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In the context of ecological transition, the use of wine by-products for industrial applications is a major chal-
lenge. Wine lees, the second wine by-product in terms of quantity, represent a source of nutrients that can be
used for stimulating the growth of microorganisms. Here, white wine lees were used as a stimulating agent for
the growth of wine lactic acid bacteria (LAB) and to promote wine malolactic fermentation (MLF) driven out by
Oenococcus oeni. By adding freeze-dried wine lees to wines under different conditions — including different wine
lees at different concentrations and different O. oeni strains at various initial populations - it was observed that
wine lees can enhance the growth of LAB and reduce the duration of MLF. The chemical composition of wines
was also evaluated, proving that wine lees do not compromise the quality of the wines. In addition, wine lees did
not seem to promote the growth of spoilage microorganisms like as Brettanomyces bruxellensis. Altogether, this
work reports the possibility of recovering the lees of white wine to obtain a product favoring the MLF of red
wines. More general, we propose a recycling strategy of wine by-products to obtain new products for

winemaking.

1. Introduction

In the context of the ecological transition, the valorization of in-
dustrial by-products and co-products is a necessity to move towards
carbon neutrality. Wine production is a multistep process in which
diverse by-products and wastes are generated (Davila et al., 2017). Wine
lees are the second most important in terms of amount of production,
after grape pomace, both representing the 10 % and 21 % of the total
mass, respectively. Wine lees consist of the solid part that decants to the
bottom of wine tanks at the end of the alcoholic fermentation (AF). They
are mainly composed of organic acids, carbohydrates, inorganic salts,
proteins, phenolic compounds, plant residues from grapes, and the yeast
biomass that conducted alcoholic fermentation (AF), depending on
environmental conditions, agronomic characteristics, grape variety, and
winemaking practices (e. g. racking or time of ageing in wood barrels or
tanks). The European regulation (n°1308/2013) authorizes their use to
produce alcohol, spirits and “piquette” only. However, other valorization
strategies are possible.

The complex chemical composition of wine lees is a source of mul-
tiple and interesting compounds, which allows to develop new valori-
zation strategies. Wine lees have been investigated with the aim of
limiting oxidation of wine, improving its quality, or recovering phenolic
compounds or tartaric acid that can be used in diverse applications
(Bautista et al., 2007; Del Fresno et al., 2019; Pons-Mercadé et al., 2021;
Arboleda-Mejia et al., 2022; Kontogiannopoulos et al., 2017, 2016).
Moreover, there is an increasing interest in using wine lees by themself
for different applications as additive in animal feeding (Camara et al.,
20205 Sato et al., 2020), as nutrient for vermicomposting (Nogales et al.,
2020, 2005), as ingredient in food formulation (Alarcon et al., 2020; De
Iseppi et al., 2021; Sharma et al., 2015), as antihypertensive in health
(Bravo et al., 2022), or even as raw material in the production of
nanomaterials (Varisco et al., 2017).

In the context of wine production, wine lees represent a potentially
interesting source of nutrients and protective compounds for the lactic
acid bacteria (LAB) which are used to perform the malolactic fermen-
tation (MLF). Oenococcus oeni and to a lesser extent Lactiplantibacillus
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plantarum are the main LAB species driving MLF (Lonvaud-Funel, 1999).
Most often they develop spontaneously in wine during or after AF and
perform MLF when they reach a sufficient population. LAB have com-
plex nutrient requirements and combined with the harsh conditions
found in wine (low pH and moderate to high alcohol content), the cor-
rect achievement of MLF by indigenous LAB is sometimes compromised
(Bech-Terkilsen et al., 2020). The use of selected LAB strains as starter
cultures is a common practice to better control MLF (Torriani et al.,
2011). Still, their inoculation in wine can reduce their viability and
prevent the successful achievement of MLF. Yeast lees produced from
diverse strains at laboratory scale could limit these difficulties as it has
been shown that their addition in wine stimulate the capacity of O. oeni
to perform MLF in a synthetic wine (Balmaseda et al., 2021). Their
beneficial effect was related with an increase in nitrogenous compounds
and mannoproteins released by yeasts. However, the effect of wine lees
obtained from winemaking on LAB growth, survival and capacity to
perform MLF is still unknown.

