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ABSTRACT

The use of food preservatives is controversial these days, and sulphur dioxide (SO,) is no
exception. Microbial communities have been studied particularly during the prefermentative
and fermentative stages in the absence of added SO,. However, the microbial risks associated
with the reduction or absence of SO,, particularly during the wine ageing process, have been
little studied. The microbiological control of wine ageing is a key issue for winemakers wishing
to produce high-quality wines without added SO,. The present study aims to evaluate the impact
of different wine ageing strategies, depending on whether or not SO, is added, on microbial
population levels and diversity. Sulphite management had minimal impact on the population
levels of yeast and acetic acid bacteria. Conversely, the population of lactic acid bacteria, whether
from inoculation or spontaneous malolactic fermentation (MLF), was significantly impacted by
SO, management. High and stable population levels of around 10° CFU/mL were observed in
the SO -free modalities. Sulphiting after malolactic fermentation has a greater effect on lactic
acid bacteria up to four months of ageing than standard SO, addition at the time of vatting.
Oenococcus oeni was the only species detected during ageing using a culturable approach.
After five months of ageing, a high genetic diversity of Oenococcus oeni was highlighted in
all modalities, even in the inoculated one with a commercial strain. The high population level
of Oenococcus oeni was associated with acetic acid and D-lactic acid production, as well as
mousy off-flavours. One sulfite treatment at the end of MLF inhibits the growth of Oenococcus
oeni, but only temporarily. Winemakers should consider the stage and number of treatments to
limit the development of lactic acid bacteria (LAB) during ageing and preserve the quality of
red wine.
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INTRODUCTION

Sulfur dioxide has been used in oenology for many
years because of its many properties. This additive is
an antimicrobial, an antioxidant, and an antioxidasic
(Boultonetal., 1999). Winemakers need to adapttheirpractices
and reduce their use for several reasons. Firstly, from a health
point of view, exposure to sulphur dioxide is associated
with adverse reactions in ‘sulphite-sensitive’ individuals
in the form of intolerance (Papazian, 1996). According
to the OMS, the acceptable daily intake (ADI) of sulfite is
0.7 mg/kg bw per day (Joint & Additives, 2009). Professionals
must also comply with the regulation. For example, for red
wines (less than 2 g/L of sugar), the dose must be less than
150 mg/L of total SO,. For organic dry wines, the doses
allowed in winemaking are reduced by 50 mg/L compared to
conventional practices (European regulations (Conventional
wines: Regulation (EC) N° 606/2009 Annex1B). In addition,
the Commission Delegated Regulation (EU) 2019/934 of
12 March 1999 mentions that “In the light of the results of
scientific studies [...] the values could be re-examined at
a later date with a view to reducing them”. Finally, wine
producers need to adapt their winemaking processes to
consumer demands. Indeed, wine consumption patterns are
increasingly integrating environmental and social objectives
and considerations (D’Amico et al, 2016; Delmas &
Gergaud, 2021; Vecchio et al., 2023). Consumers’ willingness
to pay (WTP) for sustainable wines is higher and increased
by the “no sulfite added” label (Apaolaza et al., 2017,
Giraud-Héraud et al., 2019; Raineau et al., 2023).

To meet this demand, winemakers can reduce the dose or
eliminate sulfites at different stages of the winemaking
process (Lisanti et al., 2019). During the pre-fermentation
stages, bioprotection could be used to replace SO,; this
consists oftheaddition of microorganisms directly on grapes or
at vatting for their antimicrobial and chemical properties, and
also to limit oxidation phenomena (Windholtz et al., 2021a;
Windholtz et al., 2023; Windholtz et al., 2021b). Regarding
the ageing stage, winemakers have several alternatives
to SO,. For example, chitosan has been proposed for its
antimicrobial properties, particularly against Brettanomyces
bruxellensis (Paulin et al., 2020). Filtration and cross-flow
filtration can be used during bottling to microbiologically
stabilise the wine in the bottle. The cost of these alternatives
is not negligible for professionals. Many scientific studies
have been carried out on these SO, alternatives, but few on
the rational use of sulfur dioxide, particularly during the
ageing period.

If sulphites are not added, microbial development can
occur during wine ageing, which can lead to off-flavours
(Pelonnier-Magimel et al., 2020). The best described is
related to the production of volatile phenols by Brettanomyces
bruxellensis, which is associated with barnyard, horse
sweat or burnt plastic aromas (Chatonnet et al., 1992;
Kheir et al., 2013). An increase in volatile acidity is another
microbiological defect that may occur during wine ageing
due to lactic acid bacteria (LAB), acetic acid bacteria (AAB)

or Brettanomyces bruxellensis. Recently, the occurrence of
mousy off-flavours in wines has increased, partly due to the
significant reduction in SO, addition during ageing. Indeed,
recent studies make the relationship between the increase in
acetic acid and/or mousy off-flavours and high population
levels of LAB during wine ageing (Moulis et al., 2023).
Mousy off-flavours have been reported to be produced,
probably among others, by Brettanomyces bruxellensis,
Lentilactobacillus hilgardii or Oenococcus oeni in wine
(Snowdon et al, 2006; Moulis et al., 2023) and beer
(Martusevice et al., 2024a). Three chemical compounds were
identified as responsible for mousy off-flavour in wine: ETHP,
2-acetyl-tetrahydropyridine (ATHP), and 2-acetylpyrroline
(APY). ATHP is found in many agri-food products
(Martusevice et al., 2024a; Snowdon et al., 2006), and it
was described sensorially as “biscuit cracker” (Bartowsky
& Henschke, 1995). ATHP detection threshold in water is
1.6 ng.L ' (Teranishi ez al., 1975), and ATHP concentrations
canreach 60 pg.L ' in some beers (Martusevice et al., 2024b).
ETHP detection threshold in water was determined at
150 pg.L ' (Craig & Heresztyn, 1984). Previous studies have
reported on the impact of Oenococcus oeni strains on the
production of the mousy off-flavour (Romano et al., 2008;
Moulis et al., 2023). Different authors (El1 Khoury et al., 2017,
Franquésetal.,2018; Lorentzen et al.,2019) have documented
the genetic diversity and technological traits of Oenococcus
oeni, the main species responsible for MLF and its impact
on wine sensory properties. However, this documentation is
lacking during the wine ageing process.

The microbial dynamics in terms of population and diversity,
as well as the potential risks of reducing or eliminating sulfur
dioxide (SO,), especially during wine ageing, have not been
extensively studied. However, controlling the microbiology
of wine ageing is essential for winemakers who want to
produce high-quality wines without adding or limiting SO,.
This study evaluates the impact of various ageing strategies,
including SO, addition and MLF management, on microbial
population dynamics and diversity. The following research
questions were addressed: i) Is it possible to reduce the
frequency of sulfiting while preserving wine quality? ii) Does
inoculation with selected lactic acid bacteria limit the risk of
microbial deviation during wine ageing?

