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Abstract. The biochemistry and physiology of the raw material, the metabolism of microorganisms,
the methods used for processing and storage can affect the stability of wines. Due to the antimicrobial
action of sulfur dioxide and dimethyl dicarbonate, the aim of the study is to determine the optimal
treatment protocol to maintain physico-chemical and microbiological stability of white wines with
high residual sugar. Thus, the present research focuses on analyzing the influence of both treatments,
combined or separate, on 45 wine samples obtained from a blend of Muscat Ottonel and Feteasca
regala grape varieties, where different doses of 6% aqueous SOz solution (40, 80, and 160 mg/L) and
dimethyl bicarbonate (0, 100, and 200 mg/L) were used. In order to assess the ability of dimethyl
dicarbonate to suppress microorganisms, varying concentrations of Brettanomyces bruxellensis and
Schizosaccharomyces pombe yeasts were inoculated (0, 30, 100 cfu/mL wine). The results indicate that,
while sulfur dioxide cannot be entirely substituted in wines, both treatments can effectively lower or
inhibit the activity of spoilage microorganisms. For the wines' physicochemical and microbiological
stability, the treatment that used the synergistic force of sulfur dioxide (160 mg/L) and dimethyl
dicarbonate (200 mg/L wine) performed the best.

Keywords: preservation; antioxidants; stability; wine quality; wine microbiology

1. Introduction

Wines’ quality is strongly affected by a variety of chemical and biological processes that occur
within its complex system [1]. In order to produce a high-quality wine, a series of conditioning and
stabilization procedures must be applied to preserve the product's distinctive color, taste, and flavors
[2]. Several chemical, physical, thermal or non-thermal procedures can be applied to assure
microbiological stability [3]. To fulfil the demands of modern consumers, winemaking techniques
and oenological products have been adapted to improve the physical, chemical, sensory, and
microbiological parameters of wine [4]. However, sulphur dioxide is still the most efficient in
ensuring antioxidasic [5-7] and antiseptic activity in wine [8,9]. Three distinct mechanisms allow SO:
to function as an anti-oxidative: direct oxygen removal, an interaction with hydrogen peroxide, and
the reduction of quinones produced during the oxidation process [10,11] The antiseptic action
involves biological and microbiological stability in musts and wines [12] and can be significantly
influenced by the grapes” phytosanitary condition, yeast load, temperature, pH value and chemical
composition of the media (concentration of aldehydes relative to alcohol) [13].

Throughout history, sulphur dioxide has been used for preserving various food products and
beverages (such as fruit juices or wines). SOz efficacy is highly dependent on pH value and can impact
products sensory characteristics. However, because sulphur dioxide’s links to consumer allergic
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reactions, there is an increasing desire to find alternatives for SOz2reduction [14]. As such, alternative
treatments, products, processes have been used in addition to sulphur dioxide in order to reduce its
concentration [15]. Thermal and non-thermal processes such as high hydrostatic pressure (HHP),
pulsed electric field (PEF), ultraviolet irradiation (UV-C), ultrasound (HPU) or chemical additives
such as dimethyl dicarbonate, lysozyme, ascorbic acid, NaOCl (sodium hypochlorite), chitosan,
colloidal silver complex (CSC) have been tested to prevent spoilage caused by microorganisms or
faulty biochemical processes during fermentation or in storage [3,16]. Still, at present, SOz cannot be
fully removed from the wine-making process, as the above-mentioned products and methods may
not always be able to fully ensure protection from a microbiological perspective [17].

Dimethyl dicarbonate (CsHsOs) is frequently used as an inhibitor of pathogenic microorganisms
in beverages. Although it was first tested for the fruit juice industry [18] recent studies have
attempted to use this product as a preventative against microbiological activity in wines [15,19,20].
In general, it has been used when bottling wines with high levels of residual sugar. The use of this
additive in wines with more than 5 g/L residual sugar at bottling has been authorized within
viticultural countries of the European Union (Regulation (EC) No 643/2006) at a maximum dosage of
200 mg/L [17]. Dimethyl dicarbonate (DMDC) is recognized as an inhibitor against harmful
microorganisms such as Brettanomyces bruxellensis or other spoilage microorganisms when the
treatment with sulphur dioxide is not recommended, as the microorganisms may enhance their
resistance to treatment [21]. When added to wine, dimethyl dicarbonate hydrolyzes to produce
methanol and carbon dioxide, hence raising the methanol content [22]. Stafford et al. [23] confirm
that 96 mg/L of methanol may be produced when using the maximum amount of dimethyl
dicarbonate (200 mg/L). But since dimethyl dicarbonate will also react with other substances in wine,
it can be anticipated that fewer than 96 mg/L of methanol will be produced.

The International Organisation of Vine and Wine (OIV), the World Health Organization (WHO),
the Food and Agriculture Organisation (FAO), and the Food Chemical Codex have established
legislative guidelines and recommendations that must be followed when using antioxidants and
antiseptics such as sulphur dioxide and dimethyl dicarbonate in beverage technology. According to
Stoeckley et al. [24] and OIV regulations [25] for semidry, demi-sweet and sweet or special red, white,
rosé wines, the maximum allowed threshold of SO: content is 300 mg/L. According to dimethyl
dicarbonate suppliers [26], the typical dosage for wine is between 125 and a maximum of 200 mg/L.
According to international regulations in force, it can only be utilized only before bottling [27].

Numerous yeast species play a crucial role in winemaking due to their impact on both the
chemical and sensory composition of wine, contributing both beneficial and detrimental effects, and
thus requiring careful attention [28]. Schizosaccharomyces pombe has the ability to grow in
environments with low content in water, as it is an osmophilic yeast [29] and therefore thrives in high
sugar environments [30]. The yeast acts by converting malic acid into alcohol and carbon dioxide. It
has many disadvantages, such as a slow fermentation rate, development of undesirable aromas or
the ability to produce refermentation in wines with residual sugar [29]. In addition, this species can
also progress in very low pH environments and over a wide temperature range. Also, it is not affected
by food preservatives such as sulphur dioxide or benzoic acid [31].

In oenology, Brettanomyces bruxellensis has been considered to be the one of the most harmful
yeast [32]. Numerous investigations have demonstrated the significant phenotypic diversity of
Brettanomyces bruxellensis in terms of growth capacity [33], sugar metabolism [34], consumption of
nitrogen sources, production of volatile phenols [35,36], sensitivity to pH, temperature, oxygen [37]
and sulphur dioxide [38,39]. Due to its morphological variability, Brettanomyces bruxellensis spoiling
potential is difficult to anticipate, being an significant challenge for winemakers. Certain chemicals,
like volatile phenols, are known to be produced by Brettanomyces bruxellensis and are linked to
disagreeable smells that are typically referred to as "barnyard" or "horse sweat" [40]. A variety of
sensorial descriptors have been employed to describe wines fouled by Brettanomyces sp., however
there is a wide range of sensory interpretations when comparing wines, juices, and other alcoholic
[39] or non-alcoholic beverages. Additionally, species belonging to this genus may add disagreeable
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scents that are characterized as medicinal, smoky, spicy, wet wool, phenolic, and/or mousey, which
can decrease the sensory quality of the finished product [36,41].

