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Consumer demand is driving the production of wines without added sulfur dioxide or yeast inoculation. How-
ever, this approach can lead to organoleptic defects or health risks due to unwanted microbial activity during
alcoholic fermentation (AF). Lactic acid bacteria (LAB), responsible for malolactic fermentation (MLF), may also
affect wine quality. Fumaric acid (FUM) inhibits LAB growth and could serve as an alternative to SOz in con-
trolling MLF. The objective of this work was to study the effects of adding FUM (0.6 g/L) to natural white grape
must without SO3 on the growth of LAB during spontaneous AF and after it. The results showed that during AF, in
the absence of FUM, LAB can grow and achieve both MLF and sugar consumption. The ability to prevent MLF
after AF was evaluated without and with ageing on lees for 60 days. Without ageing, FUM up to 0.6 g/L
effectively inhibited LAB growth and prevented MLF, whereas the residual FUM after AF (0.1 g/L) was insuf-
ficient when Oenococcus oeni was inoculated. Ageing on lees promoted MLF, and did not reverse the inhibitory
effect of FUM. The residual FUM may not be sufficient for complete MLF inhibition after AF. Therefore, it may be

malolactic fermentation, sulfur dioxide
lactic acid bacteria
lees

advisable to correct the dose of FUM to 0.6 g/L to ensure its complete inhibition.

1. Introduction

In the last decade, winemakers have shown a growing interest in
wines with minimal intervention, as some consumers prefer them for
ecological reasons, reduced chemical intervention, and health consid-
erations (Gonzdlez & Parga Dans, 2019; Jorge et al., 2020). These wines,
which are made without sulfur dioxide (SO2) and without starter yeast
cultures for spontaneous alcoholic fermentation, may undergo organo-
leptic alterations (Davis et al., 1985; Wei et al., 2022). Additionally,
uncontrolled malolactic fermentation (MLF) in minimal intervention
wines can lead to increased volatile acidity, the presence of biogenic
amines, and microbiological instability due to the development of
indigenous lactic acid bacteria (LAB) strains (Davis et al., 1985; Wei
et al., 2022). Currently, due to climate change, grape musts have lower
organic acid levels and higher sugar contents, reducing the freshness
perception and microbiological stability of wines and making MLF even
less desirable (Pardo & Ferrer, 2021).

Therefore, treatments such as chitosan, lysozyme, or SO have been
studied for their ability to inhibit MLF in wines (Bauer & Dicks, 2004).
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The most widely used SOy completely inhibits MLF, but its residual
concentration in wines is controversial, as it may cause health issues for
sensitive consumers (Davis et al., 1985; Tchelistcheff et al., 1971). To
mitigate these concerns and comply with increasingly strict legislation
regarding SO, use, alternative strategies are being explored. One such
alternative is fumaric acid (FUM) or trans-butenedioic acid [E297], an
additive widely used in the food industry as an acidifier, which can be
added to wine and is currently regulated in OIV-OENO 581 A-2021 at a
maximum recommended dose of 0.6 g/L. This acid has been studied for
its ability to inhibit MLF in wine, representing a good strategy to reduce
the SO, doses (Cofran & Meyer, 1970; Morata et al., 2020, 2023; Pilone
et al., 1973; Wagener et al., 1971). Moreover, other studies have shown
that the addition of FUM has no negative effect on the organoleptic
characteristics of wines, reported more body and acidity (Gancel et al.,
2022; Morata et al., 2020). This organic acid is not very soluble in
aqueous media (5.3 g/L at 25 °C) but has a pKal of 3.03 and a pKa2 of
4.44 (Gancel et al., 2022). Thus, at the pH of the wines, it is in disso-
ciation equilibrium and therefore can penetrate the cells of microor-
ganisms (Barnes & Karatzas, 2020; Lohbeck et al., 2000; Shah et al.,
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2016). Therefore, one of the effects that FUM could have on MLF could
be due to the intracellular acidification of LAB (Barnes & Karatzas,
2020). The addition of FUM has been described as having no effect on
yeasts that perform AF of grape must or during secondary fermentation
in the bottle to produce sparkling wines (Jamalzadeh et al., 2012;
Morata et al., 2020). However, although no effect of FUM has been
observed during AF, yeasts can transport, consume or store part of it
(Pilone et al., 1973; Xu et al., 2013). In addition, the yeast lees of wines
obtained by AF in the presence of FUM may contain greater amounts of
this acid (Jamalzadeh et al., 2012). Yeast lees are used both in wine
ageing to limit oxidation phenomena and improve organoleptic prop-
erties, but their use has also been suggested to improve MLF by releasing
nitrogen and lipid metabolites, mannoproteins and other compounds
(Balmaseda et al., 2018, 2021; Fornairon-Bonnefond et al., 2002).

The main objective of this work was to study the effect of the addi-
tion of 0.6 g/L FUM during the spontaneous AF of Muscat Alexandria
grape must without SO, at pH 3.5. The secondary objective is to study
the effect of the addition of FUM to the must on the achievement of MLF
by LAB in wines. For this purpose, two types of conditions were studied.
The first was to determine whether the FUM concentration after FUM
was sufficient to inhibit MLF or if a correction in FUM up to 0.6 g/L was
necessary, and the second was to determine the effectiveness of the
addition of yeast lees produced in the presence of FUM on LAB growth
and performance.