MATERIALS AND METHODS

1. Winemaking process, treatments, and
sampling

Merlot N (Vitis vinifera L.) grapes from the 2022 vintage
were produced in the Cadillac Cotes de Bordeaux appellation
(Bordeaux, south-west France) in a winery using European
organic farming methods. The grapes were divided into six
homogeneous batches according to the treatment shown
in Figure 1. The grapes were crushed, and each batch was
divided in triplicate into 30 L stainless steel tanks. After a
cold soak at 10 °C for three days, vats were inoculated
with 200 mg/L, corresponding to 1 to 2 x 107 CFU/mL of
Saccharomyces cerevisiae (Actiflore® F33, Laffort, France)
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FIGURE 1. Experimental design: SO, treatments during the winemaking process, MLF management, and sampling.

Mod1: SO,: 50 mg/L of total SO, at vatting stage, 30 mg/L of free SO, adjustments every month after MLF; Mod2: No SO.,:
addition during ageing; Mod3: SO, post fermentations: adjustment at 30 mg/L of free SO, every month after MLF; Mod4: S(?)2

no SO,
at MLF

ending + bottling (30 mg/L of free SO,); Mod5: SO, only MLF ending (adjustment at 30 mg/L of free SO,) Mod6: No SO, + MLF

spon.: no SO, addition and spontaneous MLF.

for alcoholic fermentation (AF). For MLF, the modalities
were inoculated with a commercial O. oeni (Vitilactic® F,
Martin Vialatte, France) at 10 mg/L corresponding to 1 to
2 x 10 CFU/mL except for the last modality (Mod 6) where
the MLF was spontaneous. After tartaric stabilisation, wines
were aged for five months before bottling. The different SO,
additions and MLF management according to the modalities
are presented in Figure 1. During the experiment, 10 ml of
must or wine were sampled under sterile conditions at each
stage and processed immediately.

2. Microbial analysis

2.1. Quantification of population levels

Samples were plated on selective agar media for different
microorganisms. For total yeast, LT medium with agar
(20 g/L D-glucose, 10 g/L yeast extract, 10 g/L peptone,
0.1 mg/mL chloramphenicol, and 0.15 mg/mL biphenyl) was
used, and plates were incubated at 30 °C for five days. For
bacteria, pasteurised grape juice diluted to a quarter (final
sugar concentration 37.5 g/L) with 5 g/L of yeast extract and
1 mL/L of Tween 80 with 30 g/L of agar was used. Pimaricin
(5 g/L) and penicillin (1.25 g/L) were added to select acetic
acid bacteria (AAB). The plates were incubated at 25 °C for
seven days in aerobiosis. Only pimaricin was added to select
LAB, and plates were incubated in anaerobiosis at 25 °C for
12 days.

2.2. Species identification by MALDI-TOF MS

For each replicate, 10 colonies were randomly isolated
at the same dilution for each specific medium. Colonies
were identified at the species level by MALDI-TOF MS.
For the extended direct Transfer (eDT) method, the
manufacturer’s protocol (Bruker, Karlsruhe, Germany)
was followed. Mass profiles were compared with the MBT

Compass Library™ completed with the additional database
generated in the laboratory (Vallet-Courbin et al., 2022;
Windholtz et al., 2021a).

2.3. Oenococcus oeni strain typing

Colonies that were identified as O. oeni by MALDI-TOF MS
were suspended in H,O for storage at —20 °C. A multiple-
locus Variable Number of Tandem Repeats (VNTR) analysis
was used to discriminate the strain of O. oeni according to
the method adapted from Claisse and Lonvaud-Funel (2012).
Among the five VNTR loci proposed, only the TR1 and
TR2 loci were targeted, as they are reported to be the most
discriminative. The PCR mix targeting TR1 or TR2 consisted
of: 4 uL of the suspension, 1 pL of 2.5 pM primer mix and
S pL of Qiagen Multiplex PCR Master Mix 2X (Qiagen,
Deutschland). The PCR cycle was as follows: reactions were
cycled for 15 min at 95 °C, then for 30 cycles of 94 °C for
30 s, 62 °C for 1 min 30 s, and 72 °C for 1 min 30 s, then
followed by a final extension period of 30 min at 60 °C. PCR
products were analysed using a microchip electrophoresis
system (MultiNA Shimadzu). A homemade R script was used
to normalise results with a reference strain for size correction
of the amplified DNA fragments. This normalisation makes
it possible to compare amplifications obtained between
different batches of samples.

3. Mousy off-flavour analysis

After six months in a bottle, wines were analysed for mousy
off-flavours by gas chromatography-mass spectrometry
coupled with stir bar sorptive extraction according to the
protocol of Kiyomichi et al. (2023). Three compounds
correlated with mousy off-flavours were quantified: 2-acetyl-
1-pyrroline (APY), 2-acetyltetrahydropyridine (ATHP) and
2-ethyltetrahydropyridine (ETHP).
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4. Classical chemical analysis

Classical chemical analysis (residual sugars, total acidity,
malic acid, pH, ethanol (v/v), and acetic acid) was performed
with the Enology Analyzer Y15 (BioSystems, Spain).
Analysis of D and L lactic acid was performed by HPLC.

5. Statistical analysis

Statistical analysis was performed in RStudio (RStudio
Team, 2022.07.1). The Shapiro—Wilk test was used to control
the parameters of normality and homogeneity of variances,
and Levene’s tests were performed using the “car” package
(Fox & Weisberg, 2018). The package “agricolac” allowed
the analyses of variance by ANOVA (Mendiburu, 2023) and
the determination of significant differences. The Tukey HSD
test was used to classify significant modalities. Results are
presented as scatterplots, polar coordinates or boxplots by
using the package “ggplot2” (Wickham ef al., 2016).

RESULTS

In this work, the dynamics of culturable yeast, LAB and
AAB populations were monitored during the winemaking
process, and colonies were identified at the species
level using MALDI-TOF MS. During the experiment,
1,890 yeast isolates, 1,343 LAB isolates and 132 AAB
isolates were identified by MALDI-TOF MS on the six
modalities studied.

1. Population dynamics of microorganisms

The dynamics of culturable yeast populations during the
winemaking process are shown in Figure 2A. At vatting,
yeast populations were similar and around 10° CFU/mL
in all modalities. After cold soak, at 10 °C, the population
reached 5.10° CFU/mL, except for the SO, modality, where
the population increased slightly to 2.10° CFU/mL. From
the middle of the fermentation to the end of the MLF, the
population decreased to 2.10° CFU/mL, before stabilising at
20 CFU/mL after one month of ageing. Then, the population
levels did not differ significantly between the modalities,
reaching 10° to 10* CFU/mL after two months of ageing and
remained stable until bottling.

Identification of yeast colonies isolated in LT medium at the
species level using MALDI-TOF MS is shown in Figure 2B.
At least six different yeast species were found in the must,
with Hanseniaspora uvarum and Metschnikowia sp. being
the most dominant in all modalities from vatting to the end of
prefermentative maceration. However, from AF to bottling,
as expected, colonies were identified as mainly belonging to
Saccharomyces cerevisiae.

