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ARTICLE INFO ABSTRACT

Keywords: The widespread use of copper-based pesticides in winemaking can affect wine fermentation.
Cu detoxification system Therefore, it is crucial to assess the resistance levels of Saccharomyces cerevisiae wine strains in
Grape pomace enological growth conditions. In the context of winemaking, grape juice is a complex environ-
Wine L ment capable of chelating copper and is characterized by a distinctly acidic pH. In this work, the
Metallothionein

effects of copper concentration on the growth of 10 S. cerevisiae strains, isolated from an
enological environment, and one commercial starter were tested in YNB minimal medium and
synthetic must, mimicking enological conditions.

In minimal medium, resistance to copper varied among yeasts (50-600 pM), revealing the
presence of three resistance levels (high, intermediate, and low). Representative strains of the
three groups were tested at a pH range from 5.2 to 3.0 at the copper concentration that showed a
20-25 % growth reduction. At pH range 5.2-4.5, a growth reduction was observed, while,
conversely, a strain-specific recovery was observed at pH range 3.2-3.0.

In synthetic must, the strains showed higher copper resistance levels than in minimal medium
(50-4000 pM). In both synthetic must and minimal medium, a significant logarithmic correlation
was found between copper resistance and CUP1 gene copy number. The copy number tended to
better explain resistance in minimal medium compared to synthetic must. The results shed light
on the role of CUP1 copy number within an enological environment.

Real-time PCR

1. Introduction

Copper (Cu) is an essential micronutrient for prokaryotes and eukaryotes [1]. In trace amounts, it acts as a cofactor for many
chemical reactions involved in the mitochondrial electron transport chain, iron homeostasis, oxidative stress protection, peptide
hormone processes, pigmentation, and normal cell growth. Copper can also bind proteins, stabilizing their conformations [2].
However, Cu participates in redox reactions generating free radicals, which cause damage to lipids, proteins and DNA [3]. High levels
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of Cu ions may also disrupt the normal conformations and functions of proteins.

In viticulture, the excessive use of copper —based herbicides, bactericides, and fungicides often exceeds the threshold limit of
ecotoxicity (toxic effect against macro-, meso-, micro-fauna, and microorganisms) for this metal in the soils [4]. The control of downy
mildew (Plasmopara viticola) and gray mold (Botrytis cinerea) is commonly achieved using copper-containing fungal pesticides (Cu
oxychloride) [5,6]. Recently, the use of this heavy metal has increased due to the rise of organic and integrated grapevine cultivation
practices, where Cu-based formulations are the main treatments [7]. The adverse impact of Cu has also been noted in winemaking,
where excessive Cu residues in grape juices may cause lagging fermentation and detrimentally affect wine quality [8]. The maximum
Cu contamination measured in European vineyard soils ranged from 435 to 1500 mg/kg, with the highest level reported in France [9,
10]. In Italy, total Cu accumulated in vineyard soils ranged from 9 to 945 mg/kg [11]. In grape, Cu concentrations ranged from 0.136
to 25.2 mg/kg, while in wine the range is 0.0005-1.010 mg/kg [12]. Cu concentration in wine generally decreased compared to that in
the grape. Cu is reduced, forming insoluble sulphides, or adsorbed by yeast cells. In both cases, it is removed at the end of the process
together with yeast lees [13]. The generally recommended “safe” total Cu concentration in wine, after fermentation, is between 0.3 and
0.5 mg/kg [14].

Copper homeostasis has been extensively studied in Saccharomyces cerevisiae [15-17]. This yeast species exhibits significant
variability in Cu resistance, and the acquisition of this trait seems to be the result of environmental adaptation [18-20]. Several Cu
uptake, efflux and chelation strategies have been developed by yeasts to control Cu ion homeostasis [21]. Regarding toxicity,
Cu-sensitive strains do not change the metal concentration in wine, whereas resistant strains sensibly reduce this element by accu-
mulating Cu inside the cell [22].

S. cerevisiae contains two metallothioneins, Cuplp and Crs5p. Their inactivation leads to copper sensitivity, while their over-
expression confers resistance [23]. In particular, Cuplp seems to play a dominant role in neutralizing excess intracellular Cu. Copy
number variation of the CUPI gene is commonly observed in S. cerevisiae, and several studies have suggested a positive correlation
between high copper tolerance and an increased copy number of the CUPI gene as an adaptation strategy to deal with increasing
environmental copper [24-26]. In fact, prolonged growth in the presence of high amounts of Cu leads to CUP1 gene amplification, with
a remarkable increase in resistance in multicopy strains [27].