2. Materials and methods
2.1. Natural grape must

Muscat of the Alexandria variety grape was grown in the experi-
mental cellar Mas dels Frares (Faculty of Oenology, Rovira i Virgili Uni-
versity, Tarragona, Spain) and was harvested in August 2022. After the
grapes were pressed, the must was settled with 200 mg/L Lallzyme-C-
Max pectinases (Lallemand Inc., Montreal, Canada) at 8 °C without
SO,. After a day of settling, the must was divided into two parts
(Figure SD1): must control without FUM and must with 0.6 g/L of FUM
(Ravago Chemicals, Barcelona, Spain). The compositions of the two
grape musts after settling and the addition of FUM are presented in
Table SD1. The pH of the grape must supplemented with FUM, was not
corrected, with a decrease to pH 3.39 (Table SD1).

2.2. Alcoholic fermentation

Spontaneous AF was performed in food-grade plastic bottles of 1.5 L
at a controlled temperature of 20 °C, in a refrigerated room, statically
and in triplicate without any type of inoculation (Figure SD1). Once the
wines completed AF, an aliquot of each replicate was stored at —20 °C
until analysis. The wines obtained were centrifuged at 10,000 rpm for
10 min in an HB-4 rotor of a Sorvall RC5C centrifuge (Thermo Scientific,
Massachusetts, USA) and stored at 4 °C without SO, for one week. The
lees obtained after AF under each condition from the centrifuged wines
were frozen at -20 °C and subsequently freeze-dried for two days using a
LyoQuest (Telstar, Barcelona, Spain).

2.3. Malolactic fermentations of wine obtained from must with the
addition of fumaric acid

Different MLFs after AF were performed on wine obtained in the
presence of 0.6 g/L of FUM during AF (Figure SD1). All MLFs were
performed in triplicate in glass jars of 150 mL to 20 °C, statically in a
refrigerated room.

2.3.1. Malolactic fermentation without ageing

In this batch, four different conditions were tested after AF: i) wines
with residual FUM + spontaneous MLF, ii) wines with residual FUM +
inoculated MLF, iii) wines corrected to 0.6 g/L with FUM + spontaneous
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MLF, and iv) wines corrected to 0.6 g/L with FUM + inoculated MLF.
Oenococcus oeni Lalvin VP41 strain (Lallemand Inc.) at 10° CFU/mL was
used in inoculated MLFs (Figure SD1).

2.3.2. Malolactic fermentation with ageing

The other fraction of the wine obtained from the AF in the presence
of FUM was stored under two conditions for 60 days at 4 °C under static
conditions (Figure SD1), one fraction without the addition of lees and
the other fraction with 5 % (w/v) lees obtained of AF. To perform the
MLF, wines with the same four different conditions as previous section
were prepared.

2.4. Monitoring of fermentation and populations of microorganisms

2.4.1. Monitoring of alcoholic fermentation

AF was monitored daily by measuring the density of the grape must
using a densimeter (Densito 30PX Portable Density Mettler-Toledo,
Cornella de Llobregat, Spain). AF was considered complete when the
residual sugar (glucose + fructose) content, which was enzymatically
determined with the Y15 multianalyser (Biosystems S.A., Barcelona,
Spain), was less than 2 g/L.

2.4.2. Monitoring of malolactic fermentation

MLF was monitored by determining L-malic acid levels via an
enzymatic kit with a Y15 multianalyser. The MLF was considered
finished when the L-malic acid content was <0.1 g/L or when the L-
malic acid content was stable for more than 7 days.

2.4.3. Enumeration of total microorganisms.

The total viable and culturable yeast population was monitored by
counting decimal dilutions on YPD agar medium (10 g/L yeast extract,
20 g/L peptone, 20 g/L glucose, 17 g/L agar, Panreac Quimica SLU,
Castellar del Valles, Spain) after incubation at 28 °C for 48 h. Non-
Saccharomyces yeasts were counted with lysine medium (Oxoid,
Hampshire, England) after incubation at 28 °C for 48 h. Viable and
culturable LAB were cultured on modified MRS (Margalef-Catala et al.,
2016) and incubated at 27 °C for 7 days in the presence of 10 % CO, (v/
V).

2.5. Identification of yeast and lactic acid bacteria during alcoholic
fermentation

2.5.1. Identification of yeast

Sixty colonies (20 x 3 repetitions) were randomly collected from
both musts (without and with FUM) at the beginning (density of 1080 g/
L), middle (1040 g/L) and end of AF (approx. 990 g/L) and cultured
individually in YPD medium. To study the evolution of the Saccharo-
myces and non-Saccharomyces populations, PCR was performed to
determine the amplicon size of the ITS-5.8S rDNA region and restriction
patterns according to the method described by Esteve-Zarzoso et al.
(1999).

2.5.2. Identification of LAB

To identify LAB, sixty colonies were randomly selected from both
musts (without and with FUM) at the beginning, middle and end of AF.
These isolates were subsequently grown in liquid MRS media at 28 °C
with CO; for 7 days. The pellet was subsequently separated, and the
DNA was extracted with the High Pure PCR Template Preparation Kit
(Roche, Barcelona, Spain). The colonies grown on solid MRS media that
had a coccus-shaped morphology, as observed using microscopy, were
analysed using a specific PCR for O. oeni according to the methods of
Zapparoli et al. (1998). For the isolated non-Oenococcus LAB colonies,
strain identification was performed using the ARDRA method, which
involves 16S gene amplification followed by Msel digestion. The
sequencing of the profiles obtained by digestion was subsequently per-
formed following the procedure described by Rodas et al. (2003).
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2.6. Analysis of other main by-products of fermentation

The pH was measured by using a Crison micro pH 2002 pH meter
(Hach Lange Spain, I’'Hospitalet de Llobregat, Spain). D- and L-lactic
acid, citric acid and glucose-fructose were analysed via an enzymatic kit
with a Y15 multianalyser. FUM was analysed using an enzymatic kit
according to the method of Fernandez-Vazquez et al. (2021). Acetic
acid, glycerol and succinic acid were analysed using HPLC (Agilent
1100, Agilent Technologies, Waldbronn, Germany) with a multiwave-
length detector and an RID detector according to Quirds et al. (2014).