From vatting to the end of prefermentative maceration,
LAB population dynamics were similar for all modalities
considered, but with significantly lower population
levels with SO, (9.10* CFU/mL) compared to the other
modalities (3.6 £ 6.2 x 10° CFU/mL) (Figure 3A).
During alcoholic fermentation, population levels were
5.4 + 3.3 x 10> CFU/mL, except for the SO, modality

where populations were < 10 CFU/mL. Populations then
increased in all modalities to 5.10° CFU/mL from run-off
to the end of MLF. Different population dynamics were
then observed during ageing. In wines supplemented with
SO, at the end of the MLF (Modl, Mod3, Mod4, Mod5),
the LAB populations decreased strongly during ageing,
but not in the same way. Three treatments (Mod3 “SO,
post fermentations”, Mod4 “SO, MLF end + bottling” and
Mod5 “SO, only MLF end”) showed a significant decrease,
below the detection threshold after three months, whereas the
decrease was slower for the Mod1 treatment. Interestingly,
repeated sulfiting during the first three months of ageing
Mod3 (“SO, post fermentations”) had the same effect on
these populations as single sulfiting after MLF for Mod4
(“SO, MLF end + bottling”) and Mod5 (“SO, only MLF
end”). However, after four months, the LAB population
increased again, reaching 10* CFU/mL before bottling for
Mod4 and Mod5, which were sulfited only after MLF. The
two modalities Mod2 (“No SO,”) and Mod6 (“No SO, + MLF
spon.”), where no SO, was added, had similar population
dynamics, although for the indigenous MLF (Mod6 “No
SO, + MLF spon.”), the population levels are significantly
higher up to four months of ageing. Before bottling, the
population remained high at 3.43 + 1.48 x 10° CFU/mL.

In terms of species identification, nine species were
identified in the must (Figure 3B), with Tatumella sp. and
Apilactobacillus kunkeei being the most dominant species
from vatting to the end of prefermentative maceration. Only
two species were detected during AF: Lactiplantibacillus
plantarum (formerly known as Lactobacillus plantarum) and
O. oeni. From MLF to bottling, O. oeni was the dominant
species in the wine, whether inoculated or not.

Finally, the population levels of cultivable AAB were
monitored (Figure S1). In the must, the population was at
10 CFU/mL in all treatments. Three species of AAB were
identified in the must (data not shown): Gluconobacter
cerinus, Gluconacetobacter liquefaciens and Kozakia
baliensis. Rare isolates were identified as Acetobacter
pasteurianus during ageing, and population levels did not
increase by more than 10° CFU/mL, and only episodically
(Modl1 and Mod3).

Isolates of O. oeni were discriminated to strain level by
VNTR using locus TR1 and TR2 at three stages (Figure 4):
MLF end, three- and five-months. Four modalities were
considered, Mod2, Mod4, and Mod5, where inoculation was
performed with a commercial O. oeni (Vitilactic® F, Martin
Vialatte, France) at 10 mg/L and Mod6, where MLF was
performed with indigenous bacteria. In total, 34 different
profiles were identified. The genetic identification of
O. oeni for Mod2 Mod4, and Mod5 was performed on total
cultivable biomass. As expected, only the genetic profile of
commercial strain VF (Vitilactic F) was identified in Mod2,
Mod4, and Mod5 at the end of MLF, whereas five different
genetic profiles were identified in Mod6, with a dominant
one, profile 0.
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same result: O. oeni was found at 100 % from MLF to bottling. Oenococcus oeni genetic diversity.

In the middle of ageing, genetic identification was only
possible for Mod2 and Mod6, as no colonies were isolated
for Mod4 and Mod5S with SO, addition. Few isolates were
identified as VF in both treatments (inoculated and non-
inoculated). Compared to the end of the MLF, the emergence
of new dominant profiles (profiles 1, 3 and 4) of Oenococcus
oeni was highlighted.

New profiles appeared in Mod2, Mod4, and Mod5, with no
repeatability in the nature and frequency of certain profiles
between replicates at the end of ageing. Surprisingly, after
five months of ageing, a genetic profile similar to that of the
commercial O. oeni was detected in Modo6.

2. Wines chemical analysis

There were no significant differences in terms of ethanol,
residual sugar, L-lactic acid and pH for the different
modalities in the wines after six months of ageing and
bottling (Table S1). Acetic acid was monitored throughout
the ageing process (Figure S2). In the “No SO,” modalities,
there was a gradual increase in acetic acid levels (Mod2
and Mod6), reaching 0.38 and 0.45 g/L of acetic acid,
respectively. In the SO, modalities (Mod1 and Mod3), acetic
acid levels remained stable. In the last month, there was a
slight significant increase for the SO, treatments after MLF
(Mod4 and Mod5) compared to the other treatments (Modl,
Mod3, Mod4, and Mod5).
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a, b, c are biological replicates. Numbers in barplof represent the number of colonies analysed.
For MLF end sfage in Mod2, Mod4, and Mod5 profiles were obtained from total culturable biomass.

Six months after bottling, D-lactic acid, 2-acetyl-1-
pyrroline (APY), 2-acetyltetrahydropyridine (ATHP), and
2-ethyltetrahydropyridine (ETHP) were quantified. The
compounds responsible for mousy off-flavours were
quantified because a suspicious mousy off-flavour was
detected by tasting. It was not possible to quantify APY and
ETHP in the wines of the different modalities. ATHP was not
detected in wines with SO, added during ageing (Mod1 and
Mod3), whereas it was detected in modalities 2, 4, 5, and 6,
the latter with the highest concentration of 21.83 + 7.1 pg. L.

For the D-lactic analysis (Figure 5A), the wines of the Mod1
treatment had significantly lower values than the others,
except Mod3. Conversely, in the treatment without SO,
treatments (Mod2 and Mod6) where D-lactic acid increased
throughout the wine ageing process and reached its highest
concentration six months after bottling. Citric acid was also
quantified (Table S1), but no correlation with D-lactic acid
production was observed.

DISCUSSION

The reduction of SO, during the winemaking process is a real
concern for the wine industry. To date, research has focused
on the absence of SO, addition during the prefermentative
stage or at the time of fermentation, where the absence of
SO, is easy to manage if the grapes are healthy and ripe.

However, there is a lack of information on the influence of
SO, reduction, particularly during the ageing of red wine.
Without protection, red wine aged in barrels or tanks is
susceptible to microbial spoilage. Therefore, winemakers are
reluctant to change their oenological practices and limit SO,
during ageing. Previous studies have investigated the effect
of SO, on the composition of red wine (Arapitsas et al., 2018;
Pelonnier-Magimel et al., 2023). However, the effect of SO,
on the microbial community of both bacteria and yeasts
has not been considered recently. The present study aimed
to update the knowledge of microbial dynamics, diversity
and their impact on wine composition, to support decision-
making for red wine management during ageing in the
context of no SO, addition.