Besides a potential positive effect on LAB and MLF, the use of wine
lees may have other beneficial or detrimental impacts in wine. For
instance, the addition of yeast-assimilable nitrogen in the grape must
modulates the sensory perception of wine by increasing the production
of substituted esters by LAB during MLF (Lytra et al., 2020). There is a
strong correlation between the increase in must nitrogen content, the
production of substituted esters during MLF and the increasing percep-
tion of fruity aromas of wine (Lytra et al., 2020). However, the use of
wine lees could increase the nutrients available for all microorganisms
and promote the growth of undesirable yeasts or bacteria responsible of
spoilages in wine. Apart from some spoilage LAB that rarely can develop
at pH lower than 3.50-4.00 (Ribéreau-Gayon et al., 2006), the most
challenging microorganism in wine is the yeast Brettanomyces brux-
ellensis. B. bruxellensis usually develops during wine ageing and de-
preciates considerably the sensory perception of wine by producing
volatile phenols (Lleixa et al., 2021). Its ability to grow in wine depends
on the strains and the characteristics of the wine, making a thorough
understanding of its growing preferences difficult (Cibrario et al., 2020).

The aim of this study was to evaluate the potential of white wine lees
to stimulate the growth of LAB and the achievement of MLF. The ex-
periments were carried out mainly with strains of O. oeni, which is the
main species used for MLF, but also L. plantarum. Then, we have eval-
uated the risk of spoilage linked to the addition of wine lees by analyzing
their impact on the growth of B. bruxellensis and, we have analyzed their
impact on aromatic compounds and the sensory perception of wine.

2. Materials and methods
2.1. Bacterial and yeast strains and growth conditions

Four commercial O. oeni strains were used in this study: VF (Vitilactic
F, Martin Vialatte, Magenta, France), VP41 (Lalvin VP41, Lallemand
Inc., Canada), IOEB-SARCO 277 (SB3, Laffort, Bordeaux, France), and
IOEB-SARCO 450 (Lactoenos 450 Preac, Laffort, Bordeaux, France).
Also, two L. plantarum strains (CRBO 0601 and CRBO 9640) from ‘Bio-
logical Resources Centre Oenology’ of Bordeaux University (CRBO)
were used. Three other B. bruxellensis strains from CRBO collection were
used: CRBO L0611, CRBO L0422, CRBO L0424.

All bacterial strains were grown in liquid grape juice medium
composed of (for 1 L) 250 mL of red grape juice, 5 g of yeast extract,
1 mL of Tween 80, adjusted to pH 4.80. The cultures were incubated at
25 °C until late exponential phase. Bacterial enumeration was performed
by epifluorescence microscopy for inoculation, and by plating in solid
grape juice medium (supplemented with 20 g/L agar and 100 mg/L
pimaricin) during the experiments. For inoculation in red wine, com-
mercial freeze-dried O. oeni VF was used, hydrated following manufac-
turer’s instructions.

B. bruxellensis strains were grown on YPG plates containing (for 1 L):
10 g of yeast extract, 10 g of peptone, 20 g of glucose and 20 g of agar.
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Each strain was gradually adapted to wines with successive subcultures.
2.2. Wine lees collection, preparation, and analysis

Three batches of wine lees (named lees 1, 2, and 3) were collected
during 2021 vintage, and another one (lees 4) during vintage 2022.
Table 1 summarizes the origin and other wine lees related
characteristics.

All wine lees were freeze-dried (FreeZone 4.5 plus, Labconco) and
stored at 4 °C in a hermetically closed jar until further analysis.

Total nitrogen of wine lees was measured according to the Kjeldahl
method (European Commission [EC] regulation No: 152/2009, pp.
15-19) using a Gerhardt Protein and Nitrogen Analysis System, 115 VAC
50/60 Hz. The conversion from total nitrogen to protein depends on the
type of protein present in the sample. Usually, the total nitrogen factor
used for almost all food is 6.25.

The microbial composition of wine lees was evaluated by resus-
pending 100 mg of each wine lees in 1 mL of saline solution. Then,
100 pL of each suspension was spread out on grape juice and YPG plates.
Isolated colonies were counted and identified at species level by MALDI-
TOF mass spectrometry using MALDI Biotyper® (MBT) from Bruker and
a homemade database (Windholtz et al., 2021).

2.3. Biomass production

The ability of O. oeni and L. plantarum to develop was tested in a wine
by-product medium. First, a combination of different concentrations of
commercial red grape juice and wine lees was tested. Grape juice me-
dium containing 25, 50, or 100 mL/L of red grape juice was supple-
mented with 0, 2.5, 5, or 10 g/L of lees 1. In all cases pH was adjusted to
4.8. Screwed vials of 10 mL (Fisher Scientific, Hampton, New Hamp-
shire, USA ref.: 11981523) were filled with 9 mL of the obtained media
and inoculated with O. oeni VF for a population of 10*-10° cell/mL.
Vials were closed with screw cap-magnetic (Agilent Technologies, hdsp
cap 18 mm PTFE/sil 100 pk, Les Ulis, France), perforated by two hy-
podermic needles: one for allowing CO5 release (0.8 x 38 mm, Terumo,
Tokyo, Japan), and the other (0.6 x 80 mm, B. Braun, Melsungen,
Germany) connected to a 2 mL syringe (B. Braun, Melsungen, Germany)
for allowing sampling. Fermentations were incubated statically at 25 °C
for two weeks. Bacterial population every day. Each condition was
tested in triplicate. We observed weak growth in media containing
<100 mL/L of grape juice (data not shown), so these conditions were
discarded for the following of this study, and the media of 100 mL/L
with or without 10 g/L of wine lees at pH 4.80 was evaluated afterwards.

