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A B S T R A C T

Among winery wastes wine lees have a high, unexplored potential for the production of carboxylic acids and
more particularly acetate. In fact, they have a high ethanol and low carbohydrate content which can make
thermodynamically feasible the oxidation of ethanol to acetate. In this study, the potential of wine lees for
anaerobic acetate production was assessed in batch conditions, 37 ◦C and pH 5.5. White wine lees (WWL) and red
wine lees (RWL) were fermented with and without inoculum, and RWL were also co-fermented with waste
activated sludge at 20, 40, 70 and 100 gCOD/L. Endogenous microbiome had the same fermentation perfor-
mances than the external inoculum in WWL, while it led to almost no carboxylates production in RWL, where the
community was dominated by the H2-producer Klebsiella (81.6%). Overall, acetate always represented the ma-
jority of carboxylates (58–72% on COD basis). H2 production was low (0.31–6.97 mL H2/g bCODin), thus
enabling anaerobic ethanol oxidation to acetate (ΔG = − 26.6/-7.4 kJ/mol). In co-fermentation, at 70 and 100
gCOD/L caproate (10.0–16.0%) and heptanoate (1.6–5.4%) appeared, alongside a microbiome enriched in
lactate-producers (up to 24.5%). Overall, the high acetate selectivity obtained is promising for biorefinery
process coupling.

1. Introduction

Today, global warming has already reached 1.1 ◦C and is predicted to
attain at least 1.5 ◦C by 2040 and up to 4.4 ◦C by 2100 (IPCC, 2023).
Greenhouse gases emissions are going to increase under the current
system of production and consumption, concurrently with the environ-
mental pollution caused by agricultural and industrial processes. A
significant contribution to tackling this dual challenge can be brought by
the environmental biorefinery, aiming at turning waste treatment into
carbon neutral processes for resource and energy recovery.

Wine production is a large agro-industrial sector, with a production
of 26 million m3/year generating 130 kg of pomace, 30 kg of stalks, 0.06
m3 of wine lees and 1.65 m3 of wastewaters from each ton of grapes
(OIV, 2023; Oliveira and Duarte, 2016). In Europe, winery wastewaters
are treated with the activated sludge process, thus contributing to the
6.1 million Mg of dry matter/year of waste activated sludge (WAS)
generated in Europe, calculated with the most recent data (2019–2021)
(Eurostat, 2023). Wine lees (WL) have a high BOD and COD demand
which makes them harmful to the environment, and they usually

undergo ethanol distillation and tartaric acid recovery (Galanakis,
2017). However, ethanol distillation is a subsidized economic practice
so, although this policy is environmentally sustainable, the development
of a techno-economically feasible alternative would allow to achieve
both the environmental and economic goals in winery waste manage-
ment (Anderson and Jensen, 2018).

A promising alternative is winery waste treatment through anaerobic
fermentation, a robust biological process able to convert a variety of
organic wastes into energy (H2) and platform chemicals such as car-
boxylates and ethanol. Anaerobic fermentation is the first part of the
anaerobic digestion process, where organic matter is converted into a
CH4-rich biogas. Anaerobic fermentation consists of two subsequent
phases with different end-products: i) dark fermentation (DF), yielding
H2 and carboxylates, and ii) acidogenic fermentation (AF), conducted
until the acetogenetic phase, where acetogens can oxidate the carbox-
ylates into acetate and H2 and homoacetogens can convert H2 and CO2
into acetate, thereby maximizing the carboxylates yield (Turon et al.,
2016). With respect to the established aerobic acetic acid fermentation,
the anaerobic one presents several advantages: i) in the perspective of
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scale-up, it could entail lower costs since aeration is not required; ii) less
biomass is produced, thereby potentially giving higher yields and a
lower amount of solid to be treated at the end of the process; iii) the
organic matter can be converted into other interesting fermentation
products together with acetate, e.g., H2. The carboxylates-rich effluent
can be directly used in subsequent biological processes, thus avoiding
the energy-intensive carboxylates separation and purification, which
accounts for 60–80% of the total production costs and entails product
losses (Ragauskas et al., 2006; Ramos-Suarez et al., 2021; Rebecchi
et al., 2016). Acetate is a target molecule to simply couple anaerobic
fermentation with subsequent biological processes, since it is the most
easily assimilable carboxylate by a variety of microorganisms such as
microalgae or electroactive bacteria used in microbial electrolysis cells
(MECs) (Lacroux et al., 2023; Magdalena et al., 2023; Marone et al.,
2017). However, while the robustness of anaerobic fermentation is
already established, it is still challenging to steer its selectivity towards
specific products.

Among winery wastes Wine Lees (WL) have a high, unexplored po-
tential for acetate production. They are mainly composed by dead yeast
cells, polyphenols, tartrate salts and biodegradable compounds with
high ethanol (87–122.0 g/L), and low carbohydrates (3.5–4.8%) con-
centrations (De Iseppi et al., 2020; Kucek et al., 2016). The concurrent
high ethanol and low carbohydrates content can make ethanol oxidation
(EEO) to acetate thermodynamically feasible. In fact, EEO is unfeasible
under standard conditions (ΔG0ʹ

= 9.6 kJ/mol), but it becomes feasible
at low partial pressures of H2 (pH2 = 0.0003–0.002 bar), which are
expected in the fermentation of substrates with a low carbohydrate
content such as WL (Alibardi and Cossu, 2016; Roghair et al., 2018).

Given a substrate, pH and substrate concentration are among the
most influential parameters in determining fermentation pathways, due
to their influence on microbial activity and therefore substrate hydro-
lysis, fermentation rate, H2 production and carboxylates composition.
The use of wine lees in anaerobic fermentation started attracting
research interest only recently mainly for the production of medium
chain carboxylates (MCCAs), while their potential for acetate produc-
tion is still unexplored (Dessì et al., 2024; Kucek et al., 2016). However,
some authors reported acetate production during the anaerobic
fermentation of winery wastewater, which contains also wine lees. In-
formation is generally lacking with respect to the effect of pH and sub-
strate concentration on acetate selectivity in winery wastewater
fermentation: in Vital-Jacome and Buitrón (2021), at pH 5.5, acetate
selectivity was boosted to 100% by increasing the organic loading rate
(OLR), while in Esteban-Gutiérrez et al. (2018) a 77% selectivity (COD
basis) was reached in a batch alkaline fermentation at 10 gCOD/L.
Moreover, the variability in the macromolecular and microbiological
composition of winery wastewaters and inocula hinders the replicability
of the studies. For instance, in comparable conditions (pH 5.5, 10
gCOD/L, mesophily, batch mode) Esteban-Gutiérrez et al. (2018) and
Carrillo-Reyes et al. (2019) obtained different carboxylates profiles,
mainly consisting of acetate (40%), propionate (42%) and butyrate
(10%) for the former and acetate (29.5%), butyrate (34.5%), and
iso-valerate (8.5%) for the latter.

