transforming
part of the ethanol in acetate, which could be further elongated to
butyrate (C4) and caproate (C6).

EEO = C2H6O+H2O→C2H3O−
2 +H+ +2H2

ΔG0́ = 9.6 kJ/mol (2)

EEO is often close to thermodynamic equilibrium, as illustrated by the
value of ΔG◦’ close to zero (Eq.2). Thermodynamic state analysis can
therefore be a useful tool for process understanding and control, since
the thermodynamic feasibility of EEO can be determined under specific
experimental conditions and, in turn, the experimental conditions can
be tuned to boost the desired reactions (Kleerebezem and Van Loos-
drecht, 2010).

With this type of fermentation and process control, the high ethanol
concentrations (87–107 g/L) contained in wine lees (Kucek et al.,
2016b) are foreseen as a valuable resource to upgrade the concentration

in C6 and C7 through RBO and EEO in an open-mixed culture reactor.
Meanwhile, the use of wine lees as substrate requires dilution to avoid
fermentation inhibition due to ethanol toxicity. Dilution can be per-
formed by co-fermentation with other organic waste such as waste
activated sludge (WAS), simultaneously treating two types of waste
generated by the winemaking process and reducing resource needs.

In light of this, the novelty of this study is to investigate systemati-
cally the effect of increasing substrate concentrations on the anaerobic
co-fermentation of wine lees and WAS for the production of C6 and C7.
These two wastes from the winemaking process have not been previ-
ously combined in anaerobic fermentation and could benefit the process
sustainability in the perspective of scale-up. A thermodynamic analysis
and mass balance of the system were performed to better understand key
metabolic pathways and identify the best operational conditions for
better control over the RBO process. The microbial community was also
analyzed to identify the key microbial species catalyzing the observed
reactions.

2. Materials and methods

2.1. Substrates characterization

This study used red wine lees from the INRAE research unit of Pech
Rouge (France) and WAS was collected at the wastewater treatment
plant of Narbonne (France). These substrates were characterized before
being stored at − 20 ◦C. Red wine lees had a soluble COD content of
228.17 ± 5.04 gCOD/L, 98.0 % of which was ethanol (107.3 g/L), and a
total COD content of 353.33 ± 6.62 gCOD/L. The biodegradable COD
(bCOD) corresponded to 80.3 % of the total COD. WAS underwent
centrifugation and the liquid and solid fractions were stored separately
at − 20 ◦C, to reproduce a thickened WAS with 40 gTS/L for the exper-
iments. The WAS had a VS/TS ratio of 0.78 and a total COD content of
50.19 ± 0.27 gCOD/L, corresponding to a bCOD of 35.8 %.

2.2. Anaerobic co-fermentation experiments

Anaerobic co-fermentation was performed on wine lees and WAS
with a 4:1 ratio on a total COD basis, which was representative of waste
fluxes of a winemaking company situated in Northern Italy (Da Ros
et al., 2017). Batch experiments were conducted in quadruplicate, in 1L
glass bottles with a working volume of 0.5 L and equipped with custom
necks for sampling. Fermentation was performed by the indigenous
microbial community of the substrates, without inoculum addition. The
pH was initially adjusted at 7 by adding 8 M NaOH, and the medium was
buffered with 400 mM HEPES (2-[4-(2-Hydroxyethyl)piperazin-1-yl]
ethane-1-sulfonic acid). Before incubation at 37 ◦C, the headspace was
flushed with N2 for 5 min to ensure anaerobic conditions. Bottles were
mechanically stirred before sampling. Increasing substrates concentra-
tions of 20, 40, 70 and 100 gCOD/L were tested, which corresponded to
initial ethanol concentrations (g/L) of 4.55 ± 0.11, 9.20 ± 0.17, 15.82
± 0.20, and 22.93 ± 0.29, respectively. To reach the target concentra-
tions, substrates were diluted with tap water. The tests were closed when
methane production started. Bottles were sampled daily (10 mL) for
metabolites, pH, and microbial community analyses. Online monitoring
of gas production and composition was performed every 2 h.

2.3. Analytical methods

Total and soluble COD of the substrates was measured with com-
mercial kits (Lovibond, Germany). bCOD was determined by near-
infrared spectroscopy (Lesteur et al., 2011). pH was daily monitored
with a Five Easy™ pHmeter (Mettler Toledo). Carboxylates concentra-
tions were determined by gas-chromatography (GC) and ethanol,
lactate, glycerol and 1,3-propanediol (1,3-PDO) were monitored by
High-Performance Liquid Chromatography as described elsewhere
(Noguer et al., 2022). Biogas production and composition were
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monitored with a micro-gas chromatograph (MicroGC, SRA l-GC R3000)
(Noguer et al., 2022).

2.4. Calculations

The yield indicates the amount of bCOD of the substrates converted
into fermentative metabolites. For the liquid products (carboxylates and
1,3-propanediol), yield was calculated as it follows (Eq. (3):

where working volume was the real working volume, considering
samples withdrawal.

For the gaseous products, yield was calculated as mL gas/g bCOD
inserted. The volume of gas produced was calculated through the pres-
sure variations, as detailed in Roslan et al. (2023). Carboxylates selec-
tivity was expressed as a percentage on a COD basis of the total
carboxylates produced.

2.5. Microbial community analysis

Microbiological analysis was performed by 16S rRNA gene Illumina
sequencing on the biomass pellet resulting from sample centrifugation
according to Noguer et al. (2022). For each condition, the samples at day
4 were selected because it corresponded to the end of the test at a sub-
strate concentration of 20, 40, and 70 gCOD/L. For the condition at 100
gCOD/L, the sample at day 7 was also analyzed. Sequences were sub-
mitted to GenBank, under the accession number PRJNA1028514. The
rRNA sequences of OTUs with relative abundance ≥ 1 % were then used
for Megablast to search within the NCBI nucleotide database.