Grape must is a matrix characterised by a high microbiological
biodiversity, which tends to decrease over time during the
winemaking process. Several factors, such as an increase in
ethanol concentration, an increase in temperature, low pH,
SO, addition, and nutrient depletion, explain this evolution
of biodiversity. In our study, the yeast population decreased
from mid-fermentation to the end of the MLF, and diversity
decreased from vatting to the end of AF. In the grape
must, Hanseniaspora uvarum and Metschnikowia sp. were
dominant, in agreement with many previous scientific studies
(Beltran et al., 2002; Constanti et al., 1997; Jolly et al., 2014;
Windholtz et al., 2021a; Zott et al., 2008; Zott et al., 2010).
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The number of cultivable yeasts decreased with time up
to one month of ageing, with a slight increase and then a
stable population after five months of ageing. Saccharomyces
cerevisiae was the dominant species during wine ageing.
Previous studies have reported the frequent presence of
Saccharomyces, Hanseniaspora, and Torulaspora in wine
using either culture or molecular techniques (Saez et al., 2011,
Bokulich et al., 2016; Padilla et al., 2016; Pinto et al., 2015).
Although Brettanomyces was not detected through cultivation
with LT medium, it is important to monitor this species in
practice, especially during ageing. Molecular methods such
as quantitative PCR or digital PCR could provide a more
reliable analysis to confirm whether Bretfanomyces was
present during wine ageing in our experimental conditions.

The population and diversity of LAB were also monitored.
The population dynamics were similar for all the modalities
considered, from racking to the end of the MLF, except
for the SO, modality (Modl), where the populations
were lower until mid-AF. The negative effect of SO, on
LAB growth during the winemaking process has already
been reported by several authors (Andorra et al., 2008;
Bokulich et al., 2015). As for the yeast community, a higher
diversity in grape juice and during PFM was highlighted
for LAB, with Liquorilactobacillus mali and Lactococcus
lactis found only at the vatting stage. The former, formerly
known as Lactobacillus mali, has already been detected
in must and during AF (Gonzélez-Arenzana et al., 2017).
According to the scientific literature, L. lactis can be isolated
from fresh, fermenting plant material and identified in must
(Bokulich et al., 2012; Rademaker et al., 2007). Fructophilic
species are also present (Apilactobacillus kunkeei and
Lactobacillus pseudo ficulneus) (Filannino et al., 2019).
These species can be identified anecdotally in oenology
(Bokulich et al., 2012; Haag et al., 1998), but are mostly
described in fructose-rich media such as honey, exotic fruits
(bananas, figs, cocoa beans), or fermented cocoa beans

(Endo et al., 2018). Our data showed the presence of species
belonging to the genus Tatumella (terrea, citrea, ptyseos)
in the must. This genus has been reported from grape must
and wine (Maragkoudakis ef al., 2013; Pinto et al., 2015).
In this study, this genus was observed in must without
SO,, a result that is very interesting as it has already been
observed under the same conditions (Morgan et al., 2019;
Takahashi et al., 2014).

From mid AF, Lactiplantibacillus plantarum dominates,
but is then replaced by Oenococcus oeni during MLF, as
previously reported by Pan et al. (1982). Both species are
known to have resistance mechanisms that allow them to
survive and proliferate in wine (Bravo-Ferrada ef al., 2013;
Lonvaud-Funel, 2001). Furthermore, Oenococcus oeni is
the only species found in all the treatments until the end of
vinification and bottling. This result is consistent with the
study by Bokulich ef al. (2016), who used high-throughput
marker gene sequencing on wine samples after several
months of barrel ageing and detected more than 95 % of
bacterial sequences belonging to Leuconostoc (same family
as Oenococcus).

Contrary to the yeast population dynamics, SO, management
strongly influenced the population dynamics of cultivable
LAB. In his thesis, Millet (2001) studied the effect of different
sulfiting doses (0, 30, 50 mg/L of SO)) after malolactic
fermentation (MLF) on three Bordeaux grape varieties in
oak barrels. He monitored the population of LAB over three
months. In the absence of SO,, the population level was
maintained at around 10° CFU/mL, leading to an increase in
volatile acidity, while a dose of 50 mg/L of SO, inhibited
these microorganisms even at high pH (3.75 to 3.95 at the end
of MLF). A dose of 30 mg/L of SO, was not sufficient to limit
these microorganisms. The results referred to wines sulfited
at harvest, and only one application of SO, was evaluated
during ageing. In our study, the effect of SO, was not the
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same whether sulphiting was applied at vatting (Modl)
or not (Mod3). Surprisingly, the absence of SO, at vatting
allows a more efficient inhibitory effect of SO, on LAB after
MLF with a population level below the detection threshold
after two months of ageing, compared to three months
in the SO, Modl modality. The same influence was then
observed whether there was one sulphiting (Mod4 and 5,
after MLF) or three sulphiting during the first three months.
In our experiment, one sulphiting at the end of the MLF was
sufficient to neutralise the LAB during the first four months
of ageing. However, after five months of ageing, there was
a significant growth of LAB for Mod4 and 5. In a previous
study using cultivable counts in the context of wine ageing
with SO,, LAB population was high at the end of the MLF
(10° to 10° CFU/mL), and then decreased to 103 to 10* CFU/
mL after three months of ageing, and was not detectable
until the end of the wine ageing process (12 months)
(Kioroglou et al., 2020). In the absence of SO,, whether the
MLF was spontaneous or inoculated, the population of LAB
was high (around 105 CFU/mL) from the end of the MLF
until five months of ageing. Oenococcus oeni was the only
species detected during ageing using a culturable approach,
with a high diversity of profiles that evolved throughout
the process and according to the different modalities. In the
modality without SO, Mod2, the profile of Vitilactic F was
not detected after three months of ageing, nor at the end. In
the case of Mod6, where MLF is spontaneous, four different
profiles were detected, but the profile of the commercial strain
was detected after three months and at the end of ageing.
The resident population in the winery (airborne, biofilms on
equipment, or tanks) could be at the origin of a contamination
of the three biological replicates, but another hypothesis is
that the Vitilactic F strain was already present in the wine, at
much lower levels than the indigenous strains, and therefore
undetectable according to our experimental design. It is also
possible that the genetic profile detected in Mod6 belongs
to a strain that is different from Vitilactic F. To confirm this,
a more in-depth genetic characterisation would be required.

Previous studies showed that the use of SO, affected
the diversity of the strains (Reguant et al., 2005), as did
Renouf et al. (2009). After five months of ageing, the genetic
diversity of Oenococcus oeni was high in all modalities, with
the appearance of new genetic profiles. As mentioned before,
different hypotheses could explain the presence of new
profiles at this stage, which could originate from the resident
population in the cellar or could be initially present at the
end of MLF but not detected due to our cultivation approach.

Finally, AAB were at low cultivable population levels in
all modalities. However, it has previously been shown
to be maintained at constant population levels (10° to
10¢ cells/mL) using Q-PCR analysis (Andorra et al., 2010;
Kioroglou et al.,2020). In the study by Kioroglou et al. (2020),
no cells were detected on AAB medium; the presence of cells
at the VBNC stage could explain the difference in population
levels between the cultivation and Q-PCR approaches.

The absence of SO, during vinification and ageing was
associated with higher levels of acetic acid and ATHP.

The presence of LAB, especially Oenococcus oeni, at high
population levels can cause changes in wine quality and
an increase in acetic acid content. This is related to the
consumption of residual sugars by LAB, as indicated by the
high production of D-lactic acid. In addition, the production
of mousy-associated compounds, especially ATHP, is
noticeable after six months of bottling. Only ATHP was
found in wines of the present study at a widely detectable
tasting level.