In light of this, the novelty of this study relies in a systematic
screening of the parameters steering the fermentation of WL towards
acetate selectivity. This was done by investigating both biotic (endog-
enous and exogenous microbial community) and abiotic (substrate
concentration and biochemical composition, micronutrients) parame-
ters. First, two types of WL were fermented, with and without inoculum
addition. In the perspective of process scale-up and applicability, red
wine lees were then co-fermented with WAS at increasing substrate
concentrations.

2. Materials and methods

2.1. Substrates characterization and inoculum

The substrates used in this study were WL and WAS. WL were
generated by the vinification of red and white wine at the INRAE
research unit of Pech Rouge (France) and are therein referred to as “red
wine lees (RWL)” and “white wine lees (WWL)”. The samples of several
vinification batches were collected to reach the necessary volume of WL.
Then, they were homogenized and stored at − 20 ◦C. WAS was collected
from the wastewater treatment plant (WWTP) of Narbonne (France),
before the thickening stage. To reproduce a thickenedWASwith 40 gTS/
L at the moment of the experiments, it was centrifuged and the liquid
and solid fractions were stored separately at − 20 ◦C. All the substrates
were characterized respect to their total solids (TS), total volatile solids
(TVS), total chemical oxygen demand (tCOD), soluble chemical oxygen
demand (sCOD), biodegradable chemical oxygen demand (bCOD), car-
boxylates, ethanol, lactate, glycerol, proteins, carbohydrates, lipids,
ammonium (NH4+), phosphates (PO4

3− ), nitrites (NO2− ), nitrates
(NO3− ), pH, and conductivity.

The WAS collected at the WWTP of Narbonne was also used as
inoculum, but for this use it was freeze-dried and stored at − 80 ◦C to
preserve the microbial community and improve results reproducibility
(Dauptain et al., 2021). The freeze-dried inoculum had a TVS content of
748.26 g/kg. Before fermentation, the inoculum was resuspended in
water and pretreated at 90 ◦C for 15 min to eliminate non-spore forming
microorganisms and select spore-forming H2-producing bacteria (e.g.
Clostridium sp.) (Argun and Kargi, 2009).

2.2. Acidogenic fermentation experiments

Fermentation was conducted in batch mode in 1L glass bottles of 0.5
L working volume with custom neck for sampling. Initial pH was set at
5.5 with NaOH 8M and was buffered with 400 mM MES (2-(N-mor-
pholino)ethanesulfonic acid). The headspace of the bottles was flushed
with N2 for 5 min before incubation at 37 ◦C. Mechanical stirring was
performed before sampling. Each condition was tested in quadruplicate.
Micronutrients were not added since they had no effect in the co-
fermentation of WWL or RWL with WAS, where they were added to
reach a concentration in the culture medium of (mg/L): 1.5 FeCl2, 0.06
H3BO3, 0.1 MnSO4, 0.025 CoCl2, 0.070 ZnCl2, 0.025 NiCl2, 0.015 CuCl2,
0.025 Na2MoO4 (Table S1). Therefore, the complex substrates used
already contained all the necessary micronutrients for the microorgan-
isms involved in dark fermentation, and in particular Fe and Ni, which
are required for the synthesis of the hydrogenases (Bardi et al., 2023;
Hallenbeck, 2009).

Two types of experiments were conducted. Fermentation of RWL and
WWL was conducted with and without inoculum at a substrate con-
centration of 20 gCOD/L. This test lasted 9 days. A pseudo steady-state
was reached from day 7, which was therefore kept as end day for the
subsequent tests. Test duration was set to target acetate production,
occurring in the first days. Acidogenic co-fermentation of RWL and WAS
was conducted at increasing substrates concentrations of 20, 40, 70 and
100 gCOD/L with a 4:1 ratio on a COD basis, representing the real waste
fluxes of a winemaking company located in North-eastern Italy (Da Ros
et al., 2017).

10 mL of effluent were sampled daily for carboxylates, pH and mi-
crobial community analyses. Gas production and composition were
monitored online every 2h with a micro-gas chromatograph (MicroGC,
SRA l-GC R3000). The content in ethanol, lactate, glycerol and 1,3-pro-
panediol was monitored at the beginning and end of the experiment.

2.3. Analytical methods

TS and VS were determined based on the method proposed by
Kreuger et al. (2011) to correct for the losses in volatile compounds such
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as ethanol during drying at 105 ◦C. tCOD and sCOD were measured with
commercial kits (Lovibond, Germany). bCOD of the solid fraction was
determined by assessing the biochemical methane potential through
near-infrared spectroscopy (Flash BMP®) and then applying the theo-
retical conversion factor of 350 mL CH4/g bCOD and relating it to the
TVS content of the substrates. bCOD of the liquid fraction was calculated
considering that the biodegradable organic molecules present in the
liquid phase represented all the biodegradable compounds contained
therein, as indicated by the CODanalytes/sCOD of 1. NH4

+, PO4
3− , NO2

− and
NO3- were determined colorimetrically with the Gallery™ sequential
analyser (Thermo Scientific). Protein content was determined by
multiplying Total Kjeldahl Nitrogen for the conversion factor of 6.25 g
proteins/g N, i.e., under the assumption that proteins contain 16.5%
(w/w) of nitrogen (Raunkjer et al., 1994). Carbohydrates were deter-
mined with the anthrone method (Dreywood, 1946). pH was measured
with a Five Easy™ pHmeter (Mettler Toledo) and conductivity with a
WTWMulti 3410 IDS conductimeter. The concentrations of carboxylates
were determined daily on the supernatant filtered with nylon filters with
a pore size of 0.2 μm after centrifugation at 12,000 rpm for 5 min. The
analysis was conducted with a Clarus 580 gas-chromatograph (Perki-
nElmer, Waltham, MA, USA) equipped with a AlltechFFAP EC™ 1000
column and a flame ionization detector (FID) at 280 ◦C, with N2 as
carrier gas (6 mL/min). Ethanol, lactate, glycerol and 1,3-propanediol
were monitored by High-Performance Liquid Chromatography (HPLC)
with a Dionex Ultimate 3000 (ThermoScientific) equipped with a pro-
tective pre-column (Bio-Rad Micro-Guard Cation H+), an Aminex
HPX-87H Ion exclusion column and a refractive index detector (ERC
RefractoMax 520). The analysis was conducted at 50 ◦C, with 0.04 M
H2SO4 at a flow of 0.6 mL/min as eluent.

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. (1)):

Yield
gCODprod
gbCOD

=

Productsconcentration
(
g COD
L

)

×workingvolume(L)

Substratesʹconcentration
(
g bCOD
kg

)

×substratesinserted(kg)

(1)

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.