Commonly, to assess the copper tolerance of yeast strains, tests have been conducted using standard growth media (YNB minimal
medium). Few studies have evaluated copper resistance in enological conditions, where grape juice components can have an effect in
modulating strain resistance, and the role of the CUP1 gene copy number is still underexplored.

In this study, the copper tolerance of ten S. cerevisiae enological strains and a commercial reference strain was evaluated using
microplate assays in minimal medium and synthetic must. To evaluate S. cerevisiae strains associated to a specific environment, eight
enological strains isolated from fermenting grape juice and the related pomace, obtained from the same grape bunches, were chosen.
Generally grape pomace contains high amounts of copper, and strains isolated from this matrix may have increased resistance to
copper [12,28]. Moreover, two strains isolated from the vineyard, whose copper tolerance and CUPI gene copy number are known,
were added to the analysis. The effect of pH variation on copper resistance was also considered. Real-time PCR allowed to determine
the copy number of the CUP1 gene and its association with copper resistance.

2. Materials and methods
2.1. Yeast strains

A total of 11 S. cerevisiae strains were used in this study (Table 1). Eight strains were obtained from fermenting juice and their grape
pomace [29]. Among them, three were isolated from the Tocai friulano and five from the Glera variety of Vitis vinifera in the North-East
of Italy. Strain P283 and R008, isolated from vineyards in the Conegliano-Valdobbiadene Prosecco superior and Piave Appellation of
Origin winemaking regions, respectively [30,31], have been used as controls. The commercial wine yeast EC1118 was used as
reference (Lallemand Inc., Montreal, Canada).

Table 1

S. cerevisiae strains used in this work.
Strain Origin Reference
GA Glera juice [29]
GB Glera juice [29]
GC Glera pomace [29]
GF Glera juice [29]
GH Glera pomace [29]
TA Tocai friulano juice [29]
TB Tocai friulano pomace [29]
TD Tocai friulano pomace [29]
P283 Vineyard strain [30]
RO08 Vineyard strain [30]
EC1118 Industrial wine strain Lallemand Inc.
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2.2. Determination of copper content

Copper concentration in juice (10 mL) and grape pomace samples (50 g) was determined by inductively coupled plasma optical
emission spectrometer (ICP-OES) as described by Lante and colleagues [32]. A SPECTRO CIROS®“PICP (SPECTRO Analytical In-
struments, Kleve, Germany) with axial plasma viewing was used. Grape pomace samples were previously dried and subjected to
mineralization using sulfuric acid (Kjeldahl Method, AOAC). Calibration samples were prepared from a 1 g/L copper standard solution
(Spectrascan-Teknolab A/S, Norway) diluted to concentrations ranging from 0.002 to 5 mg/L. Three independent measurements were
performed for each sample.

2.3. Microtiter assays

A loopful of a 2-days-old culture from a YPD agar plate (yeast extract 10 g/L, peptone 10 g/L, dextrose 20 g/L) was used to inoculate
5 mL of YPD broth. A stationary phase culture with approximately 107-10% cells/mL, measured by spectrophotometry, was obtained
after 24 h of incubation at 30 °C. Fifty pL of the yeast culture were resuspended in 5 mL of YPD broth for 4 h to obtain an exponential
phase culture. Ten pL of yeast culture (in order to obtain a starting OD of 0.1) were inoculated into 96-wells microplates (Greiner Bio-
One, Germany) filled with 300 pL of broth medium.

Growth at different Cu concentrations was performed in minimal medium, Yeast Nitrogen Base (YNB) (w/0 aa 1.7 g/L, ammonium
sulfate 5 g/L, dextrose 20 g/L, pH 5.2), supplemented with 50-1500 uM of CuSO4 and in synthetic must [33] at pH 3.0 supplemented
with 50-9000 pM of CuSOg4.

Growth at different pH was performed in YNB medium (pH 5.2) and in modified YNB at different pH values (4.5; 4.2; 3.8; 3.2 and
3.0). A1 M HCI solution was used to modify the pH values.