The ethanol content of the wines was determined using GC-FID ac-
cording to the modified method of Wang et al. (2003). Briefly, 100 pL of
sample or standard was diluted with 900 pL of acetonitrile (9.96 g/L,
Panreac) in deionised water. After agitation, one pL was injected into a
CP-Wax 58 CB column (50 m x 0.25 mm x 0.1 pm; Agilent Technolo-
gies) in split mode (25/1). The oven temperature was set initially at
60 °C, increased to 100 °C at a rate of 6 °C/min and then increased at a
final temperature of 200 °C at a rate of 80 °C/min. The injector and
detector temperatures were 220 °C. The flow rate of helium was set at
1.5 mL/min. Individual ethanol standard solutions (12.26, 20.62, 40.14,
80.62, 120.68, 161.88 and 200 g/L) were prepared in deionised water
by weighing the ethanol (Panreac) with a precision balance at 20 °C. The
peak area ratios of the ethanol vs. acetonitrile solutions were calculated
and plotted against the ethanol content (%, v/v) to provide a standard
curve (repeated each time) that was used for ethanol quantification in
fermentation samples. An example of the mean of five replicates of the
standard curve is shown in Figure SD2.

2.7. Metabolomic analysis

The method is inspired by that described by Roessner et al. (2000).
Briefly, 10 pL of wine plus 10 pL of ribitol at 1 mg/mL (Sigma-Aldrich)
diluted in deionised water was dried in an SC110 speed vacuum system
(Savant Instruments, USA) for 2 h. The dried residues were first deri-
vatised with 20 pL of 20 mg/mL methoxyamine hydrochloride (Sigma-
—Aldrich) in pyridine (Sigma-Aldrich) for 30 min at 70 °C. The second
derivatisation was performed with 30 pL of N-methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFUM, Sigma-Aldrich) for 30 min at 70 °C.
Three pL samples were injected in split mode (10:1) into a 6890 N GC
system (Agilent Technologies) equipped with a DB-5HT column (30 m x
0.25 mm x 0.1 pm; Agilent Technologies). Helium was used as the
carrier gas at a constant flow rate of 1.0 mL/min. The compounds were
detected with a mass selective detector (MSD, Model 5975, Agilent
Technologies). The MSD temperatures were 300 °C, 180 °C and 280 °C
for the transfer, quadrupole and source, respectively. The MSD data
were acquired in electronic ionisation scan mode at 70 eV within the
35-650 amu range after a solvent delay of 3 min and then analysed via
Agilent MSD ChemStation software (Agilent Technologies). The me-
tabolites were identified using an in-house MS and NIST 2017 libraries.
The relative abundance of each identified compound was calculated
according to the respective chromatographic peak areas corrected in
relation to the IS peak area for ribitol. The results are expressed as
arbitrary units (AUs).

2.8. Statistical analysis

All the data were analysed using XLSTAT 2022.5.1 software
(Addinsoft, Paris, France). Statistical differences in ANOVA with
Tukey’s test (HSD, honestly significant difference) were taken with a p
value <0.05. A heatmap was constructed with metabolites grouped into
lines and samples (AF with or without FUM) in columns. All fermenta-
tion and chemical analyses were performed in triplicate for statistical
analysis.
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3. Results & discussion
3.1. Alcoholic fermentation

The AFs of the musts without or with the addition of 0.6 g/L FUM did
not significantly differ in terms of time to completion (16 and 15 days,
respectively) or in evolution throughout fermentation (Fig. 1A). How-
ever, beginning on the fifth day, in the case of the must without FUM, the
concentration of L-malic acid decreased compared with that in the
medium and was completely consumed on Day 12, completing the MLF
during AF (Fig. 1B). When FUM was added, no consumption of L-malic
acid was observed, indicating that the addition of FUM was effective in
inhibiting MLF during AF.

According to Fig. 1C, the FUM content in the medium decreased to
0.1 g/L over time when FUM was added at initial dose of 0.6 g/L, this
could be due to the absorption or metabolism of this acid by yeasts
(Jamalzadeh et al., 2012; Pilone et al., 1973). FUM in the must without
its addition was not detected, even though this compound can be
naturally produced by yeasts via the tricarboxylic acid (TCA) cycle
(Pilone, 1975; Yin et al., 2015); This absence may be attributed to the
detection limit of the enzymatic method used, as described by Fernan-
dez-Vazquez et al. (2021), which for white wine corresponds to a limit of
detection of 0.016 g/L and a limit of quantification of 0.054 g/L.

3.2. Evolution of total populations of microorganisms in alcoholic
fermentation and identification of yeast and lactic acid bacteria

Throughout AF, the total yeast population remained relatively con-
stant across both musts, starting with an initial population of 106 CFU/
mL (Fig. 2). Yeasts are generally not sensitive to FUM (Pilone et al.,
1973; Vital-Lopez et al., 2013), and species such as Candida, Pichia, and
Saccharomyces showed no variations at concentrations of up to 2000
ppm in a study by Romero-Gil et al. (2016). A more pronounced decline
in non-Saccharomyces yeasts was observed at more advanced stages of
AF, with no major differences between conditions. The effects of
S. cerevisiae on other yeast species during AF have been widely reported
(Bagheri et al., 2019). With respect to the evolution of total LAB pop-
ulations in which MLF was performed (Fig. 2), the initial concentration
was 10% CFU/mL, increasing to 10° CFU/mL without the addition of
FUM. However, with the addition of FUM, the LAB population decreased
to 102 CFU/mL and remained constant during the development of AF,
indicating the effectiveness of FUM against LAB (Morata et al., 2020;
2023).