Thermodynamic calculations were performed as in Kleerebezem and
Van Loosdrecht (2010) using their ΔG0f and H0

f values. The missing H0
f

values were retrieved from the OBGIT thermodynamic database in the R
package CHNOSZ. Temperature corrections to 37 ◦C to the standard
variation in Gibbs free energy (ΔG0’) were made by applying the
Gibbs-Helmholtz equation.

The mass balance was conducted to elucidate the metabolic path-
ways involved in ethanol consumption and acetate production. To do so,
it was assumed that butyrate, valerate, caproate and heptanoate were
produced by chain elongation using ethanol as electron donor. Then, the
rest of the consumed ethanol was considered to be converted into ace-
tate by EEO. The acetate produced and consumed in chain elongation
was also accounted for. The part of the acetate measured that was not
produced from EEO was assumed to be produced by the primary
fermentation of the substrates, since homoacetogenesis was probably
hindered by the low pH2 (<0.04 bar) and high acetate concentrations
(>10 mM) (Bastidas-Oyanedel et al., 2012).

2.5. Sequencing and microbial community analysis

The biomass pellet obtained after centrifugation was used for
microbiological analyses. DNA extraction was performed with the
FastDNA SPIN kit for soil following manufacturer’s instructions (MP
biomedicals, LCC, California, USA). The V3-V4 region of the 16S rRNA
gene was amplified by PCR using universal primers (Carmona-Martínez
et al., 2015). The PCR mix was composed of iproof (Biorad, 0,02U/μl)
with enzyme buffer, forward (344F: ACGGRAGGCAGCAG) and reverse
(802R: TACCAGGGTATCTAATCCT) primers (0.5 mM), dNTP (0.2 mM),
sample DNA (5–10 ng/μL) and water until reaching a final volume of 50
μL. 30 cycles of denaturation (95 ◦C, 1 min), annealing (65 ◦C, 1 min)
and elongation (72 ◦C, 1 min) were conducted in a thermal cycler
(Mastercycler, Eppendorf, Germany). A final extension step was added
for 10 min at 72 ◦C after the 30 amplification cycles. PCR amplifications
were verified by 2100 Bioanalyzer (Agilent, USA). Amplicons were
sequenced at the GenoToul platform (Toulouse, France http://www.ge
notoul.fr) using an Illumina Miseq sequencer (2 × 300 pb paired-end
run). Raw sequences were then analyzed with Mothur version 1.48.0
for reads cleaning, assembly, and quality checking. Alignment and
taxonomic outlines were obtained from SILVA release 132. Sequences
were archived in GenBank, under the accession number
PRJNA1028514. The rRNA sequences of OTUs with relative abundance
≥1% were then submitted to Megablast to search within the NCBI
nucleotide database.

Bioinformatic analyses were conducted in R version 4.3.1 with the
packages phyloseq, microbiome, vegan, MicEco, microeco. Graphs were
realized with ggplot2, fantaxtic and ggnested (Teunisse, 2022). Spear-
man’s correlation between the environmental variables and the OTUs
was calculated with the trans$env function 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. Statistical analyses

Statistical analyses were conducted in R version 4.3.1 with the stats
package. The differences among all the conditions tested were evaluated
with the Kruskal-Wallis test. For comparing two conditions, the Mann-
Whitney-Wilcoxon test was applied. The level of significance was set
at p < 0.05.

3. Results and discussion

3.1. Substrates characterization

Overall, the characteristics of the substrates reported in Table 1 were
coherent with those reported in literature, considering that Wine Lees
(WL) have a heterogeneous composition, varying widely depending on
the types of grapes and yeasts used and on the vinification process.
Specifically, pH was ~4 and TS content was comprised between 12.3
and 163.7 g/kg, as reported elsewhere (Bustamante et al., 2008; Da Ros
et al., 2017; Jasko et al., 2012). Conductivity (2.22–2.49 mS/cm) was
slightly lower than in literature (4.0–13.8 mS/cm), but this could not be
related to the content in NH4

+ and PO4
3− since these values were not

reported (Bordiga, 2016). White Wine Lees (WWL) showed a lower TS
content of 75.4 g/kg and a higher ethanol concentration of 122.00 g/L
respect to Red Wine Lees (RWL), since more wine was necessary to
remove WWL from the vinification reactor. Both RWL and WWL con-
tained glycerol (9.85–7.07 g/L) and acetate in minor concentrations
(0.51–0.24 g/L), which are among the hundreds of by-products gener-
ated by ethanol fermentation, precisely through the concomitant
pathway of glycerol-pyruvic fermentation (Ciani et al., 2018). RWL also
contained lactate, produced by malo-lactic fermentation, where lactic
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bacteria convert the tart-tasting malic acid, naturally contained in grape
must, into softer-tasting lactic acid. Malo-lactic fermentation is not
performed in white wines, and therefore this compound was not
detected in WWL. Respect to their macromolecular composition, RWL
and WWL were composed by a low percentage of carbohydrates
(4.3–5.2% of TS) and by a considerable percentage of proteins
(27.5–28.6% of TS), respectively similar (3.5–4.8%) and higher
(14.5–15.7%) than those reported in literature (Bordiga, 2016).
Considering protein content to be mainly due to yeast cells, which are
composed by ~40% of proteins, it can be estimated that yeasts consti-
tuted 68–71.5% of the TS in RWL and WWL, respectively (Yamada and
Sgarbieri, 2005). The difference probably consisted of tartrate salts,
polyphenols, the fraction of glycerol which did not evaporate and other
minor unidentified compounds. The bCOD of WWL and RWL repre-
sented 99.3% and 80.3% of the tCOD, respectively, with the higher
biodegradability of WWL attributable to its higher ethanol and lower TS
content. Regarding Waste Activated Sludge (WAS), its low TS concen-
tration was coherent with the fact that it was unthickened. The content
in proteins and carbohydrates was calculated with the conversion fac-
tors reported in Ahnert et al. (2021) and Miron et al. (2000) and it was
comparable with literature, representing 38.9% and 3.06% of the TS and
49.7% and 2.7% of the tCOD, respectively (Chen et al., 2007).
Concentrated WAS refers to the same WAS which was prepared at a TS
concentration of 40 g/L for the fermentation experiments. Therefore, it
had the same characteristics of WAS, except a higher TS, VS, and COD
concentration.

Thorough substrate characterization allowed to make hypothesis on
substrate conversion pathways during fermentation: in fact, a low H2
production was expected with a low carbohydrate content, and the
presence of ethanol could determine acetate production through EEO or
caproate and heptanoate production through chain elongation (Alibardi
and Cossu, 2016; Roghair et al., 2018).