Bioinformatic analyses were conducted in R version 4.3.0 with the
packages phyloseq, microbiome, vegan, MicEco, microeco. Graphs were
realized with ggplot2. Spearman’s correlation between the environ-
mental variables and the OTUs was calculated with the trans$env func-
tion in the microeco package. To evaluate the distance between samples,
Principal Coordinates Analysis (PCoA) was performed with the capscale
function in the vegan package. The correlation between microbiome
composition and environmental factors was investigated by fitting the
PCoA scores with the envfit vegan function.

2.6. Thermodynamic analysis and mass balance

Thermodynamic calculations were performed as indicated by
Kleerebezem and Van Loosdrecht (2010), using their ΔG0

f and H0
f values.

The missing H0
f values were retrieved from the OBGIT thermodynamic

database in the R package CHNOSZ. The standard variation in Gibbs free
energy (ΔG0′), reported also in Eq. (1) and (2), was calculated at T = 25
◦C, pH = 7, and all aqueous and gaseous species at 1 atm. Temperature
corrections to 37 ◦C to ΔG0′were made by applying the Gibbs-Helmholtz
equation. For each condition, the variation in Gibbs free energy of re-
action (ΔG) was daily determined for the lactate-based and ethanol-
based chain elongation of acetate to butyrate (C2→C4), butyrate to
caproate (C4→C6), propionate to valerate (C3→C5), valerate to hepta-
noate (C5→C7) and for the EEO. At day 0, H2 partial pressure was
calculated from the equation of decomposition of water in O2 and H2 at
equilibrium, resulting in pH2 = 4.07*10− 38 bar. For chain elongation, at
day 0 the concentrations of butyrate, caproate, valerate and heptanoate
were estimated as threshold values of detectability of the GC (0.01 g/L).

Once the feasibility of chain elongation and EEO was determined,
biomass production was calculated considering it to occur from acetate in
ethanol-based chain elongation and EEO, and from lactate in lactate-
based chain elongation. The stoichiometry of biomass growth was esti-
mated with Heijnen’s Gibbs energy dissipation method (Kleerebezem and
Van Loosdrecht, 2010). Mass balance was performed to understand the
metabolic pathways involved in chain elongation and acetate production.

2.7. Statistical analyses

A Kruskal-Wallis statistical test was performed to evaluate the sig-
nificance of the differences observed between all the conditions tested.
The Mann-Whitney-Wilcoxon statistical test was applied to compare two
specific conditions. The level of significance was set at p < 0.05. Statis-
tical analyses were conducted in R version 4.3.0 with the stats package.

3. Results and discussion

3.1. Production of carboxylates: dynamics, selectivities, and yields

Carboxylates production and ethanol consumption started on day 1
at all substrate concentrations (Fig. 1). In all cases, the decrease of
ethanol concentrations (from 9.47, 19.17, 32.98, and 47.78 to 3.01,
6.31, 23.13, and 38.30 gCOD/L) was accompanied by an increase in
acetate concentrations (from 0.03 to 0.06 to 3.73, 5.93, 7.48, and 10.19
gCOD/L) at substrate concentrations of 20, 40, 70 and 100 gCOD/L,
respectively. From day 3 to day 4, the decrease of ethanol concentrations
accelerated at 20 and 40 gCOD/L, coinciding with an increase in MCCAs
concentrations. This suggests that ethanol was consumed by chain
elongation reactions to produce MCCAs from short-chain fatty acids
(SCFAs). Interestingly, at high substrate concentrations (70 and 100
gCOD/L), ethanol consumption stopped from day 3 despite the occur-
rence of chain elongation, suggesting that some alternative electron
donor was used, such as lactate or amino acids hydrolyzed from WAS or
the yeast cells in wine lees (Fig. 1) (Bevilacqua et al., 2022). The role of
amino acids as electron donors started being elucidated only recently
(Bevilacqua et al., 2022; Wallace et al., 2004, 2003; Wu et al., 2023).
Lactate is extensively reported as the main electron donor in chain
elongation alongside ethanol, and the hypothesis that lactate was the
other main electron donor was further supported by the microbial
community composition, where lactate-producers increased their rela-
tive abundance at 70 and 100 gCOD/L (section 3.4) (Liu et al., 2024 and
references therein). Overall, the fermentation process always resulted in
ethanol removal within a range of 25.8–68.2 % (Table 1). Initial sub-
strate concentration influenced the MCCAs production dynamics: at 20,
40 and 70 gCOD/L, MCCAs concentrations significantly increased at day
4. At 100 gCOD/L, this increase was slightly delayed and occurred at day
7.

In this study, chain elongation occurred from day 3, earlier than
what was observed on similar substrates in batch conditions. In fact,
San-Valero et al. (2019) reported that chain elongation started on day
5–6 on ethanol, acetate and/or butyrate at pH 6.8. At pH 7, with grape
pomace inoculated with digestate from the anaerobic digestion of the
organic fraction of municipal solid waste and acclimated to the anaer-
obic digestion of the same substrate, C6 production started on day 6

Yield
g CODprod
g bCOD

=

Products concentration
(

g COD
L

)

× working volume (L)

Substrateś concentration
(

g bCOD
kg

)