However, the proportion of yeast species varied as the AF progressed
(Fig. 3A). At the onset of AF, six non-Saccharomyces species were
detected in both musts, with no significant differences in the total
number of species present. These species included Torulaspora del-
brueckii, Schizosaccharomyces pombe, Hanseniaspora uvarum, Dekkera
anomala, Pichia delftensis, and Candida vinaria. These species were
typically identified in musts without SO, at the beginning of AF
(Cuijvers et al., 2020). Notably, a greater proportion of T. delbrueckii (40
%) and a lower proportion of H. uvarum (20 %) were observed in the
must without FUM compared to the must with FUM, where the pro-
portions for both species were 30 % and 30 %, respectively. The
remaining species were present at approximately 10 % in both musts.

Towards the middle of AF, several non-Saccharomyces species,
including H. uvarum, D. anomala, and P. delftensis, disappeared, whereas
the proportion of S. cerevisiae increased in both musts (Fig. 3A),
following an evolution typical of spontaneous AF when S. cerevisiae
begins to establish (Cuijvers et al., 2020; Hierro et al., 2006). In the must
without FUM, the proportions of T. delbrueckii and S. pombe remained
stable at 40 % and 10 %, respectively, with S. cerevisiae representing 50
% of the yeast population. The presence of S. pombe is associated with
increased consumption of L-malic acid during AF but disappears at the
end of the AF. S. pombe L-malic acid is directly decarboxylated to pyruvic
acid and CO: by the enzyme malate decarboxylase in the cytosol
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Fig. 2. Evolution of populations of total yeast, non-Saccharomyces yeasts and LAB during the spontaneous AF without sulfur dioxide fermentation of Muscat of
Alexandria grape must without fumaric acid (— FUM) and with fumaric acid (+ FUM).

(Mylona et al., 2016). However, S. pombe was also detected during the
initial phase of AF in the treatments with FUM addition (Fig. 3A), yet no
L-malic acid consumption was observed under these conditions. Saay-
man et al. (2000) demonstrated that S. pombe possesses a proton,
dicarboxylate symporter for L- malic acid, and that FUM acts as a
competitive inhibitor of this transporter, potentially limiting malate
uptake and its subsequent degradation. On the other hand, in FUM
musts, T. delbrueckii appeared to be the dominant yeast, representing 50
% of the population, with yeast linked to wines exhibiting organoleptic
quality (Loira et al., 2014; Ruiz-de-Villa, Poblet, Bordons, et al., 2023;
Ruiz-de-Villa, Poblet, Cordero-Otero, et al., 2023). In addition,

S. cerevisiae accounted for 30 %, and C. vinaria represented 20 % of the
population in the must with FUM. At the end of AF, only two yeast
species were detected in both musts: S. cerevisiae and T. delbrueckii. In
the must without FUM, S. cerevisiae dominated, accounting for 80 % of
the total yeast population, and T. delbrueckii dominated at 20 %. In
contrast, in the must containing FUM, S. cerevisiae constituted a lower
proportion of the yeast community, accounting for 60 %. T. delbrueckii
was more prevalent, accounting for 40 % of the total yeast population,
one possible explanation is that FUM contributes to a lower pH envi-
ronment, which may inhibit the growth of more acid sensitive yeast
species while allowing acid-tolerant species like T. delbrueckii to persist.
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A) Evolution of yeast species during alcoholic fermentation
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Additionally, FUM may exert selective pressure by inhibiting competing
microbes, such as S. cerevisiae or spoilage bacteria, creating a more
favourable niche for T. delbrueckii. However, further studies are needed
to confirm the specific mechanisms behind this observation.

The evolution of LAB during AF differed distinctly between the two
musts throughout the fermentation process. At the start of AF (Fig. 3B),
the proportions of non-Oenococcus species and O. oeni were identical in
the two musts, at 70 % and 30 %, respectively, with an initial population
of 10* CFU/mL. This population decreased during the initial days to 103
CFU/mL. The LAB species identified included Lactobacillus mali, Lacto-
bacillus plantarum, and O. oeni, which are normally identified in musts
without SO, (Brizuela et al., 2019; Rodas et al., 2003). In the must

without FUM, L. mali constituted 10 % of the LAB population, whereas
L. plantarum made up 60 %. In contrast, in the must with FUM, 70 % of
the LAB population was identified as L. plantarum, with O. oeni
comprising the remaining 30 %.

However, by mid-fermentation, the LAB population dynamics shif-
ted. In the must without FUM, L. plantarum became predominant, ac-
counting for 90 % of the LAB population, which coincided with the onset
of L-malic acid consumption and an increase in the LAB population to
10* CFU/mL. Conversely, in must with FUM, the population of L. plan-
tarum decreased to 10 %, with O. oeni dominating at 90 %. At the end of
AF, O. oeni was the only species detected under both conditions,
reflecting its adaptation to wine (Bonomo et al., 2018; Gonzdlez-



V. Garcia-Vinola et al.

Arenzana et al., 2012), with populations of 10% and 10° CFU/mL in
musts without and with FUM, respectively. In total, 23 genotypes of
O. oeni were identified during AF (Fig. 3C), with the O. oeni 16 genotypes
being the most prevalent at the end of AF in both musts. This diversity
can occur under spontaneous conditions, and one study reported the
possibility of finding high variability in O. oeni isolates in wine (Lopez
et al., 2007).