This selected medium was tested with three O. oeni strains — VP41,
IOEB-SARCO 277, IOEB-SARCO 450 and the two L. plantarum strains
(CRBO 0601 and CRBO 9640). 9 mL of medium were inoculated with
each strain for a population of 10° cell/mL into the vial system as pre-
viously described. Each condition was incubated statically at 25 °C for
two weeks — O. oeni — or three days — L. plantarum -. Besides, the effect of
the temperature and pH was evaluated. For comparison, the same me-
dium was evaluated at 20 °C or adjusting the pH to 3.50 for the three
O. oeni strains. Each condition was tested in triplicate.

2.4. Malolactic fermentation

2.4.1. Malolactic fermentation performance evaluation

First, a screening of impact of wine lees on LAB growth was per-
formed with wine lees 1 and O. oeni VF in wine like medium (WLM).
WLM was prepared according to Balmaseda et al. (2023). O. oeni VF was
inoculated to a population of 102, 104, or 10° cell/mL in presence of 0,
0.25, or 0.5 g/L of lees 1. The inoculated WLM was transferred to a
10 mL syringe (BD, Franklin Lakes, USA) coupled with a hypodermic
needle (0.8 x 38 mm, Terumo, Tokyo, Japan) and incubated at 20 °C.
Each condition was performed in triplicate. Bacterial population and L-
malic acid concentration were monitored periodically. L-Malic Acid
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Table 1
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Origin and nitrogen amount of wine lees used in this study. The protein content equals N x 6.25, which means that non-protein nitrogen is included. All wine lees came

from wines inoculated with S. cerevisiae Zymaflore CH9.

Variety Winery Vintage Collection Nitrogen (%)* Proteins (%)*
Lees 1 Viognier Chateau Giscours (CDO Medoc, Labarde, France) 2021 After AF completion 3.24 £ 0.01 20.2 £ 0.1
Lees 2 Viognier Chateau Giscours (CDO Medoc, Labarde, France) 2021 After 3 months of ageing in barrel 4.03 + 0.03 25.2 +0.3%
Lees 3 Chardonnay Chateau Giscours (CDO Medoc, Labarde, France) 2021 After AF completion 2.92 £+ 0.01 183+0.1%
Lees 4 Sauvignon blanc Chateau Couhins (CDO Pessac-Leognan, France) 2022 After AF completion 5.15 + 0.02 32.2+0.2°

Values shown are the mean of triplicates + SD. Lower-case letters indicate a significant difference at P < 0.05 according to a Tukey post-hoc comparison test. n.d.: not

determined.

" The percentages shown represent the amount of nitrogen or protein regarding to the amount of freeze-dried wine lees.

Assay Kit (Megazyme, Wicklow, Ireland) was used for L-malic acid
quantification.

After the screening, the inoculation of 10° cell/mL was chosen for
testing the impact of lees 2 and 3 on LAB growth, under the same con-
ditions as lees 1. The MLF performance of two additional O. oeni strains —
VP41, IOEB-SARCO 450 - was also evaluated in WLM with 0, 0.25, 0.5 g/
L of wine lees 1.

The impact of wine lees on MLF was also evaluated in a red wine of
Merlot from CDO Saint Emilion (France) containing 12.45 % (vol/vol) of
ethanol, 2.07 g/L of L-malic acid, and pH 3.41. This wine had an initial
LAB population of around 10% CFU/mL. 10 mL of wine were inoculated
with 0.01 or 1 g/hL of commercial freeze-dried O. oeni VF, corre-
sponding to approximately 10% and 10° cell/mL, respectively. A control
condition without inoculation of O. oeni was also assessed. MLF per-
formance was evaluated in the presence of 0, 0.25, and 0.5 g/L of wine
lees (1, 2, and 3) at 20 °C. L-malic acid concentration was monitored
periodically, and each condition was performed in duplicate.