3.2. Acidogenic fermentation experiments

In the first fermentation experiment conducted on WWL and RWL,
with and without inoculum, the fermentation performance varied but
acetate always represented the majority of the carboxylates

(61.0–71.8% on a COD basis) (Table 2). The pH remained approximately
stable, with final values of 5.58–5.86. WWL had similar yields of 0.134
and 0.131 g CODprod/g bCOD with and without inoculum, respectively
(p = 0.7715). The H2 yield was very low and also similar, showing a
higher variability without inoculum (0.31 ± 0.09 and 1.73 ± 1.66 mL
H2/g bCOD with and without inoculum, respectively; p = 0.2845). The
carboxylates profile was similar, and it mainly consisted of acetate
(61.0–65.7%), with minor amounts of caproate produced only without
inoculum (6.5%, 0.17 g COD/L). This was probably due to the lower
butyrate concentration (0.20 vs 0.44 g COD/L), attributable in turn to
the lower relative abundance of Clostridiaceae (11.02 vs 19.72%), which
could perform chain elongation of acetate to butyrate (section 3.4)
(Candry and Ganigué, 2021, and references therein). RWL showed
almost no carboxylates production without inoculum (0.058 g COD-
prod/g bCOD), while a yield of 0.232 g CODprod/g bCOD was reached
with inoculum, where acetate (71.8%) and butyrate (21.6%) were the
main carboxylates produced. Interestingly, the H2 yield was similar,
with values of 6.90 and 6.97 mL H2/g bCODwith and without inoculum,
respectively. This can be explained by the differences in microbial
communities after the H2 production phase, as discussed in detail in
section 3.4. Overall, inoculation ameliorated the fermentation perfor-
mances in RWL, while no improvement was observed in WWL. The
lower H2 yield of WWL respect to RWL could be attributed to the lower
TS content (75.4 vs 129.4 gTS/kg) and higher ethanol content of WWL,
which determined a lower input of carbohydrates (4.3–5.2% on a TS
basis) in the bottle for the same amount of COD. Moreover, the lower
initial ethanol content in RWL (~4.9 g/L) with respect to WWL (~7.4
g/L) could have favored higher H2-yielding microorganisms (section
3.4). Hydrogen consumption through homoacetogenesis was considered
unlikely to occur, given the low pH2 (<0.04 bar) and high acetate
concentrations (>10 mM) measured in the bottles which were reported
to hinder this reaction (Bastidas-Oyanedel et al., 2012).

Acetate was the main product also during the co-fermentation of
RWL and WAS at 20, 40, 70, and 100 gCOD/L, as it represented 68.0,
72.3, 67.7, and 57.5% of the carboxylates on a COD basis, respectively.
The pH remained approximately stable, with final values of 5.27–5.68.
As illustrated in Fig. 1, the increase in substrate concentration deter-
mined a wider carboxylates distribution on day 7 at 70 and 100 gCOD/L,

Table 1
Substrates characteristics.

PARAMETER UNIT RWL WWL WAS CONCENTRATED WAS

pH ​ 4.15 ± 0.05 4.09 ± 0.05 7.30 ± 0.04 7.29 ± 0.04
Conductivity mS/cm 2.49 ± 0.01 2.22 ± 0.01 1.42 ± 0.01 1.42 ± 0.01

TS g/kg 129.4 ± 0.05 75.4 ± 0.4 5.5 ± 0.0 40.0 ± 0.0
VS 116.6 ± 0.6 63.0 ± 0.2 3.9 ± 0.0 31.1 ± 0.0
TS (corrected) 242.1 ± 0.5 207.2 ± 0.4 – –
VS (corrected) 229.3 ± 0.6 194.7 ± 0.2 – –

Acetic acid g/L 0.51 0.24 0.00 0.00
Lactate 1.90 0.00 0.00 0.00
Glycerol 9.85 7.07 0.00 0.00
Ethanol 107.29 122.00 0.00 0.00
sCOD g/L 228.17 ± 5.04 254.50 ± 2.59 0.02 ± 0.00 0.02 ± 0.00

CODanalytes/sCOD g/g 1.04 1.08 – –
tCOD g/L 353.33 ± 6.62 296.17 ± 3.66 7.93 ± 0.27 50.19 ± 0.27
Flash BMP (solid) mL CH4/gVS 229.23 ± 4.23 217.95 ± 3.44 202.15 ± 2.15 202.15 ± 2.15
Biodegradable COD g bCOD/kg raw 283.7 ± 1.4 294.2 ± 0.6 2.2 ± 0.0 18.0 ± 0.2
​ g bCOD/g COD 0.803 0.993 0.322 0.358
​ g bCOD/g VS 1.237 1.511 0.578 0.578
TKN (solid) g N/kgTS 43.60 ± 0.07 45.77 ± 0.32 62.28 ± 6.42 62.28 ± 6.42

Proteins g/kgTS 272.49 ± 0.07 286.07 ± 0.32 389.25 ± 6.42 389.25 ± 6.42
Carbohydrates 43.09 ± 1.29 52.12 ± 3.25 30.57 ± 6.64 30.57 ± 6.64

NH4
+ mg/L 3.9 ± 0.2 19.5 ± 0.9 18.9 ± 0.9 18.9 ± 0.9

PO4
3- 497.4 ± 4.4 600.5 ± 1.4 154.0 ± 0.0 154.0 ± 0.0

NO3
− 3.55 ± 0.2 1.88 ± 0.1 3.37 ± 0.2 3.37 ± 0.2
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with the increase in valerate (3.5–4.2%) and the appearance of caproate
(10.0 and 16.0%) and heptanoate (1.6–5.4%) (Table 2). Concurrently,
lower percentages of propionate and butyrate were observed on day 7
(3.2–2.6% of propionate, 9.4–9.0% of butyrate) with respect to day 4
(8.5–9.0% of propionate and 14.6–15.8% of butyrate) at 70 and 100
gCOD/L, respectively (Fig. S1). At 100 gCOD/L, also the percentage of

acetate was statistically significantly lower (57.5%, p = 0.00473). This
can be explained by the occurrence of chain elongation, a secondary
fermentation process where the carboxylic acid chain is elongated
through sequential additions of two atoms of carbon, using ethanol and/
or lactate as electron donors. Therefore, acetate was probably elongated
to butyrate and then caproate, and propionate to valerate and then

Table 2
Carboxylates percentages, products concentrations and yields, and ethanol removal on day 7 and H2 and CO2 yields and percentages in the produced biogas at the end
of the acidogenic fermentation phase (~ day 2). * = test closed on day 4.