The purpose of this study is to monitor the influence of varying doses of sulphur dioxide and
dimethyl dicarbonate on the quality of white wines. A blend from two local grape varieties (Muscat
Ottonel and Feteasca regald) with a high residual sugar content was used, allowing the study of
alternative methods of semi-sweet wines stabilization. The novelty of this study lies in the fact that,
to the best of the authors” knowledge, there are no existing studies that investigate the use of wines
obtained from the above-mentioned blend in combination with DMDC treatments. Additionally,
while DMDC is frequently employed in juice production, its application in winemaking remains
relatively unmapped. By integrating different SO, doses with DMDC under specific experimental
conditions — including higher inoculum levels of pathogenic yeasts [14] — this study addresses a
significant gap in the literature and explores dimethyl dicarbonate potential in maintaining
microbiological stability in semi-sweet wines.

The treatments were applied under different experimental conditions: three doses of SO:
coupled with DMDC and various inoculum of pathogenic yeasts. In Europe, the product can be
added to wines that have at least 5 g/L of sugar just before bottling. By demonstrating its practical
application in semi-sweet wines with fermentable sugars, this study provides a valuable guideline
for winemakers aiming to address microbial instability caused by pathogenic yeasts. Moreover, it
highlights an alternative approach to combine SO, and DMDC, aligning with consumer preferences
and regulatory requirements.

2. Materials and Methods

2.1. Grape varieties and winemaking

The experimental variants (V1-V45), presented in Table 1 were obtained from Muscat Ottonel
and Feteasca regala grapes, manually harvested at full ripeness from lasi-Copou vineyard (at 47°10’
north latitudes and 27°35’ east longitudes, Romania) and processed according to a general white wine
technology. After harvest, destemming, crushing, and pressing the varieties together, the combined
must was transferred to stainless steel tanks for the fermentation phase. The sugars concentration of
the must was 264 g/L and titrable acidity was 5.72 g/L tartaric acid. Endozym® Ice, a liquid enzyme
product, was used in concentrations of 4 mL/hL must to maximize the extraction of varietal flavors
and to clarify the must. Fermentation was conducted at 10 °C and lasted 14 days, using Saccharomyces
yeast from Sodinal®, as indicated on the package. The resulting wine registered a concentration 26
g/L of residual sugars. The wine was then inoculated with different concentrations of Brettanomyces
bruxellensis and Schizossacharomyces pombe yeasts (30, 100 ufc/mL). Following this procedure, the wine
was separated into three aliquots and various concentrations of 6% aqueous solution of sulphur
dioxide (40, 80, and 160 mg/L) were added.

Wine samples were filtered via sterile filters with 0.2 um porosity. Various concentrations of
dimethyl dicarbonate (100 or 200 mg/L) were added, as can be seen in Table 1. The bottles were kept
for 6 months in a temperature-controlled environment, at 12 °C.

Table 1. Experimental samples.

SO S | cfu
Vari | Yea jf: 2 DI\C/ID Vari | Yea | cfu/ SO DIE:/ID Vari | Yea | O2 |/ DI\C/[D
ant st m ant st mL 2 ant st m m
L mg/L ml | mg/L mg/L
L L L
Vi | . 0 Vie | 0 V3l | . 0
S sl 0 S % S
v2 | £ § 100 [ v17 | £ §| 0 100 | V32 | = §| 4| 0 | 100
S 40 S 80 s S
V3 200 | V18 200 | V33 0 200
V4 m o~ 30 0 V19 Mm o~ 30 0 V34 Mmoo~ 30 0
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V5 100 | V20 100 | V35 100
V6 200 | v21 200 | V36 200
V7 0 V22 0 V37 0
10
V8 100 100 | v23 100 100 | V38 100
0
\) 200 | V24 200 | V39 200
vio | 0 V25 0 V40 0
g 8 8
Vil | 5 | 30 100 | V26 | 5 | 30 100 | val| 5 30 | 100
=)
vi2 | § 8 200 | V27 | § & 200 | va2 | § 8 200
s 5 ER ER
Vi3 | 2 & 0 V28 | 3 S 0 V43 | 3 = 0
& 3 3 10
Vid | £ | 100 100 | V29 | S | 100 100 | vad | = 100
A 95) 95) 0
V15 200 | V30 200 | V45 200

V1,V2,V3,V16,V17,V18,V31,V32,V33—-wine samples, without pathogen yeast inoculation, considered control for
this research, DMDC-dimethyl dicarbonate, SOz—sulphur dioxide 6%, cfu—colony forming units.

2.2. Reagents and standards

In this study, volatile compounds acetaldehyde and methanol were utilized. The solutions were
purchased from Merck KGaA (Darmstadt, Germany) and had a concentration of minimum 99.9%.
Ethanol was used for the solubilization of compound standards, it was purchased from Merck KGaA
(Darmstadt, Germany) and had 99.9% purity. Purified water was produced in-house with a Thermo
Scientific™ GenPure™ UV-TOC system and used for preparation of a 10% (v/v) solution of ethanol
in water.

2.3. Standard physicochemical parameters

Physicochemical characterization of wine samples was established in accordance with the
analysis techniques indicated by International Organization of Vine and Wine (OIV) [25]. The
following parameters were analysed: alcoholic strength (% vol. alc.); total acidity (g/L tartaric acid),
volatile acidity (g/L acetic acid), free and total SOz (mg/L) using titrimetric measurements; pH and
density (instrumental measurements); residual sugar (g/L) using Luff-Schoorl assay. The wine
samples and the analyses were evaluated in triplicate and standard deviations were calculated.

2.4. Microbiological protocol

The microbiological experiment involved the following steps: preparing the nutrient media,
inoculating the yeast strains in/on nutrient media, multiplying the yeast, adapting the yeast to the
experiment's wine concentration, reaching the ideal yeast concentration for inoculation into the wine,
and finally performing a microscopic analysis of the wine. A counting chamber Neubauer and a
Gerber colony reader (Funke Gerber ColonyStar) was used to determine the yeast concentration
(CFU/mL), following standard methodology.

2.4.1. Experimental protocol for yeast strains' growth conditions

In accordance with the experimental protocol of ©LANXESS Deutschland, Germany, the yeasts
utilized in the experiments, Schizosaccharomyces pombe and Brettanomyces bruxellensis, were
propagated through inoculation on solid media, MEA (malt extract agar) and YMA (yeast malt agar)
from Scharlau (Scharlab S.L., Barcelona, Spain), as well in liquid nutritive media, sterilized must and
malt extract.

Pour plating is required to ascertain the cell titer from the end wine culture. Consequently, we
generated serial dilutions from the final colony and inoculated them onto either malt extract agar or
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nutritional agar. The plates were incubated at 28 °C until they exhibited characteristics indicative of
optimal cell growth.