The cell turbidity (ODgoo nm) was monitored every 3 h using Spectra Fluor microtiter plate reader (Tecan, Mannedorf, Switzerland)
incubated at 30 °C for up to 45-60 h. Before each measurement, a 60-s shake was performed for cell resuspension. Growth curves were
performed in triplicate.

2.4. Real-time PCR quantification of CUP1 gene copy number

Genomic DNA extraction was performed as described by Bovo and colleagues [34]. Real-Time PCR for the quantification of CUP1
copy numbers was performed on a CFX96 cycler — Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA) as
described by Crosato and colleagues [24]. PCR primer pairs CUP1 and FBA1 were used. The amplification conditions were as follows:
initial denaturation of DNA at 98 °C for 2 min, followed by 40 cycles of denaturation at 98 °C for 5 s, and annealing of primers at 58 °C
for 40 s. All samples were analyzed in triplicate.

2.5. Data analysis

For each condition, from cell turbidity (ODggo) values the growth curve was obtained by averaging the data from three independent
replicates. For each growth curve replica, the area under the curve (AUC) was estimated with trapezoidal rule. Subsequently, to permit
comparisons between different strains, the AUC of the various curves was normalized on the AUC of the control condition curve, by
division. In the copper trials, for the calculation of the “normalized AUC this condition corresponded to the curve at 0 pM of Cu. In the
pH trials in presence of copper, for the calculation of the “normalized AUC this condition corresponded to the curve at the pH of
standard YNB medium (5.2).

Furthermore, for each strain, the area under the curve determined by the values of normalized AUC across varying Cu or pH levels
was computed. This was considered as an indicator of copper resistance (termed as ‘normalized copper resistance’) and pH resistance
in presence of copper (referred to as ‘normalized pH-copper resistance’).

Data visualization, ANOVA, linear regressions and generalized linear models were performed using Python libraries matplotlib
3.8.0 [35] and statsmodels 0.14.1 [36].

3. Results and discussion
3.1. Copper resistance in minimal medium

In this study, a total of 10 S. cerevisiae strains collected from Italian winemaking regions [29,30], plus a commercial control strain,
were considered (Table 1). To evaluate S. cerevisiae strains associated to a specific environment, eight strains were isolated from
fermenting white grapes and their grape pomace after pressing. These strains, belonging to the same environment, shared the same
origin, although, as Cu concentration is generally higher in grape pomace, this matrix should select the more resistant strains. The
strains variability was analyzed in a previous work [29] starting from a very high number of isolates (198 colonies isolated from Tocai
juice and grape pomace, and 188 collected from Glera variety). The analysis of mitochondrial DNA allowed for the identification of a
total of 32 profiles (24 for Glera and 8 for Tocai), suggesting that genetic variability was not very high. The strains selected for this
work were the most abundant during the isolation process, with frequencies always higher than 20 % in the yeast population [29].

The Cu concentrations in grape juice and pomace measured at the beginning of the fermentation period were not significantly
different in Glera (3.29 + 0.09 mg/kg and 3.60 + 0.50 mg/kg, respectively), whereas in Tocai friulano the concentration was
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significantly higher in grape pomace (4.48 + 0.43 mg/kg) compared to juice (2.73 + 0.05 mg/kg). These concentrations were in line
with those found in literature [12]. It is common to find higher levels of Cu in grape pomace compared to juice due to the specific
physical-chemical characteristics of the skin, which vary by grape variety, technological treatments or atmospheric conditions [28].

The strains P283 and R008, isolated from vineyards of Italian winemaking regions, were used as reference strains since their
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Fig. 1. a) Growth of S. cerevisiae strains under different copper doses in minimal medium. Data shows the average of triplicates growth curves +
standard error (shaded area around the curve). b) Normalized area under the growth curve (AUC) trend of S. cerevisiae strains over increasing copper
concentration, in minimal medium. Each strain’s trend is indicated with a different color, as shown by the legend in the figure. Average value points
are plotted with standard error bars.
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genomes have been fully sequenced [30,31]. The well-studied industrial strain EC1118 was used as a control strain.

To assess copper resistance, strain growth in minimal medium (YNB) was evaluated at different Cu concentrations ranging from 0 to
1500 pM. This range was determined based on trials reported by Crosato and colleagues [37], along with preliminary trials carried out
with the laboratory strain S288c, that has been investigated to understand the mechanism of Cu toxicity [38], and strain EC1118 (data
not shown).