Parameter Unit WWL WWL+ inoc RWL RWL + inoc RWL + WAS

20* 40 70 100

Acetate % (COD basis) 61.0 ± 5.5 65.7 ± 7.7 61.6 ± 19.0 71.8 ± 4.2 68.0 ± 2.3 72.3 ± 8.0 67.7 ± 1.7 57.5 ± 1.0
Propionate ​ 7.3 ± 7.7 14.7 ± 15.2 0.7 ± 0.5 0.9 ± 0.5 12.0 ± 0.2 7.3 ± 0.2 3.2 ± 0.2 2.6 ± 0.1
Iso-butyrate ​ 2.1 ± 0.4 3.4 ± 0.5 2.7 ± 0.6 1.9 ± 1.1 1.2 ± 0.2 1.3 ± 0.2 1.6 ± 0.0 1.8 ± 0.0
Butyrate ​ 16.2 ± 2.0 7.4 ± 2.2 29.9 ± 5.6 21.6 ± 2.7 15.3 ± 0.7 14.1 ± 1.3 9.4 ± 0.3 9.0 ± 0.2
Iso-valerate ​ 5.6 ± 1.2 5.6 ± 0.2 5.1 ± 1.2 2.1 ± 0.2 1.9 ± 0.2 2.1 ± 0.3 2.7 ± 0.1 3.5 ± 0.1
Valerate ​ 1.3 ± 1.8 0.4 ± 0.7 0.0 ± 0.0 0.0 ± 0.0 1.5 ± 0.3 1.8 ± 0.3 3.5 ± 0.3 4.2 ± 0.1
Iso-caproate ​ 0.0 ± 0.0 3.0 ± 0.3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.5 ± 0.0 0.0 ± 0.1
Caproate ​ 6.5 ± 2.0 0.0 ± 0.0 0.0 ± 0.0 1.7 ± 2.0 0.0 ± 0.0 1.2 ± 0.5 10.0 ± 2.3 16.0 ± 0.9
Heptanoate ​ 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 1.6 ± 1.2 5.4 ± 0.5

Acetate gCOD/L 1.66 ± 0.29 1.80 ± 0.21 0.54 ± 0.17 2.63 ± 0.16 2.18 ± 0.07 5.53 ± 0.61 9.09 ± 0.23 10.42 ±

0.18
Propionate ​ 0.24 ± 0.28 0.40 ± 0.42 0.01 ± 0.00 0.03 ± 0.02 0.39 ± 0.01 0.55 ± 0.01 0.43 ± 0.03 0.47 ± 0.02
Iso-butyrate ​ 0.06 ± 0.00 0.09 ± 0.01 0.02 ± 0.01 0.07 ± 0.04 0.04 ± 0.00 0.10 ± 0.01 0.21 ± 0.01 0.33 ± 0.01
Butyrate ​ 0.44 ± 0.06 0.20 ± 0.06 0.26 ± 0.05 0.79 ± 0.10 0.49 ± 0.02 1.08 ± 0.10 1.26 ± 0.04 1.62 ± 0.04
Iso-valerate ​ 0.15 ± 0.01 0.15 ± 0.01 0.04 ± 0.01 0.08 ± 0.01 0.06 ± 0.01 0.16 ± 0.02 0.36 ± 0.01 0.63 ± 0.01
Valerate ​ 0.04 ± 0.06 0.01 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.05 ± 0.01 0.13 ± 0.02 0.47 ± 0.04 0.76 ± 0.02
Iso-caproate ​ 0.00 ± 0.00 0.08 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.06 ± 0.01 0.01 ± 0.02
Caproate ​ 0.17 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 0.06 ± 0.07 0.00 ± 0.00 0.09 ± 0.04 1.34 ± 0.31 2.90 ± 0.17
Heptanoate ​ 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.21 ± 0.16 0.98 ± 0.09
Total carboxylates ​ 2.76 ± 0.50 2.75 ± 0.23 0.88 ± 0.15 3.67 ± 0.25 3.21 ± 0.08 7.65 ± 0.57 13.43 ±

0.27
18.14 ±

0.26
1,3-PDO ​ 0.24 ± 0.27 0.34 ± 0.24 0.24 ± 0.29 0.56 ± 0.03 0.52 ± 0.03 1.03 ± 0.09 1.41 ± 0.04 2.07 ± 0.03
Yield gCODprod/gbCOD 0.131 ±

0.040
0.134 ±
0.024

0.058 ±
0.017

0.232 ±
0.018

0.230 ±
0.010

0.269 ±
0.022

0.266 ±
0.009

0.244 ±
0.007

​ gCODcarboxylates/
gbCOD

0.122 ±

0.029
0.120 ±

0.016
0.048 ±

0.008
0.200 ±

0.019
0.201 ±

0.006
0.237 ±

0.019
0.240 ±

0.009
0.219 ±

0.007
​ gCODprod/gCOD 0.131 ±

0.040
0.134 ±

0.024
0.044 ±

0.012
0.204 ±

0.037
0.167 ±

0.005
0.191 ±

0.091
0.189 ±

0.007
0.174 ±

0.005

H2 yield mLH2/gbCOD 1.73 ± 1.66 0.31 ± 0.09 6.97 ± 2.06 6.90 ± 1.02 0.99 ± 0.12 1.46 ± 0.17 2.86 ± 0.24 1.96 ± 0.09
CO2 yield mLCO2/gbCOD 7.93 ± 3.46 7.44 ± 0.12 15.49 ±

2.55
16.53 ±

1.91
8.89 ± 1.71 14.20 ±

1.90
19.51 ±

1.55
20.62 ±

0.73
H2 % 22.9 ± 1.1 4.0 ± 1.1 30.5 ± 3.2 29.4 ± 2.2 10.6 ± 1.8 9.4 ± 0.9 12.8 ± 0.3 8.7 ± 0.5
CO2 % 77.1 ± 6.6 96.0 ± 1.1 69.5 ± 3.2 70.6 ± 2.2 89.4 ± 1.8 90.6 ± 0.9 87.2 ± 0.3 91.3 ± 0.5

Initial ethanol
concentration

g/L 7.38 ± 0.03 7.35 ± 0.18 4.89 ± 0.09 4.90 ± 0.09 4.44 ± 0.03 8.82 ± 0.10 14.79 ±

0.32
22.14 ±

0.73
Final ethanol
concentration

​ 6.54 ± 0.21 6.72 ± 0.09 5.17 ± 0.10 3.63 ± 0.22 3.51 ± 0.03 6.32 ± 0.23 10.13 ±