For final culture, the cell titer has to be determined by pour plating. Therefore, we derived serial
dilutions from the final culture and subsequently inoculated them onto nutrient agar or malt extract
agar. Plates were incubated at 28 °C until optimal cellular proliferation was observed. The cell titer
of the wine-adapted culture is determined by enumerating the colonies. Simultaneously, the final
culture from the preceding phase was chilled to inhibit proliferation until the cells had proliferated
on the agar plates. After determining the cell titer of the final culture, the ideal quantity necessary to
achieve the requisite final colony titer for dimethyl dicarbonate (DMDC) tests was estimated.

2.4.2. Evaluation of yeast concentration

The concentration of yeast cells per milliliter of wine was determined using the dilution factor
and a hemocytometer slide. Each species necessitated a yeast concentration of 30 CFU/mL and 100
CFU/mL, which were delivered in three aliquots to the examined wine.

2.5. Quantification of volatile compounds

The analysis was performed on a gas chromatograph with flame ionization detector GC-FID,
Agilent 7890B from Agilent Technologies equipped with a GC sampler 80 with head-space
technology. A chromatographic column with a length of 50 m, an internal diameter of 0.32 mm and
a film thickness of 0.50 um (Phenomenex Zebron FFAP GC) was employed for separation of
compounds. For head space injector, incubation temperature was maintained at 85°C for 15 minutes,
while the syringe temperature was of 87°C. A volume of 1,5 mL was injected in the split/splitless
injector, which operated at a split-ratio 2:1, at 250 °C as is described by Macoviciuc et al. [42], and
Cotea et al. [43].

2.6. Colour measurements

Chromatic parameters were analysed according to the OIV recommended [25] method using
attributes of visual perception: chromaticity, tonality, clarity, brightness, and saturation, as was
defined by Dumitriu et al. [44].

A Specord UV-VIS spectrophotometer SPECORD® PC 200/205/210/ 250 Analytik Jena AG was
used to assess the chromatic properties. The color differences are specified by the CIELab system,
which defines a homogeneous 3-dimensional space defined by colorimetric coordinates L*, a*, and
b*. The vertical axis denoted by L* was measured from 0 - totally opaque, to 100 - completely
transparent. The parameters "+a*" red, "-a*" green, "+b*" yellow, and "-b" blue were registered.

2.7. Sensory analyses

The experimental wines were subject to a sensory analysis which closely followed the guidelines
provided by ISO3591:1997 [45], ISO8589:2010 [46] and the OIV legislation. Aromatic descriptors were
generated based on the sensory experiences of the authors, based on the flavors present in Feteasca
regald and Muscat Ottonel varieties during a distinct pre-tasting session, that took place a day before
the official evaluations.

The experimental samples were assessed by a professional panel of 20 tasters, 13 men and 7
women. The panel was comprised of winemakers, lab employees, and researchers. Panel members
were trained prior to the sensory analysis stage, as to evaluate wines with faults correlated to
refermentations. The panel members classified the intensity (from 0- absence to 5- intense) of aroma
descriptors like honey, white flowers, overripe fruits, peach, and exotic fruits, the same descriptors
that were decided the day before.

The tasting session began in the morning to ensure a better comprehension of the evaluated
descriptions, and a wine temperature of 12 °C was used to evaluate the samples. The tasting session
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was carried out on three different days (15 samples per day) in order to reduce taste fatigue. Similarly,
the same team of tasters analyzed the samples under the same conditions.

The samples were coded and stored in transparent white wine glasses. The tasting started with
the samples with the lowest doses of SOz and DMDC, V1-V15, 40 mg/L SOz and 0, 100, 200 mg/L
DMDOC, followed by V16-V30, 80 mg/L SO2 and 0, 100, 200 mg/L DMDC and ended with the samples
obtained by using the highest treatment doses, 160 mg/L SOz and 0, 100, 200 mg/L DMDC. This
allowed the tasters to evaluate the samples, unknowingly, from the most affected by the
refermentation yeasts to the least spoiled.

The tasters were given information about the applied treatments and that the samples contained
alcohol. A tasting sheet was generated using Google forms. Each taster received a link for each
sample. At the end, the data were automatically processed using the answers given by each taster,
after which the results were interpreted on a heat map. The mean value of the sensory analysis results
is presented as a key value on this study.

2.8. Statistical analyses

With the help of XLStat (Luminevo, Denver, CO, USA), ANOVA test was conducted. The
analysis of variance exposes the presence of significant differences regarding the physico-chemical
and chromatic parameters (p<0.05) between the samples. The analysis includes only a single main
factor (Variants) for data simplification and does not account for interactions. Additionally, the
influence of dimethyl dicarbonate dosage on the main physico-chemical characteristics, chromatic
parameters, methanol and acetaldehyde concentrations was made by linear regression analysis. Also,
a heatmap was created to help with the sensory characteristics' better visualization. In that sense, an
online platform was used (http://www.heatmapper.ca/expression).

3. Results and discussion

3.1. Physico-chemical parameters

Physico-chemical parameters were analyzed 6 months after bottling to detect the effects of
dimethyl dicarbonate and sulphur dioxide treatments, results presented in Table 2. When all samples
were analysed, it significant differences (p<0.05) were observed for the majority of parameters, except
for density and pH. It is obvious that different doses of sulur dioxide and dimethyl dicarbonate
significantly affect the physical-chemical quality of the analyzed samples.

The total acidity of grapes normally ranges from 5 to 16 g/L, while lower values of about 5 to 7
g/L of tartaric acid are observed in wine [47]. There are several factors that can influence this
parameter, such as grape variety, ripeness, technological, storage conditions and climatic conditions
[48]. The total acidity of the analyzed samples ranged from 4.74 to 6.43 g/L of tartaric acid across the
variants, following the limits established by the current legislation. From Figure 1, it can be observed
that in samples treated with lowest concentration of SO: (40 mg/L) the results its statistically
significant. The total acidity fluctuated between 5.80-6.43 g/L, which might relate to its role in
stabilizing wine. It can be concluded that the small concentration of SO2 it not enough to preserve
this type of semi-sweet wines. Also, these variations on chemical composition can influence the
perceived acidity. On the other side, dimethyl dicarbonate shows a weaker and statistically
insignificant effect.

Volatile acidity refers to the total content of volatile acids removed from wine by steam
distillation. Acetic acid accounts for 95-99% of the total volatile acidity, with the remainder consisting
of small amounts of lactic acid, propionic acid, butyric acid, and formic acid. Volatile acidity is an
important parameter in assessing the quality and health of wine [49]. The values recorded in this
study ranged from 0.13-0.39 g/L acetic acid and were also within the legal limit of 1.08 g/L acetic acid
in wine [50].