× substrates inserted (kg)
(3)
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(Martinez et al., 2022). This is attributable to the high food to micro-
organisms ratio (F/M) of 55.6 TVS/TVS applied in the latter study
(calculated), requiring longer time for biomass growth and adaptation.
In our experiment, WAS was a biologically active co-substrate and could
be considered as microbial inoculum with an F/M of 4 TVS/TVS.
Therefore, the lower F/M of 4 TVS/TVS applied in this experiment could
explain the faster C6 production dynamics observed. In contrast, when
inoculating winery wastewater with digested sludge issued from a
wastewater treatment plant, no C6 was detected after 10 days, even at a
low F/M of 1 (Esteban-Gutiérrez et al., 2018). This might have occurred
due to the low pH applied (5.5), which was reported to reduce growth
rates by 40 % in C. kluyveri pure cultures (Weimer and Stevenson, 2012).
A comparable speed in the occurrence of chain elongation was reported
only in Kim et al. (2021), where in 7 days anaerobic digestion sludge
from a WAS anaerobic digestion system almost completely depleted 100
mM of lactate in presence of butyrate as the only co-substrate, gener-
ating caproate with a 56.3 % selectivity. The applied lactate concen-
tration of 100 mM was similar to the ethanol concentration of 98.7 mM
used in this study at 20 gCOD/L, where after 4 days 68 % of the ethanol
was removed, generating MCCAs with a 22.9 % selectivity (Table 1).

After 5 cycles of acclimation (i.e., 84 h), the microbiome was able to
consume 100 mM of lactate and 20 mM of butyrate in 21 h, with a 73.5
% caproate selectivity (Kim et al., 2021). These results pave the way for
future work on the substrates tested in this study, where the rate of chain
elongation could be further improved and then confirmed in continuous
reactors.

In this study C6 production began after 3 days, without a specific
butyrate concentration threshold (day 2: 0.16, 0.45, 0.78, and 0.79 g/L
of butyrate at a substrate concentration of 20, 40, 70, and 100 gCOD/L,
respectively), in agreement with the study of San-Valero et al. (2019) on
C6 production from pure cultures of C. kluyveri, where acetate and
butyrate were simultaneously consumed for biomass growth from day
4.75, and the chain elongation process was carried out in parallel.
Interestingly, some authors attributed the delay in C6 production to
physiological reasons, after observing that it started only when a certain
butyrate threshold was reached (2.5 and 0.45 g/L, after six and thirty-six
days, respectively) (Martinez et al., 2022; Steinbusch et al., 2011).

Therefore, our results suggest a rapid adaptation of the microbial
community, attributable to the fact that i) the microbiome of wine lees is
already adapted to high ethanol concentrations; ii) wine lees contain

Fig. 1. Trend of the concentrations of carboxylates, 1,3-PDO, and ethanol at a substrate concentration (gCOD/L) of a) 20; b) 40; c) 70 and d) 100. The carboxylates
considered as precursors of longer-chain carboxylates, i.e., acetate and propionate, were represented with dotted lines. For the main compounds (butyrate, valerate,
caproate, and heptanoate), the longer the molecule, the darker the colour assigned to it.

A. Lanfranchi et al.
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yeasts and therefore nutrients (microelements, B vitamins) required for
several wild-type chain-elongating microorganisms (Barker, 1947); iii)
the simultaneous presence of acetate and butyrate in the fermentation
broth had a synergistic effect on the growth rate and biomass concen-
tration of C. kluyveri, which could also occur in other chain-elongating
species (San-Valero et al., 2019).

Similarly to the dynamics, the MCCAs selectivity was highly influ-
enced by the substrate concentration. As shown in Table 1, on day 4 it
was 22.9 %, 40.2 %, 32.9 %, and 3.2 % (COD basis) at 20, 40, 70 and 100
gCOD/L, respectively. The selectivity at 100 gCOD/L increased on day 7,
reaching 24.1 % with 18.8 % of C6. The highest value of 40.2 % was
obtained at 40 gCOD/L, which was higher than at 70 gCOD/L (32.9 %,
p-value = 0.02857).

Overall, a high MCCAs selectivity (22.9–40.2 %) was obtained for a
short-term experiment. In batch, a comparable C6 selectivity of ~26 %
(COD basis) was obtained after 31 days at pH 7.0 and 35 ◦C on winery
wastewater, diluted to reach an initial ethanol concentration of 23 g/L of
ethanol and 5 g/L of acetate. Interestingly, at the same temperature and
pH 6.0, the highest C6 and C8 selectivities of 57.6 and 31.0 % were
reached, while C7 (up to ~40 %) was produced mainly at acidic pH of
5.0–6.0 (Villegas-Rodríguez et al., 2024). C8 production was due to the
use of ruminal inoculum, while the red wine endogenous microbiome
had a higher C6 selectivity (Villegas-Rodríguez and Buitrón, 2021).
These findings underline the pivotal role of microbiome and pH in
MCCAs production and pave the way for improving selectivities on the
co-fermentation of wine lees and WAS. On other complex substrates,
higher selectivities were only reached in longer experiments carried out
on grape pomace, office paper, and chicken and swine manures after 13,
27 and 76 days respectively, with values of ~77.0 % (calculated),
~51.0 % (calculated) and 58.8 %, respectively (Lonkar et al., 2016;
Martinez et al., 2022; Zhang et al., 2020). In continuous, wine lees gave
the highest MCCAs yield of 0.67 gCODcarboxylates/gCODin and a selec-
tivity of 36 % for each C8 and C6 at an organic loading rate (OLR) of 5.8
gCOD/L⋅d at pH 5.2 (Kucek et al., 2016b). The higher C6 selectivity
reported (36 % on COD basis) respect to the one observed in this study
(24.2 % at 40 gCOD/L) is attributable to the different reactor configu-
ration, and particularly to the continuous extraction of the MCCAs
produced via an in-line membrane-based pertraction system. In fact,
MCCAs removal kept C6 concentrations under the inhibitory threshold
of 6.9–7.5 mM (1.77–1.93 gCOD/L) of undissociated acid (Ge et al.,
2015), and the simultaneous broth recycling allowed further chain
elongation of C6 to C8 with a final 36 % selectivity. Similarly, higher C6
selectivities of 32 % and 35 % were obtained in continuous processes
with in-line product extraction (Agler et al., 2014; Carvajal-Arroyo et al.,
2021).