The production of mousy off-flavours by Oenococcus
oeni in synthetic medium was previously reported by
Moulis et al. (2023). In the present study, there is strong
evidence that LAB and particularly Oenococcus oeni
species could be at the origin of the mousy off-flavours in
red wine. It would have been interesting to test the ability of
strains with different genetic profiles highlighted after five
months of ageing to produce mousy off-flavours, even if the
production of ATPH seemed more related to the absence of
SO, than to the nature of the genetic profile of Oenococcus
oeni. Interestingly, Mod4 and 5 differed by only one
sulphite addition (at bottling), and ATHP seemed to increase
significantly in ModS5 but not in Mod4 after six months. One
explanation could be that the formation of this compound by
microorganisms could take place in the bottle.

CONCLUSION

The reduction of sulphites during winemaking is an area of
current interest, and there is a need to provide winemakers
with scientific knowledge. Using a culture-based approach,
we demonstrate that the use of SO, and the timing of its
addition do not affect yeast population diversity. Regarding
lactic acid bacteria, however, the genus Tatumella was
only detected in must without SO,. We confirmed that
Saccharomyces cerevisiae and Oenococcus oeni were the
most prevalent species during wine ageing. After five months,
Oenococcus oeni exhibited high genetic diversity, with
random and unrelated genetic profiles present, independent of
the profile observed after malolactic fermentation (MLF), the
use of SO,, or industrial lactic acid bacteria. High population
levels of Oenococcus oeni were highlighted in the absence
of SO,, whether MLF was inoculated or not. In our study,
this high population level of Oenococcus oeni was associated
with the production of acetic acid, which correlated with the
production of D-lactic acid, as well as undesirable aromatic
compounds such as mousy off-flavours. For Saccharomyces
cerevisiae, unlike LAB, the level of SO, had no significant
effect on cultivable population levels. In our experimental
conditions, microbial spoilage associated with the absence
of SO, was linked to a high and stable population of
Oenococcus oeni during the wine ageing process, whether
through spontaneous or inoculated MLF. Adding SO, at the
end of MLF inhibits the growth of Oenococcus oeni, but only
temporarily. Therefore, winemakers could consider reducing
the number of sulphite treatments, without eliminating them,
to restrict the growth of LAB during ageing and preserve the
quality of red wine.

volume 59-3 | 2025

OENO One | By IVES


https://ives-openscience.eu/

ACKNOWLEDGEMENTS

Work was supported by the University of Bordeaux, the
Nouvelle-Aquitaine region and the Denis Dubourdieu Chair.

CREDIT AUTHORSHIP CONTRIBUTION

STATEMENT
SW: Conceptualisation, investigation, formal analysis,
validation, visualisation, writing—original draft; JM,

AVC, ML, CMS: Investigation; EPM: Conceptualisation;
VD: Resources; SB: Resources, funding acquisition;
EV: Resources, funding acquisition; PL: Conceptualisation;
IMP: Conceptualisation, funding acquisition, project
administration, supervision, writing review, and editing.

REFERENCES

Andorra, 1., Esteve-Zarzoso, B., Guillamon, J. M., & Mas, A. (2010).
Determination of viable wine yeast using DNA binding dyes and
quantitative PCR. International Journal of Food Microbiology,
144(2), 257-262. https://doi.org/10.1016/j.ijfoodmicro.2010.10.003

Andorra, 1., Landi, S., Mas, A., Guillamén, J. M. &
Esteve-Zarzoso, B. (2008). Effect of oenological practices on
microbial populations using culture-independent techniques.
Food Microbiology, 25(7), 849-856. https://doi.org/10.1016/j.
fm.2008.05.005

Apaolaza, V., Hartmann, P., Echebarria, C., & Barrutia, J. M. (2017).
Organic label’s halo effect on sensory and hedonic experience of
wine : A pilot study. Journal of sensory studies, 32(1), ¢12243.
https://doi.org/10.1111/joss.12243

Arapitsas, P., Guella, G., & Mattivi, F. (2018). The impact of SO2
on wine flavanols and indoles in relation to wine style and age.
Scientific reports, 8(1), 858. https://doi.org/10.1038/s41598-018-
19185-5

Bartowsky, E. J., & Henschke, P. A. (1995). Malolactic fermentation
and wine flavour. Australian Grapegrower and Winemaker
(Australia), 378.

Beltran, G., Torija, M. J., Novo, M., Ferrer, N., Poblet, M.,
Guillamoén, J. M., Rozes, N., & Mas, A. (2002). Analysis of yeast
populations during alcoholic fermentation: A six year follow-
up study. Systematic and Applied Microbiology, 25(2), 287-293.
https://doi.org/10.1078/0723-2020-00097

Bokulich,N.A., Collins, T. S.,Masarweh, C., Allen, G., Heymann, H.,
Ebeler, S. E., & Mills, D. A. (2016). Associations among wine
grape microbiome, metabolome, and fermentation behavior suggest
microbial contribution to regional wine characteristics. MBio, 7(3).
https://doi.org/10.1128/mBi0.00631-16

Bokulich, N. A., Joseph, C. L., Allen, G., Benson, A. K., &
Mills, D. A. (2012). Next-generation sequencing reveals significant
bacterial diversity of botrytized wine. PloS one, 7(5). https://doi.
org/10.1371/journal.pone.0036357

Bokulich, N. A., Swadener, M., Sakamoto, K., Mills, D. A., &
Bisson, L. F. (2015). Sulfur dioxide treatment alters wine microbial
diversity and fermentation progression in a dose-dependent fashion.
American Journal of Enology and Viticulture, 66(1), 73-79. https://
doi.org/10.5344/ajev.2014.14096

Boulton, R. B., Singleton, V. L., Bisson, L. F., Kunkee, R. E.,
Boulton, R. B., Singleton, V. L., Bisson, L. F., & Kunkee, R. E. (1999).
The role of sulfur dioxide in wine. Principles and practices of
winemaking, 448-473. https://doi.org/10.1007/978-1-4757-6255-
6 12

Bravo-Ferrada, B. M., Hollmann, A., Delfederico, L.,
Valdés La Hens, D., Caballero, A., & Semorile, L. (2013).
Patagonian red wines: Selection of Lactobacillus plantarum
isolates as potential starter cultures for malolactic fermentation.
World Journal of Microbiology and Biotechnology, 29, 1537-1549.
https://doi.org/10.1007/s11274-013-1337-x

Chatonnet, P., Dubourdie, D., Boidron, J., & Pons, M. (1992).
The origin of ethylphenols in wines. Journal of the Science of
Food and Agriculture, 60(2), 165-178. https://doi.org/10.1002/
jsfa.2740600205

Claisse, O., & Lonvaud-Funel, A. (2012). Development of a
multilocus variable number of tandem repeat typing method for
Oenococcus oeni. Food microbiology, 30(2), 340-347. https://doi.
org/10.1016/j.fm.2012.01.001

Constanti, M., Poblet, M., Arola, L. Mas, A, &
Guillamoén, J. M. (1997). Analysis of yeast populations during
alcoholic fermentation in a newly established winery. American
Journal of Enology and Viticulture, 48(3), 339-344. https://doi.
org/10.5344/ajev.1997.48.3.339