Table 2. Physico-chemical characteristics of variants.
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Tot. acidity Vol. Free
. Alc. strength . Res. sugars . Tot. SO2
Variants % vol. ale. g/L a?. acidity gL Density pH SO: mg/L
tartaric g/L ac. me/L
40 mg/L SOz with/without DMDC
Vi1 14.20+0.2320 5.80+0.042 0.30+0.13a  20.70+0.19shi  0.9971+0.24>=  3.42+0.072 10+0.24>  40+0.05b
V2 14.30+0.04abe 5.80+0.162 0.27+0.232 21.10+0.131  0.9969+0.052=  3.40+0.08> 10+0.15>  40+0.12b
V3 14.30+0.192be 5.82+0.132  0.2120.19a  21.60+0.07'mrc  0.9972+0.04=  3.26+0.162 11+0.18>  40+0.15P

V4 14.60+0.072bcde  6.20+0.162 0.19+0.242 22.00£0.23°  0.9975+0.132  3.36+0.04> 10+0.11>  40+0.18P
V5 14.70+0.03bcdef 5.90+0.072 0.21+0.192 21.00+£0.23%  0.9972+0.13=  3.41+0.162= 10+0.11>  40+0.05°

Ve 14.80+0.18cdef 6.10+0.242 0.18+0.04>  20.50+0.19%h  0.9970+0.232  3.23+0.13> 11+0.15>  40+0.19°
V7 14.50+0.242bcd 5.90+0.042 0.28+0.072  21.80+0.13~  0.9970+0.16= 3.41+0.232 10+0.03>  39+0.032
V8 14.30+0.052b¢ 5.90+0.042 0.26+0.24>  19.90+0.16%¢  0.9972+0.05> 3.41+0.01= 10+0.03>  39+0.112
\'A 14.50+0.12abcd 5.90+0.042 0.19+0.232  21.30+0.24xm  0.9970+0.13=  3.24+0.162 11+0.11>  40+0.05°

V10 15.00+0.23def 6.00+0.132 0.21+0.192  21.70+0.01mno  0.9967+0.16>  3.38+0.24>  10+0.19>  39+0.132
Vi1 14.80+0.08cdef 6.12+0.162 0.20+0.132  21.20+0.19%  0.9972+0.24>  3.25+0.04> 11+0.04>  40+0.00°
Vi2 14.80+0.29<def 6.43+0.232 0.16+0.132 19.20+0.24>  0.9972+0.082 3.26+0.04> 11+0.22>  40+0.05°
V13 14.70+0.16bdef  5.90+0.192 0.28+0.132  20.30+0.04<fs  0.9967+0.162 3.37+0.24> 10+0.03>  39+0.192
V14 14.90+0.04def 6.12+0.162 0.18+0.132  21.70+0.19mno  0.9970+0.23=  3.21+0.04> 11+0.05>  39+0.152
V15 14.80+0.26¢def 6.30+0.162 0.18+0.132  21.10+0.24i  0.9972+0.04= 3.23+0.23= 11+0.11>  40+0.19°

p-value

(V1- <0.001* 0.681 0.681 <0.001* 1.000 0.550 0.122 1.000
80 mg/L SOz with/without DMDC

V1e 15.20+0.02f 6.28+0.092 0.1740.012  20.70+0.19shi  0.9969+0.082  3.25+0.13> 31+0.24c  79+0.13¢
V17 15.20+0.13f 6.12+0.012 0.18+0.082  21.30+0.02¥m  (0.9968+0.032=  3.21+0.08>  31+0.05¢  79+0.05¢
V18 15.10+0.01¢f 6.43+0.022 0.20+0.012 18.50+0.192 0.9971+0.112  3.26+0.04>  31+0.07¢  79+0.24¢
V19 15.10+0.08¢f 6.12+0.192 0.18+0.07=  21.00+0.02%  0.9971+0.072>  3.21+0.15> 31+0.11¢  79+0.11¢
V20 15.10+0.11¢f 6.43+0.082 0.16+0.072 19.60+0.01b¢  0.9971+0.022  3.27+#0.192  31+0.03¢  79+0.08¢
V21 15.10+0.21¢f 6.12+0.192 0.20+0.132  21.40+0.01dmn  0.9967+0.032  3.21+0.08>  31+0.19¢  79+0.02¢
V22 15.10+0.22¢f 6.12+0.022 0.18+0.082  21.60+0.07'mr  0.9973+0.012  3.21+0.08>  31+0.13¢  79+0.15¢

V23 15.00+0.26df 6.12+0.022 0.1740.03=  21.20+0.08%  0.9970+0.152 3.20+0.072  31+0.05¢  79+0.12¢
V24 15.00+0.06df 6.28+0.132 0.18+0.012 21.90+0.15° 0.9975+0.022  3.21+0.032=  31+0.09c  79+0.03¢
V25 15.00+0.11def 6.43+0.082 0.13+0.022  20.10+0.04def  0.9971+0.132=  3.27+0.072  31+0.00c  79+0.03¢
V26 15.00+£0.17def 6.12+0.092 0.17+0.01=  20.80+0.08"  0.9968+0.04> 3.22+0.13> 31+0.05¢  79+0.14¢
V27 15.00+0.27def 6.12+0.132 0.13+0.092 19.70+0.03«d  0.9965+0.132  3.22+0.01=  31+0.03<  79+0.05¢
V28 14.90+0.12def 6.12+0.132 0.18+0.022  21.30+0.08km  0.9972+0.072  3.22+0.092  31x0.19¢  79+0.01¢
V29 14.90+0.14def 6.28+0.082 0.17+0.012  20.70+0.13sh  0.9966+0.04=  3.22+0.092 31x0.15¢  79+0.02¢
V30 14.80+0.21 cdef 6.12+0.132 0.19+0.012  21.40+0.19Kmn  0.9968+0.08=  3.21+0.072  31x0.11c  79+0.09¢

P(';ﬂfe 0972 0.129 0.129 <0.001* 1.000 0999 1000 0972
160 mg/L SO: with/without DMDC
V31 1420:0.13%  620:0.01* 0276019 2130:0.026m  0.9953:0.03 3.19:0.08° 95:0.09¢ 159:0.28¢
V32 1430:0.02%¢  628:0.01*  027:0.08  21.20:0.09%  0.9950:0.04 3.19:0.07* 95:023¢ 159:0.16¢
V33 1420:0.19%  620:0.19  026:0.03 2130:0.088m 09953:013 3.18:0.15° 95:0014 159:0.24¢
V34 1420:0.07%  640:0.13  025:0.01* 2130:0.088m  0.9953:001° 3.18:0.19° 95:0.004 159:0.02¢
V35 1420:001%  628:0.09 0242008  2130:0.005m 0.9953:0.07 3.18:0.13° 95:028¢ 159:0.28¢
V36 1420:0.03%  643:0.08 02420020 2130:0.15Km  0.9953:0.09 322:0.19° 95:023¢  159:0.07¢
V37 14105007 630:0.13 0242004 21.40:0.024m  0.9954:0.09 3.19:0.08° 95:0.09¢ 159:0.16¢
V38 1420:021%  620:0.08  0.18:0.04 2130:0.07Km  09953:013 3.18:0.09° 95:0.03¢ 159:0.01¢
V39 1420:0.15%  628:0.13+ 0176009 2130:0.15Km  0.9953:0.08 3.18:0.07° 95:0241 159:0.28¢
VA0 1420:0.02%  628:0.13°  0.17:0.08° 21.30:0.07Mm  0.9953:0.03° 320:0.09° 95:0.02¢ 159:0.05¢
V4L 1410:0.13  628:0.15  0.16:0.13 21400118 0.995410.19° 3.17:0.08* 95:0.07¢  159:0.09¢