The highest MCCAs selectivity of 40.2 % observed at 40 gCOD/L was
mainly due to C7 (16.0 %), that was higher than at 70 gCOD/L (11.0 %)
(p-value = 0.02857). In fact, the percentage of C6 (24.2 %) was similar
to that obtained at 70 gCOD/L (21.2 %) (p-value = 0.1714). This is
attributable to a better substrate conversion to valerate, that reached the
highest yield of 0.023 gCODcarboxylates/g bCODin on day 3
(Supplementary Material) and was then elongated to C7. The C7 selec-
tivity obtained herein (16 % in COD basis) is the highest observed at pH
7.0 on complex substrates without external ethanol supplementation.
With ethanol addition, Zhang et al. (2020b) reached the highest C7
selectivity (36.4 %) in the batch two-stage fermentation of swine
manure, with a final C7 concentration of 6.4 gCOD/L after 55 days of
chain elongation phase and 76 days of total fermentation. As mentioned
before, Villegas-Rodríguez et al. (2024) reached a 40 % C7 selectivity on
winery wastewater at 30 ◦C and pH 5.0, while no C7 was detected at pH
7.0 and 35 ◦C. However, the different length of these experiments did
not allow for a direct comparison with our short-term fermentation.

All conditions assessed resulted in a lower C7 selectivity compared to
C6. This was expected in the upgrading of ethanol-rich wastes, since the
main SCFA produced was the even-chain acetate obtained from EEO,
which can be elongated to butyrate and then C6. Moreover, chain
elongation to produce C7 has an intrinsic lower selectivity, since ac-
cording to Eq.1, the production of 5 mol of C7 results in 1 mol of acetate,
which is then elongated to C6. This has been experimentally proven by
Grootscholten et al. (2013) and Roghair et al. (2018), who performed
chain elongation on pure ethanol and propionate. In light of this,
fermentation of wine lees as sole substrate would target C6, while the
addition of WAS would give a mixture of C6 and C7 (Grootscholten
et al., 2013; Kucek et al., 2016b). Co-fermentation could benefit the
process compared to the use of wine lees as a sole substrate by buffering
the pH, balancing the C/N ratio, and reducing water consumption for
dilution, while providing the simultaneous treatment of two waste
streams. After separation, the C6 and C7 mixture can be used for a va-
riety of applications, such as jet fuel, biolubricants and biopolymers

Table 1
Carboxylates percentages, products concentrations and yields, initial and final
ethanol concentration, and ethanol removal at day 4 for all the tested conditions.
“IC6 + C6 + C7” indicates the sum of iso-caproate, caproate and heptanoate.

Parameter Unit 20 40 70 100
gCOD/L

Acetate %
(COD
basis)

47.2 ±

3.1
38.9 ±

5.2
45.1 ±

2.4
51.1 ±

1.0
Propionate 9.0 ±

1.1
4.0 ±

0.4
8.2 ±

0.5
17.9 ±

0.2
Iso-butyrate 0.8 ±

0.1
0.8 ±

0.0
1.4 ±

0.1
2.1 ±

0.1
Butyrate 15.9 ±

4.1
18.0 ±

4.0
8.9 ±

0.5
20.7 ±

0.5
Iso-valerate 0.8 ±

0.0
1.0 ±

0.0
1.8 ±

0.1
2.5 ±

0.1
Valerate 6.7 ±

0.4
5.4 ±

0.2
7.3 ±

0.4
2.6 ±

0.2
Iso-caproate 0.0 ±

0.0
0.1 ±

0.1
0.6 ±

0.0
0.9 ±

0.0
Caproate 16.5

± 2.6
24.2 ±
2.2

21.2 ±
1.1

2.2 ±
0.3

Heptanoate 6.5 ±
1.4

16.0 ±
2.0

11.0 ±
1.3

0.0 ±
0.0

MCCAs (IC6 þ C6
þ C7)