0.28
15.47 ±

0.13
Ethanol removal % 11.3 ± 3.1 8.5 ± 2.1 5.7 ± 3.6 26.3 ± 3.6 20.9 ± 0.7 28.4 ± 3.4 31.5 ± 1.7 30.1 ± 2.2

Fig. 1. Carboxylates and 1,3-PDO concentrations and product yield on day 7. The red arrows indicate the scale at which the data should be read. * = test closed on
day 4. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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heptanoate. The occurrence of chain elongation was supported also by
the microbial community composition, where the butyrate-producer
Eubacteriales Family XIII and the lactate-producers Enterococcaceae,
Lactobacillaceae, and Coriobacteriaceae increased their relative abun-
dance (section 3.4). The H2 yield was very low in all the substrate
concentrations tested, ranging from 0.99 to 2.86 mL H2/g bCOD. The
product yields were similar (0.230–0.269 g CODprod/g bCOD), sug-
gesting that the increase in ethanol concentration did not have an
inhibitory effect. No inhibition could be attributed to the conductivity of
the substrates (1.42–2.49 mS/cm), which even without dilution was
lower than the inhibitory thresholds of 55 ± 4 and 46 ± 3 mS/cm
identified for H2 and carboxylates production, respectively (Trably
et al., 2017). Similarly, at 20 g COD/L acetate and butyrate concentra-
tions were below the inhibitory threshold of 50 mM for H2 production
(Noguer et al., 2022). Therefore, the low yields observed are attributable
to a lower substrate mobilization at pH 5.5 by the microbial commu-
nities, especially the ones of inoculum and WAS which were adapted to
pH ~7.0. Yields could be enhanced by adapting the microbial commu-
nity at pH 5.5 in a continuous process, and by pre-treating the substrate
to destroy the cellular wall of the yeasts and bacteria which mainly
constitute WL and WAS. This would enhance the availability of the
nutrients contained in the yeast cells (e.g. amino acids and peptides),
which are known to promote microbial growth (Pérez-Bibbins et al.,
2015).

Overall, acetate was the main carboxylate produced in all conditions,
with a high selectivity of 57.5–72.3% on a COD basis, and a low H2 yield
was observed, ranging from 0.99 to 6.97 mL H2/g bCOD (Table 2). These
results were consistent with the biochemical composition of the sub-
strates: in fact, the low carbohydrate content (4.3–5.2% of the TS)
explained the low H2 production obtained, which in turn determined a
pH2 low enough to allow EEO to occur (ΔG = − 26.6/-7.4 kJ/mol)
(Alibardi and Cossu, 2016). As detailed in the mass balance (section
3.3), acetate was mainly produced by EEO, while a lower percentage
derived from the primary fermentation of the substrates (0.0–34.4%).
This is coherent with acetate being reported as the main carboxylate
produced in the anaerobic fermentation of WAS (Jankowska et al.,
2015).

The acetate selectivity obtained is among the highest in literature on
organic substrates. On food waste, Cheah et al. (2019) reported a higher
selectivity of ~85% on a COD basis (calculated) with a yield of ~0.35
gcarboxylates/gVS, at pH 9.0 and at OLR of ~17.5 gVS/L*d. Despite the
higher acetate selectivity, the yield was lower than in our experiments,
where 0.42–0.50 gcarboxylates/gVS (corrected) were obtained during the
co-fermentation of RWL and WAS. On winery wastewater, which is also
composed of wine lees, Esteban-Gutiérrez et al. (2018) obtained a
slightly higher acetate selectivity (77% on a COD basis) in batch at pH
10 and 10 gCOD/L, with a yield of 0.26 gCODcarboxylates/gCOD. In
contrast with our results, they obtained a lower acetate percentage
(40%) at pH 5.5, with a profile composed of propionate (42%) and
butyrate (10%) (Esteban-Gutiérrez et al., 2018). Similarly, a lower ac-
etate percentage (29.5%) on winery wastewaters at pH 5.5 and 10
gCOD/L was also reported by Carrillo-Reyes et al. (2019), with a yield of
0.30 gCODcarboxylates/gCOD. Here, the carboxylates profile was
composed of butyrate (34.5%), iso-valerate (8.5%), propionate (7%),
iso-butyrate (6.3%) and valerate (5.3%).

Interestingly, in our study acidic conditions gave a high acetate
selectivity, which on winery wastewaters was observed only in alkaline
conditions with comparable yields (Esteban-Gutiérrez et al., 2018). This
could be attributed to the higher ethanol content (107.3–122.0 g/L) and
lower carbohydrate content (3.9–5.6 g/L) of the WL used in this study
with respect to winery wastewaters (56.1–73.9 and 26.9–32.9 g/L),
which favored EEO to acetate (Carrillo-Reyes et al. (2019); Vital-Jacome
and Buitrón, 2021). The lower carbohydrate content could also explain
the lower yields obtained (0.167–0.204 gCODprod/gCOD) with respect to
Carrillo-Reyes et al. (2019) and Esteban-Gutiérrez et al. (2018) (0.30
and 0.26 gCODcarboxylates/gCOD, respectively).

The low yields and ethanol removal obtained are the main limita-
tions of the process presented in this work, which could be enhanced by
i) adapting the microbial community to pH 5.5 by operating the process
in continuous and ii) pre-treating the substrate to destroy the cellular
wall of the yeasts and bacteria which mainly constitute the substrates.
The increase in ethanol consumption could eventually enhance acetate
selectivity if EEO remains the prevailing pathway.

3.3. Mass balance

The mass balance was conducted to elucidate the metabolic path-
ways underlying ethanol consumption and acetate production. To do so,
butyrate, valerate, caproate and heptanoate were considered to be
produced by chain elongation using ethanol as electron donor. Then, it
was considered that the rest of the ethanol consumed in the experiment
was converted into acetate by EEO. The acetate produced and consumed
in chain elongation was also accounted for. The part of the acetate
measured that was not produced from EEO was assumed to be produced
by the primary fermentation of the substrates, since homoacetogenesis
was probably hindered by the low pH2 (<0.04 bar) and high acetate
concentrations (>10 mM) (Bastidas-Oyanedel et al., 2012).

The results of the mass balance are presented in Table 3. In all the
conditions tested except RWL, the ethanol consumed was mainly con-
verted into acetate by EEO (76.2–95.0%). This was supported by the ΔG
values for EEO, which was thermodynamically feasible under the tested
experimental conditions (ΔG= − 26.6/-7.4 kJ/mol). A lower percentage
of ethanol was consumed in chain elongation (5.0–23.8%). Acetate was
mainly produced from ethanol oxidation (65.6–115.5%), with a lower
percentage deriving from the primary fermentation of the substrates
(0.0–34.4%). Under the assumption that the acetate not produced by
EEO was produced by the primary fermentation of the substrates, all the
mass balances except that of WWL were closed with an error <3.4%. In
RWL, ethanol consumption (5.7%) and carboxylates production were
minimal (0.54 and 0.26 gCOD/L of acetate and butyrate, respectively),
thus explaining the different repartition of the ethanol consumed and
acetate produced with respect to the other conditions. Overall, the mass
balance indicated that EEO was the prevailing fermentation pathway,
through which most of the acetate was produced.