V42 14.10+0.212 6.28+0.072 0.16+0.132  21.40+0.15Kmn  0.9954+0.08=  3.17+0.192  95+0.02¢  159+0.24d
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V43 14.10+0.152 6.12+0.08=  0.16+0.072  21.40+£0.02kmn  0.9954+0.04  3.18+0.132  95+0.03¢  159+0.33¢
V44 14.10+0.132 6.12+0.04=  0.1620.132  21.40+£0.07mn  0.9954+0.152  3.18+0.022  95+0.07¢  159+0.11¢
V45 14.10+0.032 6.12+0.192  0.1620.11a  21.40+£0.09%mn  0.9954+0.01=  3.18+0.192  95+0.16¢  159+0.00¢
p-value
(V31- 0.722 <0.001* 0.055 0.268 1.000 1.000 1.000 0.987
XTARN
p-value
(V1- <0.001* <0.001* 0.006* <0.001* 1.000 0.367 <0.001* 0.722
V45)

The data were obtained in triplicate and represent the arithmetic mean of the results, including the standard
deviation. The * highlights a statistically significant difference in the analyzed parameters, depending on the
applied treatments. The superscript letters highlight the homogeneous groups for each individual physico-

chemical parameter.

pH is an important parameter in winemaking and is closely related to wine stability. The ideal
pH level in wines is between 3.2 and 3.6. In general, if wine has a high acidity level, it will have a low
pH. Wines with high acidity and low pH are considered stable; therefore, the growth of bacteria and
other microorganisms is inhibited in this type of environment. The samples analyzed fall within this
range, with values between 3.17 (V4, V42) and 3.47 (V15).

Alcohol content of is considered one of winemaking’s most important parameters, as it
representing the result of the fermentation of sugars in must, which can cause significant changes in
wine quality [50]. The analyzed variants showed variations in values ranging from 14.3-15.2% vol.
alc. in V1-V30, consistent with the initial sugar content of the raw materials used (264 g/L sugars in
must). Samples V1-V30 experienced fluctuations of alcoholic strength, likely due to yeasts activity in
semi-sweet wines. It seems that the treatment schemes administered (with 40, 80 mg/L SOz with or
without DMDC) were not sufficient to ensure physio-chemical stability in the samples studied. In
contrast, the variants V31-V45 were the most stable, the alcohol concentration values being similar
14.10-14.30% vol. alc. The interaction between SO: and dimethyl dicarbonate in this case favored the
physicochemical stability of wines. According to Figure 1, SO2 manifests a significantly negative
influence on wine’s alcoholic strength, while dimethyl dicarbonate has no significant impact on the
dependent variable.
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Figure 1. Standardize coefficients from linear regression model for alcoholic strength (a), total acidity (b), volatile

acidity (c) and residual sugars (d) concentration (95% conf. interval).

The analyzed samples show a sugar concentration above 18.50 g/L (V18) in samples where the
SOz and DMDC treatment was deficient and of 22.00 g/L (V4) in variants where the combined
behavior of the used products led to the inactivation of yeasts. The biological instability of wines is
closely related to the higher content of sugars that could lead to refermentations [49]. As observed in
Figure 1(d), SOz treatment has a significant effect on microbiological stability of wines with residual
sugar, a pattern also observed in other research [40,42]. Dimethyl dicarbonate, despite its chemical
use in beverages stabilization, does not show the same influence over residual sugar in this case. The
same effect of the combined treatments is confirmed by the volatile acidity in Figure 1(c), as the acetic
acid concentration is kept under control and there is no microbial spoilage.

The SO: concentrations registered differences between the analyzed groups. For the group V1-
V15 (40 mg/L SOz), values of 10 or 11 mg/L of free SOz and 39 or 40 mg/L of total SO2were registered.
For the group of samples treated with 80 mg/L SOz and dimethyl dicarbonate (V16-V30) the values
were 31 mg/L for free SOz and 79 mg/L of total SOz.-For the third group, V31-V45, treated with 160
mg/L SOz the values were 95 mg/L of free SOz and 159 mg/L of total SOz. It can be seen that there
were minor fluctuations in the values for the first group (V1-V15), while no variations were observed
in the other two groups, indicating that the samples were physico-chemically balanced. This aspect
emphasizes that there were no major differences between the initial doses applied in the experiment
and the values obtained from the analysis. According to Gallego et al. [51], Delfini et al. [52] and
Lisanti et al. [53] it can be observed that the action of dimethyl dicarbonate and sulphur dioxide on
chemical composition of wines offer stability and conservation.

In this study, the application of sulphur dioxide and dimethyl dicarbonate did not yield any
notable variations among the studied variants, suggesting that both treatments are effective in
maintaining wine stability. In opposition, the variants without dimethyl dicarbonate showed a slight
physicochemical instability. The results indicate that 160 mg/L SO, in combination with dimethyl
dicarbonate contribute to maintaining wine stability results found also by Costa et al. [54] and Divol
et al. [55].

3.2. Colour measurements

Wine color parameters are key factors in assessing wine quality being influenced by factors such
as grape variety, pH, temperature, different oenological treatments applied pre- or post-
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fermentation, certain physico-chemical processes, and applied winemaking technology, etc. The
ANOVA test results for the selected variables (L* a* b*) show significant differences (p<0.05)
between samples. It can be observed that SOz, dimethyl dicarbonate concentrations and inoculated
yeasts have a major impact on wine’s chromatic parameters.

From Table 3, it is observed that samples V1-V15 have a high degree of oxidation,-with wine
colors showing brownish shades, indicating that the treatment with 40 mg/L SOz was insufficient for
long-term antioxidative protection. For the chromatic indicator L¥, there is a considerable increase in
value with higher concentrations of sulphur dioxide and dimethyl dicarbonate (from 60 with 40 mg/L
SOz to 99 with 160 mg/L SOz). In the case of a* indicator, the values were much lower in samples
treated with higher amounts of SO2 (from 9.00 in the first group to -0.50 in the 160 mg/L SO: group)
indicating good stability provided by SOz and dimethyl dicarbonate treatments. For the b* parameter,
the average values decreased from 33.00 in the 40 mg/L SOz group to 5.00 in the 160 mg/L SO2 group.
Others samples showed high clarity values, such as 96.50 (V19) and 97.10 (V22) for samples treated
with 80 mg/L SOz with and without dimethyl dicarbonate. Samples treated with 160 mg/L SOz with
and without dimethyl dicarbonate, had similar values ranging from 98.00 to 98.60.

The results show a significant chromatic difference between samples treated with 40/80 mg/L
SOz and dimethyl dicarbonate and those treated with 160 mg/L SO and dimethyl dicarbonate. This
confirms the hypothesis that the treatments administered can contribute to the color stabilization of
wines results confirmed also by Santos et al. [17].

Table 3. Colorimetric parameters of wine samples.