The growth kinetics of the strains are reported in Fig. 1 a. When grown without Cu addition, the strains showed similar kinetics with
ODgoo maximum values between 1.50 and 1.68. None of the strains could grow at Cu concentrations higher than 1000 pM. At in-
termediate Cu concentrations, growth kinetics varied among strains. Previous work analyzing Cu resistance of strains isolated form the
same winemaking region (North-East of Italy) evidenced that, in YNB minimal medium with 1000 pM CuSO4 concentration, 88 out of
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Fig. 2. a) Growth of S. cerevisiae strains in minimal medium at different pH values at the copper concentration that inhibits growth by 20-25 %
(600 uM for RO08, 200 pM for GF, 50 pM for P283). Data shows the average of triplicates growth curves + standard error (shaded area around the
curve). b) Normalized area under the growth curve (AUC) trend over decreasing pH, at the copper concentration that inhibits growth by 20-25 %, in
minimal medium. Each strain’s trend is indicated with a different color, as shown by the legend in the figure. Average value points are plotted with
standard error bars.
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190 (46 %) strains showed growth comparable to control condition (no Cu addition) [24]. At the same tested condition (YNB with
1000 pM CuSOy), in a group of 63 isolates from a Brazilian winemaking region, 96 % of strains were able to grow [37].
Therefore, it can be speculated that the resistance percentage of strains seems to be related to the winemaking isolation area.
To better evaluate differences between strains, the normalized AUC (NAUC) was computed for each growth curve at increasing
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Fig. 3. a) Growth of S. cerevisiae strains under different copper doses in synthetic must. Data shows the average of triplicates growth curves +
standard error (shaded area around the curve). b) Normalized area under the growth curve (AUC) trend over increasing copper concentration in
synthetic must. Each strain’s trend is indicated with a different color, as shown by the legend in the figure. Average value points are plotted with
standard error bars.
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copper concentrations. This was done by calculating the ratio between the AUC of a given curve and the AUC of the growth curve in
absence of copper (Fig. 1 b).

Strains GA, GH, TB and R008 showed good growth at Cu concentrations in the range 500-800 pM, making them the most resistant.
In this group, excluding the reference strain R008, two out of three were isolated from grape pomace (GH, TB). Strains GB, GF, TD and
EC1118 were well adapted at intermediate concentrations (200-400 pM), while the growth of GC, TA and P283 were strongly affected
at 100-200 pM.

3.2. Growth at different pH values in presence of copper

In winemaking, grape juice typically has an acidic pH ranging between 2.75 and 4.25 [39]. Therefore, evaluating the effect of pH on
yeast copper toxicity is crucial. Acidity influences Cu oxidation state, as well. Copper exists in two oxidation states: Cu(I)/Cu" (cuprous
ion) and Cu(II)/Cu*t™ (cupric ion). At low pH levels (typically below pH 6), the cupric form (Cu™™) is more prevalent and is the most
toxic. At neutral pH, both Cu™ and Cu"™ can exist, with the dominant form depending on other factors such as the presence of ligands.
In alkaline conditions, Cu often exists more as Cu™ (cuprous) and, in the form of Cu hydroxide, tends to precipitate (typically at pH
6.5-12) or complex with common anions including SO3~, OH™, PO3~, HCO3, NO3, and CO3~ [40]. Therefore, at the same Cu con-
centration, alkaline conditions are associated to low toxicity levels.

The effect of pH variation was tested in the presence of Cu in an acidic environment. Given the variability in copper resistance
among the strains, three strains were chosen to evaluate the effect of pH, each representing one of the three levels of copper resistance
(high, intermediate, and low). Each strain was grown at the copper concentration that resulted in a comparable reduction of NAUC
with respect to the other two (Fig. 1 b). The chosen strains were R008 (resistant), GF (intermediate), and P283 (sensitive). At copper
concentrations of 600 pM (R008), 200 pM (GF), and 50 pM (P283) 20-25 % reduction in NAUC values was obtained. The chosen
limited percentage, compared to larger reductions, allows for the observation of further growth decrease due to pH levels.

Each strain was grown in minimal medium at different pH levels. The pH range (from 5.2 to 3.0) was chosen to include the value
typical of grape juice. To evaluate if pH variations themselves influenced yeast growth, the same pH range was tested without Cu
addition (Supplementary Fig. 1). No notable variations in growth kinetics were observed.