Craig, J. T, & Heresztyn, T. (1984). 2-Ethyl-3, 4, 5,
6-tetrahydropyridine-an assessment of its possible contribution to
the mousy off-flavor of wines. American journal of enology and
viticulture, 35(1), 46-48. https://doi.org/10.5344/ajev.1984.35.1.46

D’Amico, M., Di Vita, G., & Monaco, L. (2016). Exploring
environmental consciousness and consumer preferences for organic
wines without sulfites. Journal of Cleaner Production, 120, 64-71.
https://doi.org/10.1016/j.jclepro.2016.02.014

Delmas, M. A., & Gergaud, O. (2021). Sustainable practices and
product quality : Is there value in eco-label certification ? The case
of wine. Ecological Economics, 183. https://doi.org/10.1016/j.
ecolecon.2021.106953

El Khoury, M., Campbell-Sills, H., Salin, F., Guichoux, E.,
Claisse, O., & Lucas, P. M. (2017). Biogeography of Oenococcus
oeni reveals distinctive but nonspecific populations in wine-
producing regions. Appl. Environ. Microbiol., 83. https://doi.
org/10.1128/AEM.02322-16

Endo, A., Maeno, S., Tanizawa, Y., Kneifel, W., Arita, M., Dicks, L.,
& Salminen, S. (2018). Fructophilic lactic acid bacteria, a unique
group of fructose-fermenting microbes. Applied and environmental
microbiology, 84(19). https://doi.org/10.1128/AEM.01290-18

Filannino, P., Di Cagno, R., Tlais, A. Z. A., Cantatore, V., &
Gobbetti, M. (2019). Fructose-rich niches traced the evolution of
lactic acid bacteria toward fructophilic species. Critical reviews
in microbiology, 45(1), 65-81. https://doi.org/10.1080/104084
1X.2018.1543649

Fox, J., & Weisberg, S. (2018). An R companion to applied
regression. Sage publications. https://doi.org/10.32614/CRAN.
package.carData

Franques, J., Araque, 1., El Khoury, M., Lucas, P. M., Reguant, C.,
& Bordons, A. (2018). Selection and characterization of
autochthonous strains of Oenococcus oeni for vinification in Priorat
(Catalonia, Spain) OENO One, 52, 45-56. https://doi.org/10.20870/
oeno-one.2018.52.1.1908

Giraud-Héraud, E., Hubert, A., Pérés, S., Raineau, Y., Pinto, A. S., &
Tempere, S. (2019). Valorisations sur les marchés des innovations
durables : Résultats du projet VINOVERT.

OENO One | By IVES

2025 | volume 59-3


https://ives-openscience.eu/
https://doi.org/10.1016/j.ijfoodmicro.2010.10.003
https://doi.org/10.1016/j.fm.2008.05.005
https://doi.org/10.1016/j.fm.2008.05.005
https://doi.org/10.1111/joss.12243
https://doi.org/10.1038/s41598-018-19185-5
https://doi.org/10.1038/s41598-018-19185-5
https://doi.org/10.1078/0723-2020-00097
https://doi.org/10.1128/mBio.00631-16
https://doi.org/10.1371/journal.pone.0036357
https://doi.org/10.1371/journal.pone.0036357
https://doi.org/10.5344/ajev.2014.14096
https://doi.org/10.5344/ajev.2014.14096
https://doi.org/10.1007/978-1-4757-6255-6_12
https://doi.org/10.1007/978-1-4757-6255-6_12
https://doi.org/10.1007/s11274-013-1337-x
https://doi.org/10.1002/jsfa.2740600205
https://doi.org/10.1002/jsfa.2740600205
https://doi.org/10.1016/j.fm.2012.01.001
https://doi.org/10.1016/j.fm.2012.01.001
https://doi.org/10.5344/ajev.1997.48.3.339
https://doi.org/10.5344/ajev.1997.48.3.339
https://doi.org/10.5344/ajev.1984.35.1.46
https://doi.org/10.1016/j.jclepro.2016.02.014
https://doi.org/10.1016/j.ecolecon.2021.106953
https://doi.org/10.1016/j.ecolecon.2021.106953
https://doi.org/10.1128/AEM.02322-16
https://doi.org/10.1128/AEM.02322-16
https://doi.org/10.1128/AEM.01290-18
https://doi.org/10.1080/1040841X.2018.1543649
https://doi.org/10.1080/1040841X.2018.1543649
https://doi.org/10.32614/CRAN.package.carData
https://doi.org/10.32614/CRAN.package.carData
https://doi.org/10.20870/oeno-one.2018.52.1.1908
https://doi.org/10.20870/oeno-one.2018.52.1.1908

Sara Windholtz et al.

Gonzalez-Arenzana, L., Santamaria, P., Gutiérrez, A. R., Lopez, R.,
& Lopez-Alfaro, 1. (2017). Lactic acid bacteria communities in
must, alcoholic and malolactic Tempranillo wine fermentations,
by culture-dependent and culture-independent methods. European
Food Research and Technology, 243,41-48. https://doi.org/10.1007/
$00217-016-2720-2

Haag, Hutson, & Huang. (1998). Lactobacillus kunkeei sp. Nov. :
A spoilage organism associated with grape juice fermentations.
Journal of Applied Microbiology, 84(5), 698-702. https://doi.
0rg/10.1046/j.1365-2672.1998.00399.x

Joint, F. A. O., & Additives, W. E. C. on F. (2009). Evaluation of
certain food additives. World Health Organization technical report
series, 952, 1-208.

Jolly, N. P, Varela, C., & Pretorius, I. S. (2014). Not your ordinary
yeast : Non-Saccharomyces yeasts in wine production uncovered.
FEMS yeast research, 14(2),215-237. https://doi.org/10.1111/1567-
1364.12111

Kheir, J., Salameh, D., Strehaiano, P., Brandam, C., &
Lteif, R. (2013). Impact of volatile phenols and their precursors
on wine quality and control measures of Brettanomyces/Dekkera
yeasts. European Food Research and Technology, 237, 655-671.
https://doi.org/10.1007/s00217-013-2036-4

Kioroglou, D., Mas, A., & Portillo, M. C. (2020). High-throughput
sequencing approach to analyze the effect of aging time and barrel
usage on the microbial community composition of red wines.
Frontiers in Microbiology, 11, 562560. https://doi.org/10.3389/
fmicb.2020.562560

Kiyomichi, D., Franc, C., Moulis, P., Riquier, L., Ballestra, P.,
Marchand, S., Tempere, S., & de Revel, G. (2023). Investigation
into mousy off-flavor in wine using gas chromatography-mass
spectrometry with stir bar sorptive extraction. Food Chemistry, 411,
135454. https://doi.org/10.1016/j.foodchem.2023.135454

Lisanti, M. T., Blaiotta, G., Nioi, C., & Moio, L. (2019). Alternative
Methods to SO2 for Microbiological Stabilization of Wine.
Comprehensive Reviews in Food Science and Food Safety, 18(2),
455-479. https://doi.org/10.1111/1541-4337.12422

Lonvaud-Funel, A. (2001). Biogenic amines in wines : Role of lactic
acid bacteria. FEMS Microbiology Letters, 199(1), 9-13. https://doi.
org/10.1111/j.1574-6968.2001.tb 10643 .x