. . Colorimetric coordinates
Luminosity L

Samples 0-100 a b
red (+)/green (-) yellow (+)/blue (-)
40 mg SO:
A\ 55.3+0.032 8.86+0.19- 31.29+0.01#
V2 58.5+0.11- 8.52+0.072 31.81+0.054
V3 54.7+0.132 9.15+0.19- 32.61+0.097m
\Z 63.5+0.092 8.44+0.182 32.40+0.114
V5 60.9+0.20- 8.74+0.90- 32.46+0.014
V6 64.2+0.05 8.38+0.19- 31.98+0.03
v7 56.4+0.162 9.27+0.09- 32.41+0.11%
\'%} 54.8+0.072 10.09+0.20a 33.34+0.01%
V9 55.5+0.182 9.28+0.032 31.86+0.0728
V10 59.8+0.192 9.00+0.11- 32.82+0.05=
Vi1 67.4+0.01- 7.95+0.90a 32.15+0.184
Vi2 60.2+0.20a 9.33+0.19- 30.65+0.017
V13 65.9+0.22a 7.47+0.03a 31.13+0.07%
Vi4 61.9+0.112 8.91+0.20~ 31.38+0.18%
V15 60.2+0.032 8.93+0.19- 32.15+0.094
p-value (V1-V15) 0.000* 0.000* 0.000*
80 mg SO:2
Vie 96.6+0.25° 1.17+0.03= 7.39+0.18%
V17 96.8+0.09° 1.08+0.052 7.31+0.20¢
V18 96.7+0.11° 1.12+0.19= 7.29+0.07¢
V19 96.5+0.07° 1.29+0.01= 7.48+0.09%2
V20 96.7+0.03P 1.09+0.05= 7.37+0.18¥
V21 96.7+0.22> 1.13+0.09a 7.29+0.20s
V22 97.1+0.16° 0.65+0.112 7.12+0.07~
V23 96.9+0.19° 0.88+0.20~ 7.20+0.01p
V24 96.8+0.05° 0.99+0.032 7.25+0.184
V25 96.9+0.01° 0.96+0.072 7.17+0.11°

V26 96.7+0.18P 1.15+0.09= 7.41+0.19¥
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V27 96.7+0.11° 1.15+0.052 7.40+0.16~
V28 96.4+0.09° 1.00+0.03= 7.2620.18"
V29 96.8+0.20° 0.97+0.11a 7.30+0.01
V30 96.7+0.03° 0.98+0.072 7.37+0.16v
p-value (V16-V30) 0.000* 0.000* 0.000*
160 mg SO:
V31 98.2+0.11° -0.25+0.20 5.67+0.01s
V32 98.2+0.19° -0.25+0.18= 5.64+0.16f
V33 98.2+0.01° -0.24+0.09- 5.67+0.03s
V34 98.2+0.20° -0.36+0.112 5.79+0.13h
V35 98.2+0.07° -0.34+0.19- 5.80+0.01!
V36 98.1+0.09°® -0.28+0.18= 5.85+0.22i
V37 98.4+0.20° -0.40+0.09- 5.52+0.03>
V38 98.4+0.19° -0.38+0.05= 5.56+0.01¢
V39 98.3+0.03° -0.22+0.11= 5.62+0.16¢
V40 98.4+0.20° -0.31+0.072 5.54+0.09¢
vl 98.2+0.01° -0.29+0.052 5.61+0.012
V42 98.3+0.09°® -0.31+0.03= 5.51+0.18%
V43 98.2+0.18" -0.22+0.07 5.92+0.01™
\%Z 98.1+0.19° -0.17£0.09- 5.97+0.20"
V45 98.1+0.11° -0.16+0.162 5.96+0.05!
p-value (V31-V45) 0.000 * 0.000* 0.000*
p-value (V1-V45) 0.000* 0.000* 0.000*

The data were obtained in triplicate and represent the arithmetic mean of the results, including the standard

deviation. The * highlights a statistically significant difference in the analyzed parameters, depending on the

applied treatments. The superscript letters highlight the homogeneous groups for each individual chromatic

parameter.

The color parameters indicated that the highest dose of SO2 (160 mg/L) and dimethyl dicarbonate
provided the white wines with stability and antioxidative protection. Similar results were confirmed

by Santos et al. [17] and Delfini et al. [52]. So, this treatment scheme is a good alternative for

producing quality wines. From Figure 2, SOz has a strong and statistically significant effect on

luminosity. These results suggest that higher levels of sulfur dioxide are associated with brighter

wine samples. This could be due to its antioxidative effects, which may impact the optical properties

of the wine.
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Figure 2. Standardize coefficients from linear regression model for luminosity (a), a* (b), and b* (c) parameters

(95% conf. interval).

Dimethyl dicarbonate, on the other hand, does not significantly influence luminosity, implying
its role in the wine samples is unrelated to this characteristic. The results from linear regression
suggest that higher levels of sulfur dioxide reduce the values of the red component of the CIELab
system. This could be due to its role in preventing oxidation. Dimethyl dicarbonate does not have a
significant influence on the red-green axis of wine color, indicating that its role does not affect this
specific color parameter.

3.3. Microbiological results

From a technological standpoint, the inactivation of microbes by treatments is a significant topic
for oenologists in wine production and has been the focus of various studies. This study utilized
Schizosaccharomyces pombe and Brettanomyces bruxellensis yeasts to demonstrate strain-specific
resistance based on the treatments administered to the wines. In the samples treated with 40 mg
SO:/L, both with and without dimethyl dicarbonate (samples V1-V15), Schizosaccharomyces pombe and
Brettanomyces bruxellensis were identified, irrespective of the dimethyl dicarbonate dosage applied.

In Figure 3 are presented some microscopic aspects and measurements of the studied yeasts.
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Figure 3. Aspects for Schizosaccharomyces pombe (a) and Brettanomyces bruxellensis (b).
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Bacterial species from the lactic acid bacteria group, exhibiting spherical (cocci) and cylindrical
(bacilli) morphological features, were identified. The wine displayed sediment at the bottle's base,
color alterations (oxidation), and noticeable CO: production due to pathogenic refermentation.

Yeast species introduced as inoculum were found in samples treated with 80 mg/L SOz, both
with 100 mg/L dimethyl dicarbonate and without it (samples V16-V30). The wine was transparent,
although the presence of CO: was apparent. This outcome can be associated with the inoculum of
Schizosaccharomyces and Brettanomyces yeasts, as the lower treatment levels are inadequate to
guarantee the wines' optimal shelf-life.

Conversely, in samples subjected to the maximum quantity of sulfur dioxide (160 mg/L) and any
of the two doses of dimethyl dicarbonate, no yeasts or other microbes were detected. The wine had
the characteristic hue of its originating types, manifesting as a transparent, straw-yellow liquid, with
no evidence of refermentation observed. This results from the synergistic interaction between sulfur
dioxide and dimethyl dicarbonate, validating their capacity to suppress microorganisms as indicated
by Ough [18] and Divol et al. [55]. In samples with 160 mg/L SOz and no DMDC, some colonies of
yeasts were identified in Petri plates. In this case, treatments with DMDC proved important to assure
microbiological stabilization even if sulphur dioxide was administered in high concentrations.