2.4.2. Impact of wine lees in MLF performance and wine aromas

The impact of wine lees in MLF performance and impact on wine
aroma was performed in two red wines at laboratory scale and in a
winery. For the study at laboratory scale, a Merlot wine from Chateau
Couhins (14.17 % (vol/vol) of ethanol, 0.99 g/L of L-malic acid,
pH 3.42) was used. 0.5 L of wine were inoculated with 1 g/hL of com-
mercial freeze-dried O. oeni VF. MLF was evaluated in presence or
absence of 0.5 g/L of lees 4 at 20 °C, and bacterial viability and L-malic
acid concentration were monitored periodically. Each condition was
performed in duplicate.

For the experiment in a winery, the MLF of a red wine of Petit Verdot
(Wine A, 14.23 % vol/vol of ethanol, 1.51 g/L of L-malic acid, pH 3.42)
was monitored under cellar conditions. The wine was used to fill two
barrels of 225 L for MLF: one without addition of wine lees (control) and
one supplemented with 0.5 g/L of wine lees 4. MLF was conducted
spontaneously at cellar temperature. Bacterial viability and L-malic acid
concentration were monitored periodically.

2.4.3. Volatile compound analyses of wines after MLF

The impact of wine lees addition during MLF on esters composition
of wine was evaluated. Chromatographic conditions and sample prep-
aration were as optimised by Antalick et al., 2010: 14 esters were
determined using solid phase microextraction (SPME) and gas chroma-
tography coupled to mass spectrometry. Gas chromatography analyses
were carried out on an HP 6890 GC system coupled to an HP 5972
quadrupole mass spectrometer (Hewlett-Packard), equipped with a
Gerstel MPS2 autosampler. The mass spectrometer was operated in
electron ionization mode at 70 eV in selected-ion-monitoring (SIM)
mode. Esters were characterized by comparing their linear retention
indices and mass spectra with those of standards.

Statistical data from chemical evaluations were analyzed using the
ANOVA test followed by the Tukey post-hoc test (XLSTAT software),
with a statistically significant level of 5 % (p < 0.05).

2.5. Brettanomyces bruxellensis growth

The effect of wine lees in B. bruxellensis growth was evaluated in two
wines with three different strains. 0.5 g/L of wine lees (1 and 4) were
added to wine A (Petit Verdot wine from Chateau Couhins, Section 2.4),
and wine B (Cabernet Franc, 14.46 % vol/vol of ethanol, 1.25 g/L of L-
malic acid, 0.7 g/L of residual sugars at pH 3.71) from Chateau Tour-
nefeuille. Each wine without addition of wine lees was used as a control
Each wine was inoculated with the three strains of B. bruxellensis (CRBO
L0611, diploid from wine; CRBO L0422, triploid from beer; CRBO
L0424, triploid from wine) to a population of 102 cell/mL. Cells were
progressively acclimated to each wine from the initial culture medium
before the experiment. Similarly, to MLF experiments, wines were ali-
quoted in syringes and incubated statically at 20 °C. Wine A and wine B
had an initial total yeast population of 4.35 x 10° and 3.68 x 10° CFU/
mL, respectively. Non-Saccharomyces yeasts were not detected by
plating (< 10 CFU/mL). B. bruxellensis growth was evaluated at day 0, 9,
22, and 35 after inoculation by plating on non-Saccharomyces solid
medium (20 g/L glucose, 10 g/L yeast extract, 10 g/L peptone, 10 g/L
agar, and cycloheximide 500 mg/L). Then, colonies suspected to be
B. bruxellensis were confirmed by MALDI-TOF. Each condition was
evaluated in duplicate.

3. Results and discussion
3.1. Stimulation of lactic acid bacteria (LAB)

Here, we tested the potential use of freeze-dried white wine lees as
only nutrient source (apart from the 100 mL/L of grape juice) in a new
low-cost medium. Wine lees from different origins were tested. We
showed that the growth of both species; O. oeni (Fig. 1.A) and L. plan-
tarum (Fig. 1.C), was increased in presence of wine lees. Besides, no
differences were observed between the growth curves obtained with the
two different wine lees. The use of wine lees as nutrient in the devel-
opment of microbial biomass is one of the proposed recycling alterna-
tives to this byproduct. Indeed, wine lees represent an important source
of nutrients (Balmaseda et al., 2021), and mainly nitrogenous com-
pounds that are rather low in grape must. There are different studies that
used wine lees in a defined medium to growth different Lactobacillus
species (Bustos et al., 2004a, 2004b). These studies, using fresh wine
lees, reported an increase in biomass production in presence of 20 g/L of
wine lees, mainly with white wine lees, and especially after distillation,
where fewer polyphenolic compounds are found.