3.3. Wine composition after alcoholic fermentation

The presence or absence of FUM during AF induced significant dif-
ferences in the chemical composition of the wines (Table 1). The re-
sidual glucose + fructose concentrations, were not significantly different
between the two groups, as complete AF was achieved in both groups. A
slightly lower ethanol concentration was observed in the wines pro-
duced with FUM addition. FUM can induce a moderate stress response,
potentially leading to a reduced fermentation efficiency or a metabolic
shift towards the production of secondary metabolites such as glycerol
or organic acids, rather than ethanol. In our case, glycerol formation was
also lower, probably directing yeast metabolism towards the formation
of other metabolites. This could be related to the increased presence of
T. delbrueckii or other non-Saccharomyces known to produce less ethanol
and glycerol than S. cerevisiae under similar fermentation conditions
(Mestre et al., 2019; Ruiz-de-Villa, Poblet, Bordons, et al., 2023; Ruiz-de-
Villa, Poblet, Cordero-Otero, et al., 2023). With respect to pH, the FUM
condition resulted in a lower pH, primarily due to the acidifying effect of
FUM itself (Payan et al., 2023). The wine obtained without FUM con-
tained a total consumption of L-malic acid and citric acid, as well as
increases in D- and L-lactic acid to values of 0.73 g/L and 0.71 g/L,
respectively, indicating that the latter was associated with complete
MLF produced in the presence of LAB (Lonvaud-Funel, 1999). This hy-
pothesis is further supported by the observation that, midway through
AF, the LAB population began to increase, with a high concentration of
O. oeni. In the case of wine obtained in the presence of FUM, neither the
consumption of L-malic acid nor the formation of L-lactic acid associated
with LAB was observed. The concentration of citric acid was preserved,
and a slight increase in acetic acid to 0.51 g/L was observed. In addition,
the increase in acetic acid to 1.37 g/L observed could be due to the
action of yeast (Saccharomyces or non-Saccharomyces) and LAB
(Bartowsky & Pretorius, 2009). However, the succinic acid content
significantly differed depending on the presence or absence of FUM in
grape musts (Table 1). A significantly greater increase in succinic acid
was observed in the case of wines obtained in the presence of FUM,
whereas only 0.38 g/L succinic acid was found in the wine without FUM.
This phenomenon occurs via the reductive cycle of the TCA cycle when
fumarate is reduced to succinate under the action of fumarate reductase

Table 1

Composition of wines obtained by spontaneous AF without sulfur dioxide
fermentation of Muscat of Alexandria grape must without fumaric acid (— FUM)
and with fumaric acid (+ FUM). Ethanol level expressed in % (v/v), Glucose +
Fructose, Glycerol, L-malic acid, L-lactic acid, D-lactic acid, Citric acid, Acetic
acid, Fumaric acid, Succinic acid are expressed in g/L. Mean and standard de-
viation (SD) (n = 3). Different letters indicate significant differences between
conditions for the same parameter.

Must — FUM Must + FUM
pH 3.47 +0.02% 3.33 +0.04°
Glucose + Fructose 1.43 + 0.24% 0.69 +0.117
Ethanol 8.83 + 0.04* 7.69 + 0.12°
Glycerol 6.68 + 0.02° 4.06 + 0.02°
L-malic acid 0.00 + 0.00° 1.44 £ 0.01°
L-lactic acid 0.71 £ 0.00? 0.00 + 0.01°
D-lactic acid 0.73 + 0.03% 0.09 + 0.01°
Citric acid 0.00 + 0.00° 0.23 4+ 0.02%
Acetic acid 1.37 £ 0.03* 0.51 + 0.02°
Fumaric acid 0.00 + 0.00" 0.10 £ 0.00*
Succinic acid 0.38 + 0.02° 0.62 + 0.02°
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by S. cerevisiae under oenological conditions (Mendes Ferreira &
Mendes-Faia, 2020).

From the results of the chemical parameters analysed after AF in the
wine, a heatmap was generated to observe if there were significant
differences between the two conditions, with and without FUM addition
(Figure SD3). The main by-products of AF were taken, and the data were
filtered to improve readability. For this purpose, an interquartile range
filter with a threshold of 0.25 was applied, eliminating data with low
variability. In addition, the values are represented on a colour scale,
where green indicates the highest values and red the lowest values. The
results of the heatmap, together with the associated dendrograms,
allowed a clear visualisation of the effect of FUM on the final compo-
sition of the wines. Indeed, in addition to D- and L-lactate, acetate, cit-
rate, pH and other metabolites mentioned in the previous paragraph,
some metabolites detected by GC-MS, such as citramalate, monoethyl
succinate, mannitol, tyrosol, and inositol, were more abundant in wines
without FUM than in wines with FUM (left side in green).

Among these results, it is interesting to note the relevant contents of
mannitol, citramalate and tyrosol, which were present at relatively high
concentrations in the wines without FUM. The greater presence of the
first metabolite confirms the alterations in LAB (Brizuela et al., 2019),
which can metabolize fructose into mannitol (Wisselink et al., 2002).
The second metabolite, isopropylmalate, could result from the meta-
bolism of leucine and isoleucine by yeasts and is not metabolised by LAB
(Mendes Ferreira & Mendes-Faia, 2020). These results demonstrate the
effectiveness of FUM during AF in inhibiting the growth and activity of
LAB naturally present in grape must.

3.4. Malolactic fermentations of wine obtained from must with the
addition of fumaric acid

To understand the impact on the microbiological stability of FUM
after AF and assess its use to prevent MLF development over time, two
tests were conducted: one without ageing and one with ageing for 60
days (Figure SD1).