22.9
± 4.0

40.2 ±
4.3

32.9 ±
2.4

3.2 ±
0.3

Acetate gCOD/L 3.73 ±

0.25
5.94 ±

0.80
7.48 ±

0.41
10.08 ±

0.19
Propionate 0.71 ±

0.09
0.60 ±

0.06
1.36 ±

0.09
3.54 ±

0.03
Iso-butyrate 0.05 ±

0.00
0.13 ±

0.00
0.24 ±

0.02
0.40 ±

0.02
Butyrate 1.25 ±

0.33
2.74 ±

0.62
1.49 ±

0.09
4.09 ±

0.09
Iso-valerate 0.06 ±

0.00
0.14 ±

0.00
0.31 ±

0.02
0.49 ±

0.02
Valerate 0.53 ±

0.04
0.81 ±

0.04
1.20 ±

0.06
0.51 ±

0.04
Iso-caproate 0.00 ±

0.00
0.00 ±

0.02
0.11 ±

0.00
0.20 ±

0.00
Caproate 1.30 ±

0.20
3.68 ±

0.35
3.53 ±

0.18
0.44 ±

0.07
Heptanoate 0.51 ±

0.12
2.43 ±

0.30
1.83 ±

0.23
0.00 ±

0.00
TOT carboxylates 8.16 ±

0.40
16.48
± 0.55

17.54 ±

0.81
19.75 ±

0.26
1,3-PDO 0.32 ±

0.02
0.82 ±

0.10
1.76 ±

0.05
1.56 ±

0.09

Yield g
CODprod/
g bCODin

0.52
± 0.04

0.50 ±
0.04

0.33 ±
0.02

0.27 ±
0.00

Initial ethanol
concentration

g/L

4.55
± 0.11

9.20 ±
0.17

15.82
± 0.20

22.93
± 0.29

Final ethanol
concentration

1.45 ±

0.22
3.03 ±

0.59
11.10 ±

0.27
17.00 ±

0.34
Ethanol removal % 68.2

± 5.1
67.1 ±
5.9

29.8 ±
2.4

25.8 ±
1.3
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production (Ho et al., 2019; Huq et al., 2021; Montiel-Corona and
Buitrón, 2023) and additives in animal feed for pigs and poultry
(Jackman et al., 2020; Szabó et al., 2023). C6 and C7 are also used in the
pharmaceutical industry as antimicrobials and food supplements
(Roopashree et al., 2021; Xu et al., 2024) and as flavor additives in the
food industry (Junaid et al., 2023), although a high purity would be
necessary for these applications, if authorized. The remaining carbox-
ylates after MCCAs extraction, mainly constituted by acetate, could then
be used as a substrate for subsequent biorefinery processes such as
microalgae cultivation and microbial electrolysis cells.

3.2. Thermodynamic analysis

To better describe the metabolic routes that may occur in the system,
the results of the thermodynamic analysis are reported in Table 2. At the
beginning of the experiments, H2 was not detected in the bottles, thus
pH2 was estimated from the equation of decomposition of water in O2
and H2 at equilibrium. This results in low values of ΔG of EEO and
ethanol-based chain elongation at day 0.

On day 1, EEO was feasible in all conditions. In fact, ΔG values were
below − 20 kJ/mol, which is the generally accepted thermodynamic
limit of microbial activity (Schink, 1997). This was due to the high
ethanol concentration (85.1–455.7 mM) and low pH2 (4.01⋅10− 4-
1.25⋅10− 2 bar) detected in our bottles. However, ΔG became closer to
the thermodynamic limit of − 20 kJ/mol as the substrate (ethanol)
concentration decreased and the products (acetate and H2)

concentration increased over time, with ΔG values ranging from –23.0
to − 13.3 kJ/mol on day 3 (Table 2). Conversely, ethanol-based chain
elongation was always thermodynamically favorable, with ΔG (kJ/mol)
at day 1 ranging from − 240.3 to − 235.4 for C2→C4, from − 261.5 to
− 213.4 for C4→C6, from − 236.8 to − 218.5 for C3→C5, and from
− 226.0 to − 194.4 for C5→C7. ΔG values decreased over time due to
substrate consumption and product formation, with a final value (kJ/
mol) ranging from − 219.1 to − 189.2 for C2→C4, from − 200.9 to
− 169.8 for C4→C6, from − 151.2 to − 184.2 for C3→C5, and from
− 219.8 to − 199.9 for C5→C7. The carboxylates production and ethanol
consumption dynamics presented in section 3.1 can be interpreted in
light of these results. First, ethanol consumption and acetate production
observed during the first 3 days were attributed to EEO. On day 3, ac-
etate production almost stopped, consistently with the progressive in-
crease of the ΔG of EEO. At 100 gCOD/L, it continued until day 4, even if
with a slightly unfavorable ΔG of − 16.2/-17.9 kJ/mol. This could be
explained by heterogeneities in the bottle, with places where local pH2
and ΔG values would have been lower than on a macroscopic scale.
From a thermodynamic point of view, chain elongation could occur from
day 1. However, as discussed in section 3.1, the occurrence of chain
elongation depended also on the activity of specific chain-elongating
microorganisms, which usually have a lag phase of several days (San-
Valero et al., 2019). In this study, chain elongation started on day 2 with
butyrate and valerate production and on day 3 with MCCAs production.
MCCAs production started independently from butyrate and valerate
concentrations, with a lag phase reasonably attributable to the time

Table 2
Daily values of the variation in Gibbs free energy of reaction (ΔG) for excessive ethanol oxidation (EEO) and ethanol-based chain elongation of C4 → C6 and C5 → C7.
*= values calculated using pH2 estimated from water decomposition at the equilibrium; green = thermodynamically feasible (ΔG < -20 kJ/mol); red = thermody-
namically unfeasible (ΔG > -20 kJ/mol).
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required for biomass to grow and adapt to the initial conditions
(Steinbusch et al., 2011). Overall, the thermodynamic analysis showed
that pH2 was the main factor controlling EEO feasibility, while the in-
crease in substrate concentration did not affect substantially the ΔG
values. This finding provides some clues for controlling the chain
elongation process. For instance, after converting the desired amount of
ethanol to acetate, EEO could be stopped by injecting H2 in the reactor to
keep the minimum pH2 required of 10− 1 bar, thus steering the ethanol
consumption pathway to chain elongation and therefore boosting
MCCAs selectivities (Angenent and Agler, 2017). The thermodynamic
analysis also showed that the differences observed at different substrate
concentrations were not due to thermodynamic reasons, but rather to
growth kinetics and inhibition from ethanol.

Lactate-based chain elongation was also always feasible, with values
ranging from − 68.3 to − 56.1 for C2→C4, from − 77.4 to − 53.0 for
C4→C6, from − 67.9 to − 50.9 for C3→C5, and from − 71.6 to − 53.6 for
C5→C7 (Table S2).

3.3. Mass balance

Mass balances were conducted to understand the metabolic path-
ways involved in chain elongation and acetate production, considering
i) only ethanol (Table 3A) or ii) only lactate (Table 3B) as electron donor

in chain elongation. Butyrate and valerate were considered to be
generated by chain elongation of acetate and propionate, respectively,
and the fraction of acetate that was not produced through EEO or
ethanol-based chain elongation was considered to be produced by the
primary fermentation of the substrates, since low PH2 (<0.02 bar) and
high acetate concentration (>10 mM) probably limited homoaceto-
genesis to a minimum (Bastidas-Oyanedel et al., 2012). In lactate-based
chain elongation, all the ethanol consumption was attributed to EEO.