To better characterize the growth of O. oeni in wine lees supple-
mented medium, we altered some parameters that directly impact the
microbial growth as pH, and temperature. We observed that lowering
the pH from 4.80 to 3.40 (a pH much closer to real grape must), or
temperature from 25 °C to 20 °C (an easier operational setting tem-
perature), did not impact on the maximal bacterial population (Fig. 1.B).
This adds value to the described new and low-cost medium to be used in
low demanding conditions, as it can directly be used by diluting the
grape must, adding the wine lees, and incubating at a standard room
temperature, around 20 °C.
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Fig. 1. Use of lees 1 as nutrient source in the designed culture medium containing 100 mL/L of red grape juice. A. Growth curves of O. oeni VF, VP41, IOEB-SARCO
277, and IOEB-SARCO 450 strains at 25 °C; (#) without lees, or in presence of 10 g/L of (m) lees 1, or (a) lees 3. B. Maximal population obtained in the designed
culture modifying one parameter at each time; in grey the maximal population obtained without adding lees, and in blue those obtained in presence of lees. C.
Growth curves of L. plantarum CRBO-0601 and CRBO-9640 strains at 25 °C; (#) without lees, or in presence of 10 g/L of (m) lees 1, or (a) lees 3. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

The reported results can be related with the increase in nutrient and
protective substances of wine lees. Supplementation of wine with wine
lees can increase the soluble proteins in wine due to the autolytic process
(Martinez-Rodriguez et al., 2001). Table 1 shows the total amount of
nitrogen and corresponding protein fraction of the wine lees used for
this study. Indeed, the quantity of protein in the wine lees tested was
between the 18 and 32 % of the dried matter.

3.2. Wine lees improves LAB growth and MLF

In our study we used for the first time, freeze-dried white wine lees
with the purpose of enhancing MLF in red wine. Using a regular inoc-
ulation regimen of 10° cell/mL of O. oeni we showed that MLF perfor-
mance was ameliorated in presence of wine lees 1 with three different
commercial bacterial strains (Fig. 2). Even if, all strains finished MLF in
presence or absence of wine lees in the tested synthetic wine, in presence
of wine lees the LAB growth kinetic is improved (Fig. 2.A). In addition,
we observed a linear relationship between the MLF duration, and the
wine lees concentration added in the wine (Fig. 2.C). This was true for
the three tested strains, thus, reinforcing the hypothesis of that wine lees
enhance MLF in wine conditions.

With the aim of reducing the inoculated starter culture concentration
in wine with the use of wine lees, lower initial bacterial populations
were tested: 102 and 10* cell/mL. All these conditions were tested with
O. oeni VF strain, again in synthetic wine with lees 1. Results for the MLF
performance, including population and L-malic acid dynamics are
shown in Suppl. Fig. 1. Fermentations were followed for >100 days. It is
interesting to observe that the tendency in both, 10% and 10* cell/mL
was similar. There was a quick viability loss in those wines without wine
less addition, around the day 20. With the addition of 0.25 g/L of wine
lees the initial inoculated bacterial population was maintained up to 60
or 120 days for 102 and 10* cell/mL conditions, respectively. Still, it was
not enough to reach the minimal bacterial population to perform the
MLF. Finally, the addition of 0.5 g/L of wine lees, enabled a progressive

bacterial growth that was enough for performing MLF (Fig. 2.B, Suppl.
Fig. 1). Here, we proved that the use of wine lees at a sufficient con-
centration, can enable the growth of low bacterial population up to
108 CFU/mL to perform MLF. These results, also, showed the possibility
of reducing the quantity of starter culture needed to inoculate a wine
before MLF. This is a promising application, still to be exploited, since
the duration of the fermentation can be largely extended, even if it
finally concludes.

Apart from testing the effect of wine lees addition in synthetic wine,
fermentations in red wine were also evaluated (Fig. 3). Similarly, to the
previous tests, this wine was supplemented (or not) with 0.25 g/L and
0.5 g/L of lees 1, 2, and 3. These wines were inoculated with O. oeni VF
in their commercial freeze-dried form according to manufacturer’s in-
structions to reach a final concentration of around 10* cell/mL and 10°
cell/mL. Also, a wine with no inoculation was performed as a control.

As previously observed in synthetic wine (Fig. 2), the addition of
wine lees to red wine enhanced MLF performance (Fig. 3). First, in the
wine inoculated with 10° cell/mL, all conditions finished MLF, including
the control fermentation with no addition of wine lees. Generally, all the
three wines supplemented with wine lees at two different concentra-
tions, finished MLF after 12 days. Besides, it was observed that wine lees
2 at 0.25 g/L lasted 15 days, a bit more than the other ones (Fig. 3.B).
The wines inoculated with 10* cell/mL of O. oeni showed a similar
tendency. Wines without addition of wine lees did not perform MLF. In
these wines, L-malic acid concentration was stuck at 1.5 g/L, which was
the initial value (Fig. 2.A). Interestingly, the positive effect on the
reduction of MLF time, was observed with all wine lees, in the two
inoculation conditions. This supports the idea that the observed effect is
dose dependent and relays on the added wine lees quantity, as observed
in synthetic wine (Fig. 2.C).