The data indicate that sulfur dioxide and dimethyl dicarbonate function synergistically and
merit additional research to enhance the microbiological and antioxidative stability of wines (Figure
4), corroborating results reported by Costa et al. [54].

Nonetheless, it was shown that samples exposed to the lowest quantities of SO2 (40 and 80 mg/L)
failed to provide enough protection, as indicated by sedimentation, turbidity, and refermentation. In
contrast, elevating the content of dimethyl dicarbonate enhanced the wine's color and clarity,
removing sediment and preventing refermentation. Comparable findings were also reported by
Costa et al. [54]. In his research, the optimal dose of dimethyl dicarbonate to prevent the growth of
500 CFU/ml inocula of Schizosaccharomyces pombe, Dekkera bruxellensis, Saccharomyces cerevisiae, and
Pichia guilliermondii was determined to be 100 mg/L without SO: treatment.
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Figure 4. Aspects of the efficiency of synergic treatments on analysed wines (a) (after 7 days of bottling); after 3
months of bottling c. after 6 months of bottling (b).

Dimethyl dicarbonate is an efficient antimicrobial against a broad spectrum of microorganisms,
particularly yeasts, although its efficacy is diminished against bacteria responsible for wine
contamination, as corroborated by Divol et al. [55] and Renouf et al. [56]. To enhance its efficacy and
reduce the necessity for elevated concentrations, the chemical is often utilized with other preservation
techniques, such as sulfur dioxide (SO2).

3.4. Volatile compounds

The main volatile compounds of interest for this study were acetaldehyde and methanol
represented in Figures 5 and 6.

Ethanal, or acetaldehyde, is a volatile carbonyl molecule that can be produced by wine oxidation
or yeast activity during biological processes [57]. Increased levels of ethanal are also correlated with
an increase in ethanol content, as observed in the case of samples V16-V30. Ethanol can be oxidized
by acetic acid bacteria and yeasts to produce acetaldehyde. It is thought to be a by-product of
alcoholic fermentation, even the amount produced by different yeasts species. Yeasts' production of
acetaldehyde can be affected by oxygen and SO2. According to Osborne et al. [58], it plays a big part
in the flavor, color, and stability of wine. In accordance with Griffith et al. [59], the substance is
unstable and can react with amino acids to form unwanted taste compounds. Smaller concentrations
of acetaldehyde can result in fruity or nutty flavors and herbaceous (green grass) notes in freshly
fermented wine [60]. However, excess acetaldehyde at concentrations above 125 mg/L causes
changes, irritation, and unpleasant smells in wines [61-64].
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Samples treated with 40 mg/L SOz and without dimethyl dicarbonate had acetaldehyde values
ranging from 4.58 mg/L (V4) to 6.6 mg/L (V13). When treated with 40 mg/L SO: and 100 mg/L
dimethyl dicarbonate, levels ranged from 4.37 mg/L (V2) to 12.27 mg/L (V14). Those preserved with
40 mg/L SO, and 200 mg/L dimethyl dicarbonate had values from 4.53 mg/L (V6) to 6.12 mg/L (V15).

Variants with 80 mg/L SOz and no dimethyl dicarbonate presented 18.49 mg/L (V25) - 27.44 mg/L
(V28) of acetaldehyde. When 100 mg/L of dimethyl dicarbonate were added, a range between 14.63
mg/L (V20) and 27.63 mg/L (V23) was observed. Samples treated with 200 mg/L dimethyl dicarbonate
presented 13.01 mg/L (V21) - 25.21 mg/L (V30) of acetaldehyde. Wines obtained after the addition of
160 mg/L SO2 showed 7.48 mg/L (V34) - 11.29 mg/L (V40) levels of the mentioned compound.

Wines treated with the same amount of SOz and also 100 mg/L dimethyl dicarbonate recorded
values ranging from 6.25 mg/L (V38) to 11.11 mg/L (V35) of ethanal. Those treated with the same
amount of SOz but with 200 mg/L dimethyl dicarbonate had values ranging from 7.18 mg/L (V44) to
13.23 mg/L (V45). The samples treated with different concentrations of SO, (40, 80, or 160 mg/L) with
or without dimethyl dicarbonate, showed the lowest acetaldehyde levels.


https://doi.org/10.20944/preprints202501.0046.v1

d0i:10.20944/preprints202501.0046.v1

o
N
o
N
=
5]
=}
=
]
&
©
gl
o]
g
(%]
o
o
(@)
=
w
>
L
o
@
LLl
Ll
o
T
o
Z
=
o
2
C
(2]
Z
=
o
o)
2
=
s
s
2
=
o
D
=
o
o
o

16 of 23

mg/L

30

25

20

15

10

5

0

SYA
VA
EVA
rA
I7A
0vA
6EA
8CA
LEA
9cA
GeA
VEA
€EA
[4 )\
TEA
0cA
6CA
8CA
LCA
9CA
GCA
VA
€CA
CCA
TCA
0cA
6TA
8IA
LIA
9IA
aIA
VIA
€IA
CIA
TIA
0TA
6A

8A

LA

9A

SA

VA

€A

A

TA

Figure 5. Acetaldehyde content in wine samples

mg/L

180
160
140
120
100

80
60

Figure 6. Methanol content in wine samplesSimilar results were found by our work team, in previous experiments [65,66]. This indicates that the treatments did not significantly impact the sensory

SYA
YA
EVA
[47)\
I7A
0vA
6EA
8CEA
LEA
9EA
GEA
YEA
€EA
CEA
LEA
0EA
6CA
8CA
LCA
9CA
GCA
VA
€CA
CCA
ICA
0CcA
6LA
8IA
LIA
9IA
SIA
VIA
€IA
CIA
ITIA
OTA
6A

8A

LA

9A

SA

VA

EA

A

1A

profiles of the wines.


https://doi.org/10.20944/preprints202501.0046.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 January 2025 d0i:10.20944/preprints202501.0046.v1

17 of 23

Methyl pectinesterases, which naturally occur in fruit, break down pectins to produce methanol
before and during alcoholic fermentation. Methanol production can increase during maceration,
especially in red wines compared to rosé or white wines. The International Organization of Vine and
Wine (OIV) sets strict limits on methanol levels in wines: < 400 mg/L for red wines and < 250 mg/L
for white or rosé wines [25]. The amounts of methanol in wine depend on several factors, such as
grape variety [6], grape health, fermentation temperature, maceration treatment and different
treatments applied in the winemaking process [67]. In the analyzed samples, increased methanol
content is attributed to the hydrolysis of dimethyl dicarbonate (DMDC) into methanol and carbon
dioxide results confirmed also by Ough et al. [18] and Stafford et al. [23].

Samples treated with 40 mg/L SOz and without dimethyl dicarbonate recorded the minimum
methanol content (52.11 mg/L) in V7, and a maximum value (76.97 mg/L) in V13. On the other hand,
samples treated with 100 mg/L dimethyl dicarbonate had the lowest value of 93.44 mg/L (V20) and
the highest value of 121.09 mg/L(V14). Those treated with 200 mg/L dimethyl dicarbonate presented
between 115.87 mg/L (V12) and 160.2 mg/L (V40) of methanol. For the treatment with 80 mg/L SO2
and without dimethyl dicarbonate, the samples contained from 51.07 mg/L (V25) to 64.52 mg/L (V28)
of methanol. The variants with the addition of 100 mg/L dimethyl dicarbonate contained values
between 92.43 mg/L (V20) and 102.02 mg/L (V23).