Considering an ethanol-based chain elongation, 27.0 to 45.8 % of the
ethanol initially present in the substrates was used for chain elongation,
while the remainder was consumed in EEO (Table 3A). The percentage
of ethanol consumed converted via chain elongation was higher at 100
gCOD/L (45.8 %) respect to the other conditions (27.0–36.3 %). How-
ever, the overall ethanol consumption at day 7 (19.8 %) was lower than
at 40 gCOD/L (67.1 %), where the highest C6 and C7 conversion and
selectivities were obtained (Table 1). With the increase in substrate
concentration, the percentage of acetate produced from the substrates
increased. EEO was the main responsible for acetate production at 20
and 40 gCOD/L (93.7 and ~94.4 %, respectively), while at 70 and 100
gCOD/L a higher percentage of acetate was produced by fermentation of
the substrates (22.0 and 42.0 %, respectively). With the assumption that
the acetate not generated through EEO or chain elongation was obtained
from the substrates, mass balances were closed with an error < 10 %.
This was observed only at 40 gCOD/L, and it can be partially justified by
the consumption of some acetate in the CH4 production occurring at the
end of the test.

Considering a lactate-based chain elongation, the acetate produced
through EEO exceeded the acetate measured experimentally by 28.5,
73.0 and 13.9 % at 20, 40 and 70 gCOD/L, respectively, while it
respected the mass balance at 100 gCOD/L. The CO2 calculated from
lactate-based chain elongation was considerably higher than the CO2
measured experimentally at 20 and 40 gCOD/L (346.7–376.2 %), with a
lower difference at 70 and 100 gCOD/L (20.7–60.5 %) which could be
partially due to CO2 consumption for biomass growth (Tomlinson and
Barker, 1954).

In light of these results, chain elongation probably occurred using
both ethanol and lactate as electron donors, with ethanol prevailing at
20 and 40 gCOD/L, and lactate at 70 and 100 gCOD/L. This supported
the experimental observations of rapid chain elongation and high
MCCAs selectivity, since ethanol- and lactate-based chain elongation
seem to boost one each other. In fact, the CO2 produced in the lactate-
based pathway could have compensated for the CO2 shortage in the
ethanol-based one, necessary for the growth of chain-elongating mi-
croorganisms (Wu et al., 2018). The metabolic shift observed at 70 and
100 gCOD/L was underpinned by the cease in ethanol consumption with
the beginning of chain elongation, alongside the detection of lactate
(0.46 ± 0.04 g/L) at 100 gCOD/L on day 2 (Fig. 1). This supported a first
oxidation of ethanol to acetate and lactate-based chain elongation.

3.4. Microbial communities

The analysis of microbial communities was conducted by sequencing
of V3-V4 region of the 16S rRNA gene in samples from the fermentations
at day 4 for all fermentations and in an additional sample at day 7 for the
fermentation at 100 gCOD/L. From all these samples 897 OTUs were
identified, which were grouped into 24 phyla, 46 classes, 96 orders, 187
families, and 361 genera. After filtering at 1 % of relative abundance,
only 4 orders remained: Bacteroidales, Eubacteriales (formerly Clos-
tridiales), Enterobacteriales, and Lactobacillales. Among them, only seven
families had a relative abundance higher than 1 %: Bacteroidaceae,
Enterobacteriaceae, Enterococcaceae, Lachnospiraceae, Peptos-
treptococcaceae, Porphyromonadaceae, and Oscillospiraceae (Table 4 and
Supplementary Material). The rarefaction curves of all samples confirm
that the sequencing depth was adequate for detecting the major com-
ponents of the microbial diversity (Supplementary Material). Similar
values were observed for richness. Shannon and Simpson diversity and

Table 3
Mass balance of ethanol and acetate in the different conditions tested to quantify
ethanol consumption and acetate production and consumption in the metabolic
reactions. The mass balance is relative to the whole duration of the experiment,
i.e., day 7 at 100 gCOD/L and day 4 for the other conditions. *= net acetate
produced, after removing the acetate used in biomass and HCO3

− production.

A Unit 20 40 70 100

gCOD/L

ETOH CONSUMED (OVERALL) mMol C 17.9 35.6 31.3 35.6

ETOH CONSUMED IN CHAIN ELONGATION % 27.0 45.4 36.3 45.8

C2→C4 % 12.4 13.6 13.2 19.7
C4→C6 % 8.0 11.4 12.4 13.6
C3→C5 % 4.0 3.1 5.2 9.7
C5→C7 % 2.6 17.4 5.4 2.8

ETOH CONSUMED IN EEO % 73.0 54.6 63.7 54.2

ACETATE PRODUCED IN THE TEST

(MEASURED)
mMol C 10.4 15.4 20.7 27.8

Acetate produced from EEO % 93.7 94.4 72.6 52.3
Acetate produced from chain
elongation*

4.7 10.7 5.4 5.7

Acetate produced from the
substrates

1.6 ¡ 22.0 42.0

ERROR IN THE MASS BALANCE % 0.0 ¡5.1 0.0 0.0

B Unit 20 40 70 100
gCOD/L

ETOH CONSUMED (OVERALL) mMol C 17.9 35.6 31.3 35.6

ETOH CONSUMED IN EEO % 100.0

LACTATE USED IN CHAIN ELONGATION mMol C 3.7 9.3 9.3 12.4

ACETATE PRODUCED IN THE TEST

(MEASURED)
mMol C 10.4 15.4 20.7 27.8

Acetate produced from EEO mMol
C

13.4 26.7 23.6 26.8

Acetate produced from the
substrates

¡ ¡ ¡ 1.0

Error in the mass balance % 28.5 73.0 13.9 0.0

CO2 PRODUCED IN THE TEST

Measured mMol C 0.5 1.1 4.5 4.5
Calculated 2.1 5.4 5.4 7.2
Error in the mass balance % 346.7 376.2 20.7 60.5
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Table 4
Summary table of the microbial community analysis, reporting ecological indices and taxonomic composition of the fermented effluents at day 4 and at the end of the
experiment (day 7 at 100 gCOD/L). Only taxa with a relative abundance ≥ 1 % were reported.