3.4. Microbial communities

Microbial communities were analyzed by sequencing the V3-V4 re-
gion of the 16S rRNA gene on the substrates and inoculum and on the
fermented samples at day 7 for all conditions, except RWL + WAS 20
which was sampled at day 4. In the substrates and inoculum 1181 OTUs
were identified, which were grouped into 27 phyla, 62 classes, 136 or-
ders, 281 families, and 613 genera. After filtering at 1% of relative
abundance, 11 orders, 13 families and 18 genera were kept. In the fer-
mented samples, 997 OTUs were identified, which were grouped into 22
phyla, 45 classes, 96 orders, 183 families, and 356 genera. After filtering
at 1% of relative abundance, 5 orders, 9 families and 15 genera were
kept. The 12 most abundant orders and two most abundant families for
each order in all the samples are represented in Fig. 2, while the tables
reporting the relative abundance and closest species match of all the
taxa after filtering at 1% can be consulted in the Supplementary Mate-
rials (Tables S2 and S3).

In the substrates, a higher richness was observed in white wine lees
(231) with respect to red wine lees (60), which could have played a role
in the higher products yield of white wine lees when fermented without
inoculation (Table 4). White wine lees had lower Shannon’s diversity
and evenness (2.69 and 0.494) with respect to red wine lees (3.23 and
0.070), due to the high relative abundance of OTU 14 of the Erwiniaceae
family (43.87%), which had 99.06% similarity to Tatumella saanichensis.
Tatumella spp. belong to the Enterobacteriales order, one of the most
abundant in wine microbiome, to which they are beneficial, and one of
the most abundant taxa in wine fermentation (Ohwofasa et al., 2023,
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and references therein). Only 4 families had a relative abundance >1%
in white wine lees, representing 88.83% of the total: Acetobacteraceae,
Burkholderiaceae, Enterobacteriaceae, and Halomonadaceae. In red wine
lees, 5 families had a relative abundance >1%, representing 60.20 % of
the total: Burkholderiaceae, Enterobacteriaceae, Micrococcaceae,

Moraxellaceae, and Staphylococcaceae. All the identified genera were
aerobic or facultatively anaerobic, coherently with the storage of WL in
closed barrels in contact with air. After fermentation of WL without
inoculum, these genera were not present at relative abundances >1%,
except for Klebsiella. Instead, some indigenous facultative and strictly
anaerobic bacteria became dominant (Table S3), which were probably
selected during the anaerobic alcohol production in the winemaking
process and allowed the anaerobic fermentation of WL without
inoculation.

WAS had the highest richness (820), evenness (0.818), and Shan-
non’s diversity (5.49) (Table 4), and it was composed by 88.79% of
species with a relative abundance lower than 1% (Table S2). WAS served
also as inoculum, and ecological indices show that the pretreatment
successfully selected the spore-forming, H2-producing microorganisms.
In fact, the richness of pre-treated inoculum was lower, showing that
only the resistant microorganisms survived: Eubacteriales increased their
relative abundance from 0.59 to 49.75% in WAS and pre-treated inoc-
ulum, respectively.

In the first test onWL, similar richness and diversity were observed in
WWL and WWL + inoc, coherently with their comparable microbiome
composition and fermentation performance (Table 4). RWL + inoc
showed higher richness than RWL (103 vs 67, respectively), while di-
versity and evenness were comparable. This suggested that the low
carboxylates production in RWL was due to the lack of some acidogenic
bacteria added with the inoculum and already present in WWL, rather
than to richness and diversity. In co-fermentation, richness and diversity

Table 3
Mass balance of ethanol and acetate in the different conditions tested. *= calculated considering the acetate produced by EEO and the balance of acetate produced and
consumed in chain elongation.

Unit WWL WWL + inoc RWL RWL + inoc 20 40 70 100

gCOD/L

ETOH CONSUMED (OVERALL) mMol 15.9 14.0 2.7 20.0 12.8 33.6 61.1 87.9
ETOH CONSUMED IN CHAIN ELONGATION % 12.0 5.0 47.0 23.8 13.8 12.2 14.1 17.1
ETOH CONSUMED IN EEO % 88.1 95.0 53.01 76.2 86.2 87.8 86.0 82.9
ACETATE PRODUCED IN THE TEST (MEASURED) mMol 11.4 12.42 2.94 15.5 15.2 38.1 63.23 71.9
Acetate produced from ethanol* % 115.5 103.4 19.8 85.1 65.6 71.3 79.8 98.7
Acetate produced from the substrates 0.0 0.0 80.2 14.9 34.4 28.7 20.2 1.4
ERROR IN THE MASS BALANCE % 15.5 3.4 0.0 0.0 0.0 0.0 0.0 0.0

Fig. 2. Relative abundance of the bacterial community of the pre-treated inoculum and substrates at the beginning of the experiment and the acidogenic
fermentation samples on day 7. The 12 most abundant orders and the two most abundant families for each order were represented. * = on day 4.

Table 4
Ecological indices of the bacterial community of the pre-treated inoculum and
substrates at the beginning of the experiment and the acidogenic fermentation
samples on day 7. * = on day 4.

Richness Shannon
diversity

Simpson
diversity

Pielou’s
evenness

SUBSTRATES

Pre-treated
inoculum

565 3.208 0.173 0.506

Red wine lees 60 3.228 0.070 0.788
White wine lees 231 2.687 0.214 0.494
WAS 820 5.486 0.011 0.818
ACIDOGENIC FERMENTATION

WWL 80 2.012 0.259 0.459
WWL + inoc 89 1.979 0.328 0.441
RWL 67 1.892 0.324 0.450
RWL + inoc 103 2.346 0.233 0.506
RWL + WAS 20 392 2.942 0.161 0.493
RWL + WAS 40 567 4.134 0.038 0.652
RWL + WAS 70 453 4.175 0.033 0.683
RWL+WAS 100 433 3.915 0.051 0.645
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were higher with respect to the fermentation of WL alone due to WAS, a
biologically active substrate (Table 4). For this reason, in co-
fermentation only 45.6–49.7% of the taxa had relative abundance
>1%, with respect to 76.4–92.8% of WL fermentation (Table S3).
Ecological indices in co-fermentation at day 7 were similar among them,
coherently with the product yields.