Wines treated with 40 mg/L SOz and 200 mg/L dimethyl dicarbonate had methanol content
ranging from 95.93 mg/L (V21) to 155.71 mg/L (V30). The administration of 160 mg/L SOz and 100
mg/L dimethyl dicarbonate produced 69.64 mg/L methanol (V44) and 100.95 mg/L (V41). In contrast,
adding 200 mg/L dimethyl dicarbonate led to an increase in methanol content from 119.75 mg/L (V36)
to 148.82 mg/L methanol (V39). This increasing trend in methanol concentrations due to the
hydrolysis of dimethyl dicarbonate into methanol and carbon dioxide is also confirmed by Santos et
al. [17] and Lisanti et al. [53]. However, the resulting concentrations are within the legislative limit
for white wines, which is 250 mg/L methanol [25]. Therefore, the analyzed samples are balanced and
not hazardous to consumer health. The additional methanol resulting from DMDC as a food additive
used within regulations does not represent a significantly higher risk than the hazard from the
methanol naturally produced and from its normal occurrence in foods [68,69].

To evaluate the impact of SO: and dimethyl dicarbonate doses, linear regression was applied
(Figure 7). The results highlighted that 82% of the variability of the methanol and only 1% of the
variability of the acetaldehyde (dependent variables) are explained by SO. and DMDC doses
(explanatory variables).

From Figure 7, due to the larger absolute values of standardized coefficients indicate a stronger
effect of DMDC dose on methanol concentrations (r=0,900). Acetaldehyde is not significantly affected
by these treatments. This figure displays the standardized coefficient from a linear regression model
predicting methanol and acetaldehyde concentrations in the analysed wines. The coefficient indicates
the change in these compound levels (in standard deviations) for a one standard deviation change in
each predictor variable (502 and dimethyl dicarbonate doses, and their interaction). Larger absolute
values represent stronger effects, with positive coefficient indicating a direct relationship and
negative coefficient indicating an inverse relationship. As shown in Figure 7a, dimethyl dicarbonate
is a key variable that significantly influences the increasing concentration of the dependent variable
(methanol). SO; has little to no effect, and its contribution may not be statistically meaningful. On the
other hand, SOz levels manifest important impact on acetaldehyde formation (Figure 7b).
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Figure 7. Standardize coefficients from linear regression model for methanol (a) and acetaldehyde (b)

concentration (95% conf. interval).

3.5. Sensory analyses

Wine's character is primarily determined by its acidity, bitterness, or sweetness. These qualities
are produced by non-volatile substances that dissolve in water or an alcohol blend. Wines treated
with the lowest amount of SOz (40 mg/L) with or without dimethyl dicarbonate, exhibited the most
pronounced oxidative-related flavors such as over-ripe fruits, cooked fruits, jam, with the highest
values of oxidation and refermentation parameters. The heatmap presented in the Figure 8 illustrates
the existing relationship between the various wine samples and the analyzed sensory descriptors,
following a gradient color scheme. Wines within the same cluster manifest similar patterns of sensory
attributes, highlighting how different treatments influence the wine styles. A higher intensity is
observed for the descriptors (eg. D6-grapefruit, D10-wild flowers) compared to the others. This
suggests that these characteristics are representative of the majority of samples analyzed. Descriptors
such as refermentation (D20), and oxidation (D21) show low values in most samples, indicating that
these characteristics are either rare or undesirable in this type of wine.

The high intensity of descriptors D20 (refermentation) and D21 (oxidation) in a few samples (eg.
wines 41-45) could indicate microbiological stability issues in the production or storage process. The
main characteristic that distinguishes Schizosaccharomyces pombe from other fermentative yeasts is its
ability to metabolize malic acid into ethanol and CO, explaining the occurrence of refermentation in
samples with this type of yeast, a result also confirmed by other authors [17], or by international
reglementations in force [27].

As the treatment concentrations increased to 80 mg/L SO: and dimethyl dicarbonate the
resulting wines were more balanced, with reduced oxidation and refermentation faults due to the
stabilization action of the doses administered. The floral and fruity notes (tropical fruits, ripe fruits,
honey and wildflowers) of the dimethyl dicarbonate - treated samples were more expressive
compared to the SO:- only treated variants. The samples treated with the highest amount of SO2 (160
mg/L) and dimethyl dicarbonate were characterized by a 'clean’, elegant, balanced profile with good
stability [52] confirm that dimethyl dicarbonate can partially replace SO:2 and is an effective
conservation method against pathogenic microorganisms that are responsible for undesirable flavors
in wines. Threlfall et al. [14] also confirmed that using dimethyl dicarbonate prevents the action of
microorganisms and unpleasant odors or flavors in wine, especially when using the maximum dose
of 200 mg/L, authorized by the International Wine and Vine Organization, a result also confirmed in
this study. The results demonstrate dimethyl dicarbonate potential to improve and preserve wine
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quality, inhibit the growth of pathogenic microorganisms, and maintain the wine’s aroma profile, as
was also demonstrated by Lisanti et al. [53].
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Figure 8. Heatmap of experimental samples. 1-45 wine samples, D1-grassy, D2—over-ripe fruits, D3—cooked
fruits, D4-plums, D5-cooked apple core, D6—grapefruit, D7-green fruits, D8-green apple, D9-honey/comb,
D10-wild flowers, D11-acid, D12-salted, D13-bitter, D14-sweet, D15-onctuos, D16—phenolic, D17-vegetal,
D18—crisp, D19—jam, D20-refermentation, D21-oxidation. Green indicates lower values of the descriptors, red

represents higher values, while white and lighter tones signify intermediate values.

4. Conclusions

In wine samples where sulphur dioxide was added without any synergistic action of the
dimethyl dicarbonate treatment, Schizosaccharomyces pombe and Brettanomyces bruxellensis yeasts led
to instability in the chemical, microbiological and sensory aspects of the wine. Thus, optimal results
were evident following treatments with DMDC and sulfur dioxide at doses higher than 40 mg/L. The
concerted activity between sulfur dioxide and dimethyl dicarbonate on the sensory profile
contributes to the maintenance of sensory descriptors specific to the grape varieties used, such as
balanced, correct and elegant aromas. By quantification of methanol and acetaldehyde, it can be
observed that wine samples obtained through the use of DMDC are adequate for consumption. This
study provides a method for the optimization of technologies to produce quality demi-sweet and
sweet wines by using different doses of DMDC. The results indicate that the synergistic action of
sulfur dioxide and dimethyl dicarbonate significantly improves both microbiological and oxidative
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stability of wine, warranting further investigation as optimal oenological techniques for winemaking.
The applied methods will contribute to the development of preventive strategies against problematic
yeasts in winemaking.
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