3.4.1. 3.4.1. Malolactic fermentation without ageing

Simple MLF following AF with wine produced in the presence of FUM
was monitored over a period of 10 days (Fig. 4). Two different FUM
concentration conditions were assessed: one at the residual FUM con-
centration of 0.1 g/L and another with FUM corrected to 0.6 g/L; this
was done to determine whether the residual FUM from AF is sufficient to
inhibit LAB growth and, consequently, to prevent MLF, or if it is
necessary to increase the FUM dosage to the maximum recommended
dose by OIV (OIV-OENO 581A-2021, 2021). Additionally, two inocu-
lation conditions were tested: control spontaneous fermentation and
inoculation with 10® CFU/mL O. oeni strain VP41. This approach aimed
to assess whether different FUM concentrations inhibit various LAB
populations. Notably, O. oeni VP41 is known for its adaptability, strong
fermentative capacity, and resistance to stressful wine conditions
(Romero et al., 2018; Ruiz-de-Villa et al., 2023).

MLF was fully completed only in the condition without FUM
correction, which was inoculated with 10® CFU/mL O. oeni VP41
(Fig. 4). Under these conditions, the LAB population increased to 5.50 x
10% CFU/mL by mid-fermentation (Table 2), leading to the completion
of MLF within 10 days. The residual FUM concentration from AF (0.1 g/
L) was not sufficient to inhibit LAB growth when the initial population of
O. oeni VP41 was high. This strain is known for its ability to adapt and
complete MLF in less than 2 days under some conditions (Ruiz-de-Villa,
Poblet, Cordero-Otero, et al., 2023). In contrast, the spontaneous
fermentation condition without FUM correction started with an initial
LAB population of 10? CFU/mL. Although no L-malic acid was
consumed under these conditions, the LAB population still increased to
8.23 x 10° CFU/mL after 10 days; this suggests that although the re-
sidual FUM concentration of 0.1 g/L exerted some control over the MLF,
it did not effectively inhibit LAB growth. As demonstrated by Cofran &
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Fig. 4. Evolution of L-malic acid (g/L) during MLF without ageing. +LAB correspond to inoculation with O. oeni, while Spontaneous correspond to fermentation
without inoculation. - FUM indicates wines without fumaric acid correction, whereas + FUM indicates wines with fumaric acid correction.

Table 2

Populations (CFU/mL) of LAB during MLF without ageing. + LAB correspond to
inoculation with O. oeni, while Spontaneous correspond to fermentation without
inoculation. - FUM indicates wines without fumaric acid correction, + FUM
indicates wines with fumaric acid correction up to 0.6 g/L. Mean and standard
deviation (SD) (n = 3). nd, indicates no detected.

- FUM + FUM

+ LAB Spontaneous + LAB Spontaneous
Start MLF 1.05-10° 5.57-10% 1.06-10° 2.23-10%
Middle MLF 5.50-10° 8.67-10° 5.67-10* 1.03-10!
End MLF 1.45-10° 8.23-10° 3.77-10* nd

Meyer (1970), the inhibitory effect of FUM is contingent on its con-
centration and can prolong the lag phase but not inhibit MLF.

In the cases where FUM was corrected to 0.6 g/L, a progressive
decline in the LAB population was observed under both conditions
(Table 2), and L-malic acid was not consumed in either scenario (Fig. 4);
this was true for the spontaneous condition, which started with a pop-
ulation of 102 CFU/mL, and the inoculated condition with 10° CFU/mL
O. oeni VP41. Therefore, 0.6 g/L. FUM was effective in completely
inhibiting LAB growth in conditions with a low initial population,
although it did not completely inhibit the LAB population in the inoc-
ulated condition with 10® CFU/mL FUM. However, it did prevent MLF
from occurring. Such behaviour has been documented for FUM doses of
0.6 g/L in wine, where it was effective in inhibiting MLF (Morata et al.,
2020; 2023). Additionally, the addition of FUM affected the pH of the
wine. A dose of 0.6 g/L can lower the pH by up to 0.1 units (Morata et al.,
2023), and in this case, the pH decreases to 3.2. Low pH can adversely
affect the growth of O. oeni (Bauer & Dicks, 2004). Moreover, the first
dissociation constant (pKal) of FUM is 3.03 (Gancel et al., 2022),
meaning that at lower pH, the acid is more dissociated and thus more
effective (Barnes & Karatzas, 2020; Morata et al., 2023), as it can enter
cells more readily (Shah et al., 2016). Consequently, adjusting FUM to a
dose of 0.6 g/L after AF is advisable to ensure MLF inhibition.

3.4.2. Malolactic fermentation with ageing

Another experiment was conducted to investigate whether yeast
strains produced in the presence of FUM could influence LAB growth and
MLF progression. Previous studies have demonstrated the positive
impact of yeast lees on the MLF (Balmaseda et al., 2021; Sumby et al.,
2019). Moreover, yeast can synthesise succinic acid (Torres-Guardado
etal., 2022), FUM (Xu et al., 2013) and other compounds that may affect
LAB growth (Bauer & Dicks, 2004) and accumulate in the lees. In this
specific case, AF in the presence of FUM was observed to result in an
increase in succinic acid (Section 3.3). Consequently, two wines were

prepared for MLF: one without lees and another with 5 % lees aged for
60 days. After 60 days, both wines had a pH of 3.23 + 0.02 and an FUM
concentration of 0.086 g/L + 0.03, indicating a slight decrease in the
FUM concentration. Additionally, a reduction in pH was observed, as the
pH after AF was 3.33. This pH decrease may have occurred due to
tartrate stabilisation or cold stabilisation, as the wine was stored for 60
days at 4 °C (Ribéreau-Gayon, Glories, et al., 2006). To initiate MLF, the
two wines were separated into two conditions, including i) without FUM
correction and ii) with FUM corrected to 0.6 g/L (recommended dose
according to OIV), resulting in a pH decrease to 3.12 after the addition of
FUM. Additionally, two inoculation conditions were used: i) sponta-
neous fermentation and ii) inoculation with 10° CFU/mL O. oeni strain
VP41.