Moreover, considering the origin of lees 1 and 2, which came from
the same wine but collected with three months of difference, we can
observe interesting results (Fig. 3). When performing MLF with no
inoculation or 10* cell/mL in presence of 0.5 g/L of wine lees, the
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Fig. 2. Malolactic fermentation performance of O. oeni in presence of wine lees in WLM. A. MLF of O. oeni VF, VP41, and IOEB-SARCO 450 strains inoculated in WLM
at an initial population of 10° cell/mL: (@) without lees, or in presence of (m) 0.25 g/L, or (a) 0.5 g/L of lees 1. B. MLF duration of O. oeni VF in WLM at an initial
population of 102, 104, and 10° cell/mL: (@) without lees, or in presence of (m) 0.25 g/L, or (a) 0.5 g/L of lees 1. No column means not concluded MLF. C. Correlation
of the duration of MLF with the added concentration of lees for the O. oeni strains VF (@), VP41 (m), IOEB-SARCO 450 (4). Each value is the mean of the triplicates.

duration observed is higher in lees 2 (43 days in spontaneous, 40 days
for the inoculated one), regarding to lees 1 (33 days in spontaneous, 36
for the inoculated one). In addition, the modality of 0.25 g/L of lees 2
did not enable MLF completion. This points that during ageing, the
quality of the recovered wine lees changes and thus their performance
on MLF. This fact is not surprising since yeast lees undergo an autolytic
process, in which some intracellular and membrane/wall-related com-
pounds are released (Alexandre and Guilloux-Benatier, 2006). We could
hypothesize that during autolysis, some compounds related with the
positive effect observed in O. oeni growth, have been released to the
wine, and thus, not found in the collected wine lees. Another hypothesis
could be concerning the lysis of nutritive compounds used by the LAB. In
this sense, the observed results highlight that autolytic process could
impact nutritional properties of wine lees when using them as MLF
potentiator.

Overall, the results observed with these wine lees enhanced O. oeni
growth and MLF performance in synthetic and natural wine. In addition,
it enabled the completion of MLF in wines with low bacterial population,
which did not finish in the case of no addition of wine lees. We also
observed that the drying process did not interfere with the positive effect
here observed. Freeze-drying could represent a suitable tool for pre-
serving and storing wine lees and enables an easier dosage comparing to
fresh liquid wine lees. The added concentration of wine lees in this study
were 0.25 g/L and 0.5 g/L, which corresponds to 25 g/hL and 50 g/hL,
respectively. These concentrations are not unfamiliar to other oeno-
logical preparations (also commercialized in powder form) used as ac-
tivators for AF or MLF, which also rage from 20 to 50 g/hL. That is why
the use and concentrations proposed in this study are in form for an easy
industrial adaptation.

3.3. Volatile compounds

At the end of MLF (for wine samples without or with wine lees
treatment) concentrations of several esters increased significantly
depending on the matrix (Table 2). More precisely the short- and
branched-chain alkyl fatty acid esters levels such as ethyl 2-methylpro-
panoate, ethyl 2-methylbutanoate and ethyl 3-methylbutanoate
increased significantly for both red wine matrices, Merlot, and Petit
Verdot (Table 2). These results confirm those of other studies that have
demonstrated that LAB may increase concentrations of some esters in
wine during MLF, thus influencing its aromatic composition and sug-
gesting that lactic acid bacteria possess esterase activity (Gammacurta
et al., 2018; Lytra et al., 2020). In addition, for samples analyzed after
MLF with wine lees, concentration of some esters is significantly higher
from those without wine lees addition, such as ethyl 2-methylpropa-
noate, ethyl 2-methylbutanoate, and ethyl 3-methylbutanoateare for
Merlot or 2-methylpropyl acetate concentration for Petit Verdot. These
results suggest a positive impact of the white wine lees addition as these
short- and branched-chain alkyl fatty acid esters, since they are known
to have a great sensory impact on increasing the perception of fruity
aromas (Lytra et al., 2017). The increase of some esters’ levels may be
due to the higher nitrogen levels related to addition of wine lees
(Alexandre and Guilloux-Benatier, 2006). Literature provides evidence
that after MLF, short- and branched-chain alkyl fatty acid levels
increased in wines made from musts with the highest nitrogen content
(Lytra et al., 2020). These same authors have also demonstrated that the
production of these substituted esters revealed a significant increase in
qualitative fruity aromas, opening new perspectives for further experi-
ments to confirm the higher contents in nitrogenous compounds in the
samples with wine lees as well as the increase of qualitative fruity notes.
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Fig. 3. Malolactic fermentation (MLF) performance of O. oeni VF in presence of wine lees in natural red wine. A. L-malic consumption during MLF with no addition of
O. oeni starter culture, or with 10%, 10° cell/mL of starter culture. Codes for the colour interpretation are present in the figure. Each value is the mean + SD of the
duplicates. B. Heatmap of the duration of MLF in absence/presence of wine lees with no addition of O. oeni starter, or with 10%, 10° cell/mL of starter culture. No
value corresponds to a non-concluded MLF. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Table 2