In the presence of Cu, the tested pH range had different effects on growth (Fig. 2 a). Strain P283 showed the highest growth kinetics
variation, whereas RO08 showed the lowest. Intermediate variations were found in GF. Considering the NAUC calculated at different
pH values, with respect to the original minimal medium pH 5.2 (Fig. 2 b), all strains showed a decrease when transitioning from pH 5.2
to pH 4.5.

Beyond pH 4.5, NAUC values of strain RO08 progressively increased, reaching a maximum at pH 3.0. Similarly, strain GF NAUC
values increased up to pH 3.8, and this value was confirmed at pH 3.0. For strain P283, the increase in NAUC values occurred only
when the pH was below 3.8.

A semi-quantitative pH measurement, using litmus paper, was conducted after 60 h of growth (end of the trial). For all tested
strains, under all conditions, the pH value ranged between 2.5 and 3.0, indicating that yeast strains acidify the medium during the
growth.

Wang and colleagues [41] reported that for Cu, Cd and Zn, the biosorption capacity of S. cerevisiae at pH 4.5 is higher than that at
pH 2.5 and pH 3.5. They suggested that electrostatic attraction to negatively charged functional groups present on the cell surface is the
first step for heavy metal to interact with yeast cells. At pH 4.5, the most important group capable of binding Cu is phosphate, that is
largely present in the plasma membrane as a component of yeast phospholipids. Therefore, the toxicity level is higher at pH 4.5 than at
lower tested pH values. This could explain the obtained results, namely a common reduction in growth observed in all tested yeasts
when the pH was lowered from 5.2 to 4.5, and the variable growth trends at pH below 4.5. Additionally, Wang asserted that another
key active molecular group is the carboxyl, which is found in organic acids and functions to chelate Cu ions. At low pH, S. cerevisiae
cells display an adaptive stress response, which involves both the activation of the plasma membrane H1-ATPase, regulating intra-
cellular pH and homeostasis, and the induction of Pdr12, a plasma membrane carboxylate efflux pump [42]. Therefore, the different
strain trends reported at pH values above 4.5 down to 3.0 could be attributed to differences in acidification abilities among the strains.

3.3. Copper resistance in synthetic must

The effect of the Cu concentration on the growth of S. cerevisiae strains was evaluated in synthetic must. Generally, the strains
showed higher copper resistance levels compared to minimal medium (Fig. 3 a).

In fact, the range of Cu concentrations tested was between 0 and 9000 pM. This range is definitely wider than that reported in the
literature for natural must, ranging from 2 to 370 uM [12].

When strains were grown without Cu addition, similar kinetics were observed for all strains except GA. The ODggp maximum value
was above 1.6 for most strains, whereas strain GA only reached 1.2. No strains were able to grow at Cu concentrations higher than
7000 pM. The higher levels of strain resistance indicated the presence of a greater quantity of chelating agents in the synthetic must
than in minimal medium. Synthetic must is composed of free amino acids and peptides, that are known to chelate Cu [43], and 3 g/L of
tartaric acid, another copper chelating molecule [12,44]. Although the most resistant strain in synthetic must was GH (while in
minimal medium it was R008), the differences in resistance levels between strains remained generally consistent (Fig. 3 b).

The most resistant strains were GH, R0O08, GA and TB as they were able to grow in Cu concentrations ranging from 2000 to 5000
uM. Strains GB, GF and TD were well adapted at intermediate concentrations (500-1500 pM), while the growth of GC, EC1118, TA and
P283 was strongly influenced above 500 pM. Considering Cu concentrations generally present in natural must (2-370 pM), all the
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strains would not be influenced by the lowest level, while the highest concentration would affect the low resistant group, totally
inhibiting the growth of strain P283 (NAUC 0.01) and strongly influencing the growth of TA and GC (NAUC 0.20 and 0.34,
respectively).

To compare resistance levels between minimal medium and synthetic must, the normalized copper resistance (NCR) value was
calculated for each strain under each condition (Fig. 4), as the area under the NAUC curves reported in Figs. 1 b and Fig. 3 b.

All tested strains deviated from the identity line (represented by the dashed line) except for P283, the least resistant among the
strains. This indicates that only P283 exhibited the same levels of copper resistance in both minimal medium and synthetic must.