The results (Fig. 5) revealed differences in MLF progression. The
wines that started MLF first were those inoculated with O. oeni VP41
without FUM correction, indicating that the residual FUM concentration
of 0.086 g/L was insufficient to inhibit MLF. Furthermore, in this sce-
nario without correction up to 0.6 g/L of FUM, the wine aged on lees was
the first to complete MLF, demonstrating that even when lees were
produced in the presence of FUM, MLF was still promoted, as has been
observed in various studies (Andtjar-Ortiz et al., 2012; Balmaseda et al.,
2021; Sumby et al., 2019). The final populations exceeded 10° CFU/mL
in the conditions with lees, although no significant differences were
observed between the final populations of LAB on spontaneous and
inoculated MLFs (Table 3). However, in the case of spontaneous MLF
without FUM correction, the initial LAB population was 10 CFU/mL in
the wine aged without lees and 102 CFU/mL in the wine aged with lees.
MLF initiation was delayed until Day 12, with the wine aged on lees
finishing first. None of the conditions where FUM correction was per-
formed achieved MLF. After 20 days, the LAB populations in these
conditions were undetectable.

3.4.3. Composition of wines after malolactic fermentation

Malolactic fermentation without ageing. The wines subjected to MLF
were significantly different, as shown in Table 4. Under conditions
inoculated with O. oeni VP41 without FUM correction, complete L-malic
acid consumption was observed, along with an increase in the L-lactic
acid concentration (0.83 g/L), indicating successful MLF driven by the
LAB O. oeni (Davis et al., 1985). Additionally, a reduction in the FUM
concentration to 0.03 g/L in the wine was associated with FUM con-
sumption by O. oeni (Cofran & Meyer, 1970), and an increase in pH was
noted, which is associated with the progression of MLF (Bauer & Dicks,
2004); this suggests that the residual FUM from AF was insufficient to
inhibit MLF when the initial LAB population was high. Under other
conditions, complete MLF did not occur. Only a minimal partial con-
sumption (0.1 g/L) of L-malic acid was detected in the spontaneous
condition without FUM correction and in the inoculated condition with
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Fig. 5. Evolution of L-malic acid (g/L) of LAB during the MLF with lees ageing, without less (— Lees) or with lees (+ Lees). +LAB correspond to inoculation with
O. oeni, while Spontaneous correspond to fermentation without inoculation. - FUM indicates wines without fumaric acid correction, whereas + FUM indicates wines
with fumaric acid correction.

Table 3

Populations (CFU/mL) of LAB during the malolactic fermentation with lees ageing, without less (— Lees) or with lees (+ Lees). + LAB correspond to inoculation with
O. oeni, while Spontaneous correspond to fermentation without inoculation. - FUM indicates wines without fumaric acid correction, + FUM indicates wines with
fumaric acid correction up to 0.6 g/L. Mean and standard deviation (SD) (n = 3). nd, indicates no detected.

- Lees + Lees
- FUM + FUM - FUM + FUM
LAB Spontaneous LAB Spontaneous LAB Spontaneous LAB Spontaneous
Start MLF 7.87-10° 1.33-10! 7.57-10° 3.33.10! 8.50-10° 3.07-10% 6.90-10° 2.20-10%
Middle MLF 3.13-10° 2.65-10° 3.83.10% nd 8.53-10° 4.53.10° 3.20-10% nd
End MLF 9.33-10° 7.10-10° nd nd 1.44-10° 2.20-10° nd nd
Table 4

Composition of Muscat of Alexandria wines after MLF without and with lees ageing. All compounds except pH are expressed in g/L. -Lees and + Lees correspond with
wines without less ageing or with lees respectively. +LAB correspond to inoculation with O. oeni, while Spontaneous correspond to fermentation without inoculation. -
FUM indicates wines without fumaric acid correction, + FUM indicates wines with fumaric acid correction. Different letters indicate statistically significant differences
between conditions within each type of malolactic fermentation (without ageing and with ageing), as determined by separate ANOVA tests for each group. Mean and
standard deviation (SD) (n = 3). nd, no detected.