Lorentzen, M. P. G., & Lucas, P. M. (2019). Distribution of
Oenococcus oeni populations in natural habitats. Appl. Microbiol.
Biotechnol., 103, 2937-2945. https://doi.org/10.1007/s00253-019-
09689-z

Maragkoudakis, P. A., Nardi, T., Bovo, B., D’Andrea, M.,
Howell, K. S., Giacomini, A., & Corich, V. (2013). Biodiversity,
dynamics and ecology of bacterial community during grape marc
storage for the production of grappa. International journal of
food microbiology, 162(2), 143-151. https://doi.org/10.1016/;.
ijjfoodmicro.2013.01.005

Martusevice, P., Li, X., Hengel, M. J., Wang, S. C., &
Fox, G. P. (2024a). A Review of N-Heterocycles : Mousy Off-
Flavor in Sour Beer. Journal of Agricultural and Food Chemistry.
https://doi.org/10.1021/acs.jafc.3c09776

Martusevice, P., Li, X., Hengel, M., Wang, S. C., & Fox, G. (2024b).
Analysis of mousy off-flavor compound 2-Acetyl-tetrahydropyridine
using Liquid Chromatography Mass Spectrometry with
Electrospray lonization in sour beer. MethodsX, 12, 102643. https://
doi.org/10.1016/j.mex.2024.102643

Mendiburu, F. de. (2023). agricolae : Statistical Procedures for
Agricultural Research. https://CRAN.R-project.org/package=agricolae

Millet, V. (2001). Dynamique et survie des populations bactériennes
dans les vins rouges au cours de [’élevage : Interactions et
équilibres. These de I’Université de Bordeaux 2.

Morgan, S. C., McCarthy, G. C., Watters, B. S., Tantikachornkiat, M.,
Zigg, 1., Cliff, M. A., & Durall, D. M. (2019). Effect of sulfite
addition and pied de cuve inoculation on the microbial communities
and sensory profiles of Chardonnay wines: Dominance of
indigenous Saccharomyces uvarum at a commercial winery. FEMS
yeast research, 19(5). https://doi.org/10.1093/femsyr/foz049

Moulis, P., Miot-Sertier, C., Cordazzo, L., Claisse, O., Franc, C.,
Riquier, L., Albertin, W., Marchand, S., Revel, G. D., Rauhut, D.,
& Ballestra, P. (2023). Which microorganisms contribute to mousy
off-flavour in our wines? OENO One, 57(2), Article 2. https://doi.
org/10.20870/0eno-one.2023.57.2.7481

Padilla, B., Gil, J. V., & Manzanares, P. (2016). Past and Future
of Non-Saccharomyces Yeasts : From Spoilage Microorganisms
to Biotechnological Tools for Improving Wine Aroma
Complexity. Frontiers in Microbiology, 7. https://doi.org/10.3389/
fmicb.2016.00411

Pan, C. S., Lee, T. H., & Fleet, G. H. (1982). A comparison of five
media for the isolation of lactic acid bacteria from wines. Aust NZ
Grapegrow Winemak, 19, 42-46.

Papazian, R. (1996). Sulfites, safe for most, dangerous for some.
FDA Consumer Magazine, 30(10).

Paulin, M., Miot-Sertier, C., Dutilh, L., Brasselet, C., Delattre, C.,
Pierre, G., Dubessay, P., Michaud, P., Doco, T., Ballestra, P.,
Albertin, W., Masneuf-Pomaréde, 1., Moine, V., Coulon, J.,
Vallet-Courbin, A., Maupeu, J., & Dols-Lafargue, M. (2020).
+Brettanomyces bruxellensis Displays Variable Susceptibility to
Chitosan Treatment in Wine. Frontiers in Microbiology, 11. https://
doi.org/10.3389/fmicb.2020.571067

Pelonnier-Magimel, E., Chira, K., Teissedre, P.-L., Jourdes, M., &
Barbe, J. C. (2023). Color Characterization of Bordeaux Red Wines
Produced without Added Sulfites. Foods. 12(12), 2358. https://doi.
org/10.3390/foods12122358

Pelonnier-Magimel, E., Windhotz, S., Pomaréde, I. M., &
Barbe, J. C. (2020). Sensory characterisation of wines without
added sulfites via specific and adapted sensory profile. OENO One,
54(4), Article 4. https://doi.org/10.20870/0eno-one.2020.54.4.3566

Pinto, C., Pinho, D., Cardoso, R., Custodio, V., Fernandes, J.,
Sousa, S., Pinheiro, M., Egas, C., & Gomes, A. C. (2015). Wine
fermentation microbiome : A landscape from different Portuguese
wine appellations. Frontiers in microbiology, 6, 905. https://doi.
org/10.3389/fmicb.2015.00905

Rademaker, J. L., Herbet, H., Starrenburg, M. J., Naser, S. M.,
Gevers, D., Kelly, W. J., Hugenholtz, J., Swings, J., & van Hylckama
Vlieg, J. E. (2007). Diversity analysis of dairy and nondairy
Lactococcus lactis isolates, using a novel multilocus sequence
analysis scheme and (GTG) 5-PCR fingerprinting. Applied and
environmental microbiology, 73(22), 7128-7137. https://doi.
org/10.1128/AEM.01017-07

Raineau, Y., Giraud-Héraud, E., Lecocq, S., Péres, S., Pons, A.,
& Tempere, S. (2023). When health-related claims impact
environmental demand : Results of experimental auctions with
Bordeaux wine consumers. Ecological Economics, 204, 107663.
https://doi.org/10.1016/j.ecolecon.2022.107663

Reguant, C., Carreté, R., Constanti, M., & Bordons, A. (2005).
Population dynamics of Oenococcus oeni strains in a new winery
and the effect of SO2 and yeast strain. FEMS Microbiology Letters,
246(1), 111-117. https://doi.org/10.1016/j.femsle.2005.03.045

volume 59-3 | 2025

OENO One | By IVES


https://ives-openscience.eu/
https://doi.org/10.1007/s00217-016-2720-2
https://doi.org/10.1007/s00217-016-2720-2
https://doi.org/10.1046/j.1365-2672.1998.00399.x
https://doi.org/10.1046/j.1365-2672.1998.00399.x
https://doi.org/10.1111/1567-1364.12111
https://doi.org/10.1111/1567-1364.12111
https://doi.org/10.1007/s00217-013-2036-4
https://doi.org/10.3389/fmicb.2020.562560
https://doi.org/10.3389/fmicb.2020.562560
https://doi.org/10.1016/j.foodchem.2023.135454
https://doi.org/10.1111/1541-4337.12422
https://doi.org/10.1111/j.1574-6968.2001.tb10643.x
https://doi.org/10.1111/j.1574-6968.2001.tb10643.x
https://doi.org/10.1007/s00253-019-09689-z
https://doi.org/10.1007/s00253-019-09689-z
https://doi.org/10.1016/j.ijfoodmicro.2013.01.005
https://doi.org/10.1016/j.ijfoodmicro.2013.01.005
https://doi.org/10.1021/acs.jafc.3c09776
https://doi.org/10.1016/j.mex.2024.102643
https://doi.org/10.1016/j.mex.2024.102643
https://CRAN.R-project.org/package=agricolae
https://doi.org/10.1093/femsyr/foz049
https://doi.org/10.20870/oeno-one.2023.57.2.7481
https://doi.org/10.20870/oeno-one.2023.57.2.7481
https://doi.org/10.3389/fmicb.2016.00411
https://doi.org/10.3389/fmicb.2016.00411
https://doi.org/10.3389/fmicb.2020.571067
https://doi.org/10.3389/fmicb.2020.571067
https://doi.org/10.3390/foods12122358
https://doi.org/10.3390/foods12122358
https://doi.org/10.20870/oeno-one.2020.54.4.3566
https://doi.org/10.3389/fmicb.2015.00905
https://doi.org/10.3389/fmicb.2015.00905
https://doi.org/10.1128/AEM.01017-07
https://doi.org/10.1128/AEM.01017-07
https://doi.org/10.1016/j.ecolecon.2022.107663
https://doi.org/10.1016/j.femsle.2005.03.045