Volatile ester composition (pg/L) of Merlot and Petit Verdot wines before and after malolactic fermentation, without (non) or with lees (lees). to, t means before and

after MLF, respectively.

Merlot Petit Verdot

to tf non tr lees to t non ts lees
Ethyl propanoate 70.4 +2.2°7 729 + 2.7% 84.9 +1.1° 499 +1.2 51 + 0.6 53.1 +£0.2
Ethyl 2-methylpropanoate 31.1 + 1.4° 53.4 + 1.7° 62.7 + 0.5° 38 + 0.9° 43.3 £ 0.6° 44.7 £ 0.1°
Propyl acetate 103.2 + 1.2° 95.4 £ 2.3% 109.3 + 1.5° 56.3 £ 0.7 57.24+0.7 58.6 £ 0.3
2-methylpropyl acetate 45.8 + 0.5° 40.6 + 0.6% 47.0 £0.7° 64.8 + 1.2 81.8 +0.3° 115.9 + 0.3°
Ethyl butanoate 314.8 + 0.1% 309.7 + 9° 360.4 + 5 171 + 3.4 174.6 + 1.5 177.4 + 1.3
Ethyl 2-methylbutanoate 4.7 +£0.1° 7.7 £0.1° 9.0 + 0.2¢ 6.6 £0.1% 7.4 +0.1° 7.4 £0.1°
Ethyl 3-methylbutanoate 8.2 +0.2° 14.8 +£0.1° 17.6 + 0.4 7 +£0.1° 8.1+0.1° 8.0 £0.1°
Butyl acetate n.d. 41+0.1 3.6+ 1.8 1.2 +0.3° 1.1+0.1° < LOQ?
Isoamyl acetate 915.9 + 110.3 879 +2 1000.5 + 16.9 788.1 + 20.5 798.6 + 1.1 760.9 + 34.9
Ethyl hexanoate 559.3 + 19° 557.7 + 16.1° 660.2 + 14.8° 230.2 + 2.8% 238.3 + 5.2° 247.6 + 0.6°
Hexyl acetate 6.6 + 0.2° 5.3 £ 0.1% 6.1 +0.1° 2.1 +0.1% 2.2 +0.1% 2.7 £0.1°
Ethyl octanoate 596.7 + 113.2 549.6 + 69.4 778.3 + 24.8 350.1 + 3.8 343.6 + 12 4225 + 31.4
Ethyl phenylacetate 1.6 +£0.1% 2.1+0.1° 2.5+0.1¢ 5.6 + 0.3 5.5+ 0.1 6.3+ 0.3
Phenylethyl acetate 69.6 + 1.4° 67.4 + 1.5° 74.3 +0.3° 112.9 + 4.5 104.7 + 2.3 114.8 + 5.7

Values shown are the mean of duplicates =+ SD. Statistics were done comparing wines of each variety independently. Lower-case letters indicate a significant difference
at P < 0.05 according to a Tukey post-hoc comparison test. No lower-case letter indicates no significant differences. n.d.: not detected; < LOQ: under the limit of

quantification.

3.4. Microbial composition of wine lees

Wine lees were also analyzed in terms of microbiological composi-
tion. Apart from S. cerevisiae, no other wine related microbial species
were found (data not shown). As an example, the data of wine lees 4 is
here reported. Fresh wine lees, before the drying process, were plated on

YPD and grape juice plates. The average population on YPD was
5 x 107 CFU/mL, and the MALDI-TOF identification resulted in a 100 %
of S. cerevisiae yeast population. It is not surprising since wine lees were
collected from wines immediately after AF, where S. cerevisiae is usually
the most abundant yeast species. Bacteria population found in this wine
lees was lower. A total population of 1.6 x 102 CFU/mL was detected on
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grape juice plates, which corresponded to a 100 % of Bacillus mega-
terium. B. megaterium, and generally Bacillus genus, is a common envi-
ronmental bacterium, typically found in the soil (Saxena et al., 2020),
not related with wine production. After drying (by freeze-drying), the
dominance of S. cerevisiae population was maintained but its concen-
tration was reduced to 18 CFU/mg, corresponding to
2.7-3.6 x 10° CFU/mL of fresh wine lees; a reduction of 4 log units from
the initial 5 x 107 CFU/mL detected. In the case of the bacterial popu-
lation found on grape juice agar, the concentration was reduced to
1.1 CFU/mg, increasing its diversity. In this step, Streptomyces halstedii,
Bacillus mycoides, Bacillus megaterium, Paenibacillus pabuli species were
detected. All of them related with the environmental microbiome,
probably due to the non-aseptic drying process.