pH L-malic acid L- lactic acid Citric acid Fumaric acid Acetic acid
+ LAB - FUM 3.42 +0.01% nd 0.83+0.06° 0.20+0.03*  0.03+0.01Y  0.68 + 0.05%
Malolactic fermentation without ageing Spontaneous — FUM 3.38 + 0.01z‘> 1.32 + 0.01Z 0.02 + 0.01: 0.22 +0.04%  0.10 + 0.00; 0.69 + 0.012
+ LAB + FUM 3.25 + 0.04 1.31 £ 0.00 0.12 + 0.01 0.21 +£0.03*  0.47 + 0.00 0.70 + 0.06%
Spontaneous + FUM 3.23 +0.03" 1.41 +£0.02*°  0.01 £0.00°  0.22+0.00°  0.61 +0.00*  0.64 + 0.05%
- Lees + LAB - FUM 3.28 + 0.03" 0.05+0.05°  0.81 +0.00°  0.22+0.03°  0.03+0.00°  0.77 + 0.04%
- Lees Spontaneous — FUM 3.34+0.01  0.01+0.01° 0.84+0.01° 0.13+004> 0.03+001¢ 0.88+0.03"
- Lees + LAB + FUM 3.06 + 0.01¢ 1.41 £0.03*  0.01 £0.01> 0.22+003" 052+0.01° 0.70 +0.01¢
Malolactic fermentation with ageing - Lees Spontaneous + FUM 3.04 £ 0.01° 1.42+0.03°  0.01+£0.00° 0.23+0.00° 0.60+0.01*°  0.73 +0.01¢
+ Lees + LAB - FUM 3.37 +0.02* nd 0.82 4+ 0.05°  0.22+0.04°  0.03+0.00¢  0.89 + 0.08%
+ Lees Spontaneous — FUM 3.38 £ 0.05% nd 0.82 + 0.04% 0.06 + 0.05¢ nd 0.89 + 0.02%
+ Lees + LAB + FUM 3.04 + 0.01° 0.94 +0.08° nd 0.22 +0.04*  0.21 +0.01°  0.79 + 0.03>
+ Lees Spontaneous + FUM  3.05 =+ 0.01¢ 1.39 +0.02°  nd 0.22+0.04°  0.52+0.01°  0.85 + 0.03%*¢

FUM correction, corresponding to an increase in the LAB population
under these conditions (Section 3.4.1). However, a difference in L-lactic
acid formation was observed. As shown, under spontaneous conditions
without FUM correction, the concentration was lower at 0.02 g/L, which
is likely due to fermentation of the initial L-malic acid. However, with
FUM correction, the L-lactic acid concentration increased to 0.12 g/L,
whereas the FUM concentration decreased to 0.47 g/L. In this case, it is
possible that O. oeni catalysed the conversion of FUM to L-malic acid via
fumarase, followed by MLF of this acid (Pilone et al., 1974). No signif-
icant differences were observed in acetic acid formation across the
conditions. This may be because, in cases where MLF did not occur,
acetic acid formation is typically associated with MLF. In addition, when
MLF is complete, the O. oeni VP41 strain has a low rate of acetic acid
production (Ruiz-de-Villa, Poblet, Cordero-Otero, et al., 2023). The final
concentration of citric acid did not significantly differ between the

conditions. The consumption of L-citric acid occurs simultaneously with
L-malic acid consumption by O. oeni but at a much lower rate (Ramos
et al., 1995). An increase in the L-lactic acid concentration and a
decrease in FUM were observed under the conditions inoculated with
O. oeni VP41 and corrected with FUM due to the increase in the LAB
population, although complete MLF was not achieved. Differences were
observed in the final FUM concentration. In the case of MLF, a greater
percentage of FUM reduction was noted, depending on the initial LAB
population (Cofran & Meyer, 1970). In the conditions inoculated with
10 CFU/mL FUM, both with and without FUM correction, a greater
decrease in FUM was observed, possibly due to FUM uptake by the cells
(Barnes & Karatzas, 2020), than in the spontaneous conditions with an
initial population of 102 CFU/mL LAB.

Malolactic fermentation with ageing. MLF performance, with the total
consumption of L-malic acid in the case of wines without FUM
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correction (Table 4). Significant differences in pH were not detected
between spontaneous and inoculated conditions without FUM correc-
tion. At the end of fermentation, the residual FUM concentration ranged
from 0.00 to 0.03 g/L. Similarly, no significant differences were detected
in the formation of L-lactic acid, with levels ranging from 0.81 to 0.84 g/
L under both spontaneous and inoculated conditions, corresponding to
an MLF performed by O. oeni (Bauer & Dicks, 2004). However, partial
consumption of citric acid was observed under spontaneous conditions,
particularly in wines aged on lees, likely due to the increased LAB
population. Under conditions with FUM correction up to 0.6 g/L, MLF
did not occur in wines with or without lees. Only in the inoculated
condition with lees was partial MLF observed, leading to a reduction in
L-malic acid to 0.94 g/L. Consequently, no significant changes in the
final pH were observed, which remained between 3.04 and 3.06, as
complete MLF did not occur (Bauer & Dicks, 2004; Pardo & Ferrer,
2021). This low pH could negatively impact MLF by LAB (Bauer & Dicks,
2004). Additionally, according to Pilone (1975), a synergistic effect
occurs where a lower pH results in a greater inhibitory effect by FUM.
Under these conditions without MLF, no significant differences were
noted in L-lactic acid formation or L-citric acid consumption. However,
significant differences were observed in the final FUM concentration.
Wines without lees presented a relatively high concentration of residual
FUM, whereas those aged on lees presented a greater decrease in the
final FUM, suggesting that lees might act as a FUM scavenger or increase
LAB growth (Balmaseda et al., 2021).

4. Conclusions

In conclusion, the addition of FUM to SO,-free grape must with 10*
CFU/mL initial LAB populations at pH values near 3.5 may represent an
effective strategy to prevent MLF during AF. However, the results also
show that FUM supplementation in grape juice at 0.6 g/L is not sufficient
to prevent the realization of MLF after AF. This relative ineffectiveness
of FUM in protecting wines after AF could be linked to the fact that
yeasts largely metabolize this acid and thus, it is necessary to supple-
ment again up to 0.6 g/L (recommended dose according to OIV) with
FUM to ensure the complete inhibition of MLF in the event of high
populations of LAB by O. oeni. On the other hand, the addition of yeast
lees positively influences the realization of the MLF, promoting it;
however, it does not counteract the inhibitory effect of FUM.
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