Ecological diversity Closest species match 20 gCOD/L 40 gCOD/L 70 gCOD/L 100 gCOD/L 100_day7 gCOD/L

Richness 410 443 478 487 481
Shannon diversity 2.493 2.781 3.236 3.309 3.410
Simpson diversity 0.282 0.242 0.100 0.097 0.112
Pielou’s evenness 0.414 0.456 0.525 0.535 0.541

Order, family and species %

BACTEROIDALES 60.19 54.04 38.92 23.90 15.88
Bacteroidaceae

OTU 17 Bacteroides faecis (98.81 %) 8.69 5.89 15.37 12.4 6.22
Porphyromonadaceae

OTU 3 Macellibacteroides fermentans (98.81 %) 51.50 48.15 23.55 11.50 9.66

ENTEROBACTERIALES 12.4 7.84 9.79 8.12 6.94
Enterobacteriaceae

OTU 1 Escherichia-Shigella (100 %) 2.91 5.48 8.76 7.89 6.70
OTU 2 Klebsiella pneumoniae (98.59 %) 9.49 2.36 1.03 0.23 0.24

EUBACTERIALES 8.06 12.73 24.28 28.69 32.85
Clostridiaceae

OTU 89 Clostridium muellerianum (94.76 %) 1.59 2.77 0.08 0.02 0.01
Lachnospiraceae

OTU 11 Roseburia intestinalis (96.03 %) 1.32 2.02 13.90 22.02 27.34
Oscillospiraceae

OTU 22

OTU 69

Anaerofilum pentosovorans (93.05 %)
Ruminiclostridium herbifermentans (89.11 %)

3.51

0.43

3.39

2.68

6.38

1.97

3.60

0.50

2.71

0.72
Peptostreptococcaceae

OTU 5 Paraclostridium bifermentans (97.25 %) 1.21 1.87 1.95 2.55 2.07

LACTOBACILLALES 0.47 2.91 5.82 13.75 13.18
Enterococcaceae

OTU 6 Enterococcus hirae (99.53 %) 0.47 2.91 5.82 13.75 13.18

Fig. 2. Structure of the microbiome at 20 and 40 gCOD/L and 70 and 100 gCOD/L. A community shift is underlined, coherently with the metabolic shift from an
ethanol- to a lactate-based chain elongation. The shift is marked by the genera Macellibacteroides, Roseburia, Enterococcus, and Escherichia-Shigella. The circles give an
indication of the relative abundance of each genus, but the dimensions do not vary proportionally. See Table 4 for the exact relative abundances.
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Pielou’s evenness showed an increasing trend from 20 to 100 gCOD/L,
since more species had a similar relative abundance (Table 4). Richness
(410–481 OTUs) was lower than WAS (820) and higher than wine lees
(60), indicating that a selection occurred and that the WAS microbiome
mainly shaped the fermentative community. Richness was lower than
other biological processes, i.e., anaerobic digestion (~1000 OTUs)
(Pasalari et al., 2021). The community was dominated by few species
(Shannon Index 2.5–3.4), many of which represented a similar propor-
tion of the community, as indicated by the average value of Pielou’s
evenness (0.414–0.541). Diversity was comparable to reported obser-
vations with continuous fermentation of wine lees for C6 and C8 pro-
duction using synthetic ethanol and lactate as electron donors (Shannon
Index 3.4–3.7) (Kucek et al., 2016a; 2016b). This indicates that the
lower yields observed at 70 and 100 gCOD/L were not due to a decrease
in microbial diversity, as suggested elsewhere (Wu et al., 2016; Zhang
et al., 2020a). Coherently, PCoA showed a consistent evolution of the
microbial community from aerobic (substrates) to anaerobic (after
fermentation), with no clustering based on substrate concentration
(Supplementary Material).

Respect to the microbial community composition, a chain-elongating
microbiome was developed, allowing for the fast chain elongation
described in the previous sections. The community was dominated by
the Bacteroidales (15.9–60.2 %) and Eubacteriales (8.06–32.9 %) orders,
both widely reported to be positively correlated with MCCAs production
using ethanol as electron donor (Table 4) (Kucek et al., 2016b; Wu et al.,
2020). However, the chain elongation ability in these orders is highly
variable, depending on families and genera and has started being
explored only in the last 10 years, as reviewed by Candry and Ganigué
(2021). At the family level, the community was enriched in Lachno-
spiraceae (1.3–27.3 %), Clostridiaceae (0.01–2.8 %), and Oscillospiraceae
(3.4–8.4 %) to which several chain-elongating genera belong (Table 4)
(Candry and Ganigué, 2021 and references therein). Among the OTUs
identifiable as chain-elongating species, only Clostridium muellerianum
(OTU 89, 94.8 % identity) was already described to produce C6, while
the ability to perform chain elongation can be hypothesized for the
members of the Oscillospiraceae family, into which four of the most
recently identified chain elongators have been placed (Esquivel-Eliz-
ondo et al., 2021; Liu et al., 2020). Our community was also enriched in
the putative chain-elongator Bacteroides (5.9–15.4 %), reported to be
positively correlated with MCCAs productivity (Kucek et al., 2016b).
However, no correlation was observed in the present study. This does
not exclude that Bacteroides spp. have chain elongation abilities, but
these should be confirmed with physiological studies, since functions
cannot be unequivocally inferred from correlations.