Altogether, wine lees represent a potential microbial load when
adding them to a fermentative process. Nevertheless, in the case of wine
fermentation, the detected species cannot be considered as a potential
risk of contamination since are related to soil, and thus, not participate
in the fermentative process. Besides, it is worth noting that the signifi-
cant S. cerevisiae population detected could also participate in AF. Still,
the viability of this wine lees could decrease during storage time, and
specially from vintage to vintage. Interestingly, non-spoliating micro-
organisms were found in these wine lees, for instance B. bruxellensis,
which is also related with the healthy status of the wines from whom
they were collected.

3.5. Brettanomyces bruxellensis

After studying the positive effect of wine lees in O. oeni and L.
plantarum growth, we evaluated the impact of the addition of wine lees
on growth in a very well-known wine spoiling microorganism as
B. bruxellensis. B. bruxellensis growth in wine can compromise the quality
of the product due to the production of volatile phenols. In this sense, it
was important to address the effect of wine lees addition in

CRBO L0611 in wine A

CRBO L0422 in wine A
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B. bruxellensis growth. There is not much literature addressing the effects
of wine lees on B. bruxellensis. However, it is already described that wine
lees contains high microbial population during vinification, and usually
B. bruxellensis is mostly detected (Renouf et al., 2008; Renouf and
Lonvaud-Funel, 2004).

In our conditions, we did not observe an impact of wine lees addition
— at a concentration of 0.5 g/L — on B. bruxellensis growth in tested red
wines (Fig. 4). Three B. bruxellensis strains were inoculated at an
approximately 10%-10° CFU/mL in two different wines. At the same
time, wines were supplemented (or not) with lees 1 and 4. Viability of
the yeast was monitored for 40 days. These results were confirmed by
Kruskal-Wallis test that showed no significant effect of wine lees on
B. bruxellensis growth (Table 3). Thus, wine lees did not seem to promote
the growth of B. bruxellensis in wine in this study. However,
B. bruxellensis is a very diverse yeast and we cannot formally conclude at
this step of study. For commercial exploitation of freeze-dried wine lees,
it will be essential to explore a large number of B. bruxellensis strains on a
wider range of wines.

More generally to the findings here explained, we propose a work-
flow for the application of white wine lees in food industry. The use of
wine lees after validation of their bioactivity and health safety has a
major interest for the valorization of this by-product. Not only from a
circular economy point of view, but also of great economic interest for

Table 3

Results of the Kruskall-Wallis’ test for B. bruxellensis growth. Test was performed
independently for each day, considering all the values of the three yeast strains
in the two tested wines.

9 days 22 days 37 days
No lees 19.79% 18.58% 16.29%
Lees 1 18.50% 18.96% 20.08°
Lees 4 17.217 17.96% 19.13%
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of the duplicates.
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the winemakers in comparison with other products on the market that
are expensive, and not always efficient. Hence, we first propose their
drying by a conventional industrial process used for food additives —
spry drying —. Second, an analysis that guarantees the health safety of
the lees will have to be conducted in order to promote their use as a new
product authorized by the food legislation.

4. Conclusion

The potential exploitation of wine lees in wine industry, particularly
with the aim of enhancing wine MLF was studied. First, a new low-cost
culture medium based on diluted grape juice and wine lees was tested
and proved as suitable for producing wine related LAB, commonly used
for performing MLF, as O. oeni and L. plantarum. A medium containing
100 mL/L of grape juice and 10 g/L of freeze-dried wine lees was suf-
ficient to produce up to 10'° CFU/mL. Second, it was demonstrated that
the addition of wine lees can reduce MLF duration in high bacterial
population wines (> 10* cell/mL), and at the same time, enable bacterial
growth up to perform the MLF, and thus, be able to conclude the
fermentation. Third, the addition of wine lees affects positively the
quality of wine volatile composition, as the concentrations of some es-
ters, involved in the fruity aromas of red wine, are significantly higher.
Fourth, the addition of wine lees in red wine seems to not increase the
growth of spoilage microorganisms as B. bruxellensis. Altogether, this
work represents an integrative study in which wine lees are proposed as
LAB growth activator, and it is demonstrated that there is no potential
microbial spoilage risk or that it could compromise the aromatic quality
of wine.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijfoodmicro.2024.110583.
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