Renouf, V., Vayssieres, L. C., Claisse, O., & Lonvaud-Funel, A. (2009).
Genetic and phenotypic evidence for two groups of Oenococcus
oeni strains and their prevalence during winemaking. Applied
microbiology and biotechnology, 83, 85-97. https://doi.org/10.1007/
$00253-008-1843-1

Romano,A.,Perello,M. C.,deRevel, G., & Lonvaud-Funel,A. (2008).
Growth and volatile compound production by Brettanomyces/
Dekkera bruxellensis in red wine. Journal of Applied
Microbiology, 104(6), 1577 1585. https://doi.org/10.1111/j.1365-
2672.2007.03693.x

RStudio Team. (2022). RStudio :
Environment for R. RStudio, PBC.

Saez, J. S., Lopes, C. A., Kirs, V. E., & Sangorrin, M. (2011).
Production of volatile phenols by Pichia manshurica and Pichia
membranifaciens isolated from spoiled wines and cellar environment
in Patagonia. Food Microbiology, May;28(3):503-9. doi: 10.1016/j.
fm.2010.10.019. https://doi.org/10.1016/j.fm.2010.10.019

Snowdon, E. M., Bowyer, M. C., Grbin, P. R, &
Bowyer, P. K. (2006). Mousy off-flavor : A review. Journal of
agricultural and food chemistry, 54(18), 6465-6474. https://doi.
org/10.1021/jf0528613

Takahashi, M., Ohta, T., Masaki, K., Mizuno, A. &
Goto-Yamamoto, N. (2014). Evaluation of microbial diversity
in sulfite-added and sulfite-free wine by culture-dependent and
-independent methods. Journal of Bioscience and Bioengineering,
117(5), 569-575. https://doi.org/10.1016/j.jbiosc.2013.10.012

Teranishi, R., Buttery, R. G., & Guadagni, D. G. (1975).
Odor, thresholds,and molecular structure. Gerunch Und
Geschmackstoffe, Drawert, F., Ed., 177-186.

Vallet-Courbin, A., Lucas, M., Dutilh, L., Miot-Sertier, C.,
Windholtz, S., Lucas, P, Masneuf-Pomarede, 1., &
Maupeu, J. (2022). L’identification des levures et bactéries
cenologiques par spectrométrie de masse de type MALDI-TOF:
Langue originale de I’article : Francais. IVES Technical Reviews,
vine and wine. https://doi.org/10.20870/IVES-TR.2022.5534

Integrated Development

Vecchio, R., Annunziata, A., Parga Dans, E., & Alonso
Gonzélez, P. (2023). Drivers of consumer willingness to pay for
sustainable wines : Natural, biodynamic, and organic. Organic
Agriculture, 13(2), 247-260. https://doi.org/10.20870/IVES-
TR.2022.5534

Wickham, H., Chang, W., & Wickham, M. H. (2016). Package
‘ggplot2’. Create Elegant Data Visualisations Using the Grammar
of Graphics. Version, 2(1), 1-189.

Windholtz, S., Dutilh, L., Lucas, M., Maupeu, J., Vallet-Courbin, A.,
Farris, L., Coulon, J., & Masneuf-Pomaréde, 1. (2021a). Population
Dynamics and Yeast Diversity in Early Winemaking Stages without
Sulfites Revealed by Three Complementary Approaches. Applied
Sciences, 11(6), Article 6. https://doi.org/10.3390/app11062494

Windholtz, S., Nioi, C., Coulon, J., & Masneuf-Pomaréde, 1. (2023).
Bioprotection by non-Saccharomyces yeasts in oenology :
Evaluation of O, consumption and impact on acetic acid bacteria.
International Journal of Food Microbiology, 110338. https://doi.
org/10.1016/j.ijfoodmicro.2023.110338

Windholtz, S., Redon, P., Lacampagne, S., Farris, L., Lytra, G.,
Cameleyre, M., Barbe, J.-C., Coulon, J., Thibon, C., &
Masneuf-Pomarede, 1. (2021b). Non-Saccharomyces yeasts as
bioprotection in the composition of red wine and in the reduction
of sulfur dioxide. LWT, 149, 111781. https://doi.org/10.1016/].
1wt.2021.111781

Zott, K., Claisse, O., Lucas, P., Coulon, J., Lonvaud-Funel, A.,
& Masneuf-Pomarede, 1. (2010). Characterization of the
yeast ecosystem in grape must and wine using real-time PCR.
Food microbiology, 27(5), 559-567. https://doi.org/10.1016/].
fm.2010.01.006

Zott, K., Miot-Sertier, C., Claisse, O., Lonvaud-Funel, A., &
Masneuf-Pomarede, 1. (2008). Dynamics and diversity of non-
Saccharomyces yeasts during the early stages in winemaking.
International journal of food microbiology, 125(2), 197-203.
https://doi.org/10.1016/j.ijfoodmicro.2008.04.001

OENO One | By IVES

2025 | volume 59-3


https://ives-openscience.eu/
https://doi.org/10.1007/s00253-008-1843-1
https://doi.org/10.1007/s00253-008-1843-1
https://doi.org/10.1111/j.1365-2672.2007.03693.x
https://doi.org/10.1111/j.1365-2672.2007.03693.x
https://doi.org/10.1016/j.fm.2010.10.019
https://doi.org/10.1021/jf0528613
https://doi.org/10.1021/jf0528613
https://doi.org/10.1016/j.jbiosc.2013.10.012
https://doi.org/10.20870/IVES-TR.2022.5534
https://doi.org/10.20870/IVES-TR.2022.5534
https://doi.org/10.20870/IVES-TR.2022.5534
https://doi.org/10.3390/app11062494
https://doi.org/10.1016/j.ijfoodmicro.2023.110338
https://doi.org/10.1016/j.ijfoodmicro.2023.110338
https://doi.org/10.1016/j.lwt.2021.111781
https://doi.org/10.1016/j.lwt.2021.111781
https://doi.org/10.1016/j.fm.2010.01.006
https://doi.org/10.1016/j.fm.2010.01.006
https://doi.org/10.1016/j.ijfoodmicro.2008.04.001