Regarding the microbiome composition, in all conditions the domi-
nant families were Clostridiaceae (8.0–70.6%) and Enterobacteriaceae
(3.5–61.0%). Clostridiaceae were ubiquitarians, while Enterobacteriaceae
were absent in RWL + inoc and were particularly enriched in WWL
(57.4%), WWL + inoc, (61.0%) and RWL (54.8%), consistently with
their high abundance in grape microbiome and wine fermentation
(Ohwofasa et al., 2023, and references therein). Families of the Lacto-
bacillales order were also present up to 15.20%, with higher relative
abundances in co-fermentation at 70 and 100 gCOD/L, where caproate
and heptanoate were detected, suggesting that some lactate could have
been produced and used as electron donor. In the first test on WL, mi-
crobial communities were similar in WWL and WWL + inoc, as well as
the fermentation products profile, except for some caproate (0.17
gCOD/L) detected only in WWL. Since Caproiciproducens (OTU 16,
97.78% similarity) was present in both conditions, the absence of cap-
roate in WWL + inoc could be due to its lower butyrate concentration
(0.20 vs 0.44 gCOD/L). This could be in turn due to the lower relative
abundance of Clostridiaceae (11.02 vs 19.72%), a family including
several chain-elongating species which could perform chain elongation
of acetate to butyrate (section 3.4) (Candry and Ganigué, 2021, and
references therein). In RWL, after the H2 production phase (day 2),
microbial communities were dominated by the H2-producer Klebsiella
(81.6%) in RWL, where almost no carboxylates were detected, and by
Paraclostridium (OTU 5) and Clostridium (OTU 7) (31.70 and 42.56%,
respectively) in RWL + inoc, where 0.232 gCODprod/gbCOD were ob-
tained. Therefore, it was hypothesized that Klebsiella lacks the ability to
anaerobically oxidate ethanol to acetate, identified in Clostridium spp.,
thus explaining the lower acetate production (Tao et al., 2017; Wu et al.,
2020). Microbiome composition could also explain the lower H2 yield of
WWL respect to RWL: in fact, the higher initial ethanol content in WWL
fermentation (~7.4 g/L) could have lowered H2 production by inhibit-
ing Klebsiella and Clostridiaceae spp., which yield 2.07 and 2.81 mol
H2/mol glucose, respectively, and favouring Escherichia-Shigella, which
has lower yields of 1.44 mol H2/mol glucose but can tolerate ethanol
concentrations up to 7.83 g/L (Lin et al., 2007; Niu et al., 2010; Seppälä
et al., 2011; Wu et al., 2021).

In co-fermentation, a shift in microbial communities was observed
with the increasing substrate concentrations. Clostridiaceae, Cor-
iobacteriaceae, Enterobacteriaceae, Enterococcaceae, Oscillospiraceae and
Prevotellaceae were always present, while Lactobacillaceae and Family
XIII appeared from 40 gCOD/L. Prevotella, an acetate- and propionate-
producing genus, decreased its relative abundance from 20 to 100
gCOD/L, (35.5–0.1%, respectively), coherently with its ethanol inhibi-
tion threshold of 6 g/L (Ma et al., 2022; Rui et al., 2019). At 70 and 100
gCOD/L, lactate-producers Enterococcaceae, Lactobacillaceae, and Cor-
iobacteriaceae increased their relative abundance up to 9.55%, 8.92%,
and 6.01%, respectively, suggesting that some lactate could have been
produced and consumed as electron donor in chain elongation. This
would be supported also by the progressive shift to lactate production at
acetate concentrations higher than 100 mM observed by Noguer et al.
(2022) at initial pH of 6, considering that in our tests acetate concen-
tration increased from 89.4 to 93.8 mMol at day 4–142.0–162.8 mMol at
day 7 at 70 and 100 gCOD/L, respectively. Coherently with the
appearance of caproate, also the butyrate-producing Eubacteriales Family
XIII was more abundant at 70 and 100 gCOD/L (6.86 and 15.85%,
respectively) (Wylensek et al., 2020). Interestingly, the relative abun-
dance of the putative chain-elongating Clostridiaceae andOscillospiraceae
families did not increase at 70 and 100 gCOD/L, even if an increase in
their absolute abundance cannot be excluded. This suggested that in this
case, chain elongation was triggered by the metabolic and community

shift to lactate production rather than by an increase in Clostridiaceae or
Oscillospiraceae. It was reported that lactate- and ethanol-based chain
elongation boosted each other, because the former produced the CO2
needed for the growth of chain-elongating microorganisms (Wu et al.,
2018). However, CO2 was produced also at 20 and 40 gCOD/L, where
caproate and heptanoate were not detected (Table 2), indicating that
probably it was not a determining factor in the occurrence of chain
elongation.

The Spearman’s correlation calculated on the fermented samples
mainly reflected the fact that products concentrations increased with
substrate concentrations: in fact Lactobacillaceae, Eubacteriales Family
XIII and Coriobacteriaceae had a significant positive correlation with
acetate, butyrate, valerate, heptanoate, 1,3-propanediol and total car-
boxylates (Fig. S2). These families were present only in RWL+WAS, and
their relative abundance increased with substrate concentrations.
However, Spearman’s correlation did not help identifying more pre-
cisely the role of each family or genus.

Finally, PCoA showed a clear clustering based on the type of sub-
strates and fermented samples and metabolites profile obtained. Ac-
cording to the screeplot, the first 3 principal components (PCos) were
considered, accounting for 53.9% of the variability of our dataset
(Fig. 3A). After plotting each PCo against the other two, a similar clus-
tering was observed, and therefore only PCo1 vs PCo2 was reported in
Fig. 3B. PCo1 and PCo2 represented together 40.9% of the variability,
with PCo1 separating RWL + WAS 40, 70, and 100 at day 7, and WAS
and pretreated inoculum. PCo2 separated RWL from WWL and RWL 20
from RWL + inoc. RWL +WAS 20 stood alone, as expected since it was
withdrawn on day 4. The notable distance between RWL 20 and RWL +

inoc was coherent with the difference in their microbial communities
and carboxylates production. RWL + inoc was located between RWL +

WAS 20, with which it shared a similar carboxylates profile and

Fig. 3. Principal Component Analysis (PCoA) of the substrates and fermented
samples. A) Screeplot reporting the percentage of variance explained by each
principal component (PCo), showing that from PCo3 a lower amount of vari-
ance was explained and B) plot of PCo1 vs PCo2, showing samples clustering.
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microbiome (Clostridium perfringens, Clostridium prolinivorans/swellfu-
nianum), and RWL 20, with which it shared a similar H2 yield. Finally,
the samples from co-fermentation were closer to WAS than WL, indi-
cating that WAS mainly shaped their microbiomes. Almost all the
environmental parameters were significant for explaining the samples
distribution in the PCoA space, coherently with the difference in the
nature of the samples analyzed.

4. Conclusions

In conclusion, this study unlocked the potential of wine lees for high
selective fermentative acetate production (57.5–72.3%) by the indige-
nous microbiome (WWL), by adding an external inoculum (RWL), or by
co-fermentation with WAS. In co-fermentation, the increase in substrate
concentration to 70 and 100 gCOD/L resulted in caproate (10.0–16.0%)
and heptanoate (1.6–5.4%) production and in a microbiome enriched in
lactate-producers up to 21.2%, suggesting the occurrence of a lactate-
based chain elongation. Overall, this study represents a significant
advancement towards the production of tailored effluents for bio-
refinery process coupling, unlocking the major bottleneck represented
by the poor metabolization of longer-chain carboxylates by microalgae
and MECs.
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