As summarized in Fig. 2, a shift in the microbial community
composition was observed from 20 and 40 gCOD/L to 70 and 100 gCOD/
L, consistently with the metabolic shift from an ethanol-based to a
probable lactate-based chain elongation. The main markers of this shift
were members of the Porphyromonadaceae (OTU 3), Lachnospiraceae
(OTU 11), Enterococcaceae (OTU 6), and Enterobacteriaceae (OTU 1)
family, identified as the hydrolytic and acidogenic genera Macelli-
bacteroides, Roseburia, Enterococcus, and Escherichia-Shigella, respec-
tively. Macellibacteroides was dominant at the lowest substrate
concentrations, ranging from 51.5 % at 20 gCOD/L to 23.6 % at 70
gCOD/L (Table 4). At 70 gCOD/L, Roseburia started to increase its
relative abundance (13.9 %), becoming prevalent at 100 gCOD/L
(22.0–27.3 %), where Macellibacteroides dropped to 9.7–11.5 %.
Enterococcus abundances increased at increasing substrate concentra-
tions, representing 0.5, 3.0, 5.8, and 13.8 % of the community at 20, 40,
70, and 100 gCOD/L on day 4, respectively. Finally, the relative abun-
dance of Escherichia-Shigella increased with substrate concentration,
representing 8.8–7.9 % of the community on day 4 at 70 and 100 gCOD/
L, respectively. OTU 3 of the Porphyromonadaceae family had 98.8 %
similarity withMacellibacteroides fermentans, a mesophilic, fermentative,
and obligately anaerobic genus firstly isolated from an upflow anaerobic
filter treating abattoir wastewaters with lactate, acetate, butyrate and

iso-butyrate as the main fermentation products from glucose metabolism
(Jabari et al., 2012). The fermentation studies found in literature
confirm the acidogenic role of Macellibacteroides, that was enriched in
WAS fermentation after substrate pretreatment and in a chain-
elongating microbiome, where it was considered a butyrate producer
(She et al., 2020; Xiang et al., 2023; Xie et al., 2022). OTU 11 (class
Clostridia, order Eubacteriales, family Lachnospiraceae) had 96.0 % sim-
ilarity with Roseburia intestinalis, an anaerobic species with butyrate and
L-lactate identified as the major products, and able to use acetate to
improve its growth (Duncan et al., 2002). Its identification in fermen-
tation studies is limited and considered Roseburia to be a lactate and
butyrate producer in chain-elongating microbiomes (Scarborough et al.,
2018). It cannot be excluded that Roseburia and Macellibacteroides can
also perform chain elongation, even though their presence in chain-
elongating microbiomes was rare and mainly related to butyrate pro-
duction (Scarborough et al., 2018; Xiang et al., 2023). In light of the
metabolic shift to lactate-based chain elongation observed at 70 and 100
gCOD/L, in correspondence to the increase in the relative abundance of
Roseburia, it can be hypothesized that this genus was mainly a lactate
producer, while Macellibacteroides was mainly a SCFAs producer.
Alongside Roseburia, also the increase in the relative abundance of
Enterococcus at 70 and 100 gCOD/L supported the hypothesis of a
metabolic shift to lactate-based chain elongation, with lactate produced
and immediately consumed as electron donor. In fact OTU 6, belonging
to the Enterococcaceae family, had 99.53 % similarity with Enterococcus
hirae, a facultative anaerobic, L-lactic acid producing bacteria (Farrow
and Collins, 1985). Finally, OTU 1 of the Enterobacteriaceae family had
100 % similarity with Escherichia-Shigella genus, composed by hydro-
lytic, SCFAs-producing microorganisms widely observed in liquor
fermentation systems, and were recently reported to increase their
abundance at high ethanol concentrations (0–170 mM) in the fermen-
tation of WAS with ethanol addition (Dai et al., 2019; Wu et al., 2021).
Therefore, the observed increase in Escherichia-Shigella was attributable
to the higher ethanol concentrations and longer time needed to hydro-
lyze high concentrations of substrates.

Finally, while the hydrolytic, acidogenic and chain-elongating ac-
tivity in our microbiome could be attributed to specific genera as dis-
cussed above, the same was not possible for EEO. At present, EEO is
known to be conducted by sulfate-reducing bacteria in absence of sul-
fate, such as Desulfovibrio spp. (Plugge et al., 2011; Roghair et al., 2018),
and by Acetobacterium woodii (Bertsch et al., 2016), which were absent in
our community. However, EEO-related genes were found in Clostridium
spp., which could have contributed to this reaction also in our micro-
biome (Tao et al., 2017; Wu et al., 2020).

4. Conclusions

Wine lees and WAS were successfully co-fermented and upgraded to
C6 and C7 with the highest selectivity of 40.2 % at 40 gCOD/L, thanks to
a rapidly-growing chain-elongating microbiome led by Clostridium
muellerianum, Anaerofilum pentosovorans, and Ruminiclostridium herbi-
fermentans, representing together 3.4–8.8 % of the community. The C7
selectivity obtained (16 % on COD basis) is the highest observed at pH
7.0 on complex substrates without external ethanol supplementation.
Both C6 and C7 selectivities could be improved in a continuous reactor,
where the process sustainability should be confirmed. Thermodynamic
analysis identified pH2 as the fundamental parameter to control ethanol
conversion to acetate, thereby maximizing MCCAs selectivities.
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