A significant relationship (R = 0.753, p < 0.001) was observed between the values of NCR in minimal medium and synthetic must.
This confirms that strains more resistant in minimal medium also exhibited high resistance in synthetic must. The distribution of
strains revealed the presence of the same three groups (high, intermediate, and low resistance) as highlighted in previous analyses. In
the high resistance group (GH, R008, TB, and GA), RO08 revealed to be more resistant than GH in minimal medium compared to
synthetic must. Among the intermediate strains (GF, TD, EC1118, and GB), resistance levels were very similar in minimal medium, but
showed notable differences in synthetic must. Specifically, EC1118 was more resistant than GB in minimal medium compared to
synthetic must.

3.4. Determination of CUP1 gene copy number

To identify a relationship between the resistance levels of the strains and the CUP1 gene copy number, a specific Real-time PCR
protocol has been applied [24]. For relative quantification, the reference gene FBA1, encoding an isoform of the enzyme fructose 1,
6-bisphosphate aldolase involved in glycolysis, conserved in all S. cerevisiae strains and present in single copy in the sequenced
strains, was chosen [45].

P283 was considered the reference strain, since genomic sequencing data showed that this strain carried a single copy of the CUP1
gene in its haploid genome [30]. Except for P283, all strains had more than 2 copies of the CUP1 gene (Table 2).

Strain RO08 had the highest copy number as confirmed by genome sequencing [30]. Strains GH and TA had 13.8 and 3.5 copy
number, respectively, whereas the other strains had between 4 and 6 copies, with no significant differences. It was not possible to
determine the CUP1 gene copy number for strain GA. This could be due either to the absence of the CUP1 gene or, more likely, to a
polymorphism in the primer binding region of the CUP1 sequence. Consequently, GA was excluded from subsequent analyses
correlating CUP1 with growth values in the presence of Cu.

To evaluate the effect of the CUP1 gene on strain growth in minimal medium in the presence of Cu, the NCR value was compared
with the respective CUP1 copy number for each strain (Fig. 5 a): a positive logarithmic relationship (pseudo-R? = 0.995, p < 0.001) was
found.

Considering strains positioned at the initial part of the curve, a slight increase in copy number significantly enhanced the NCR
value. For strains with high copy numbers, further increases in the number of copies had a limited influence on NCR value. Within the
group with the same copy number (GC, GB, EC1118, GF, TD, and TB), variable NCR values were observed, particularly for TB, which
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Table 2

Relative CUP1 gene copy number of S. cerevisiae strains.
Different letters indicate statistically significant differ-
ences between strains (ANOVA, p < 0.05).

Strain CUP1 copy number
P283 2.0f
R008 29.4°
GB 414
GC 4,24
GF 5.4
GH 13.8°
TA 3.5¢
TB 4.2¢
D 5.0%
EC1118 5.6

was isolated from grape pomace with high copper content. This demonstrated that there must be other mechanisms involved in
resistance, as reported by Crosato and colleagues [24]. The tolerance of yeast to copper can be modulated by reducing Cu uptake
through cell surface adsorption [46] and activating the oxidative stress response. The latter leads to the induction of superoxide
dismutase SOD1 [47] and the inactivation of genes such as CTR1, FRE1, and FRE7, responsible for Cu reduction (from Cu*™" to Cu™) and
import (in the Cu™ form) [48]. Moreover, the Cu homeostasis pathway, leading to copper sulfide generation and CuS biomineralization
on the cell surface, can participate preventing copper-induced toxicity [49].

The three strains tested at different pH values in YNB minimal medium showed different CUPI copy number (R008 29.4, GF 5.4 and
P283 2.0). Considering NAUC values at different pH, results indicated that the higher the CUP1 copy number the higher the NAUC
values. Although the number of strains tested in this condition is limited, the growth trend at different pH indicate that the CUP1 copy
number influenced the strain’s ability to grow at acidic pH. In fact, at pH lower than 5.2 (control condition) the same amount of copper
determined a higher toxicity. Therefore, a higher CUP1 copy number ensure an increased copper resistance.

To evaluate the effect of the CUP1 gene on strain growth in synthetic must in the presence of Cu, the NCR value was compared with
the respective CUP1 copy number for each strain (Fig. 5 b): a positive logarithmic relationship (pseudo-R? = 0.713, p < 0.001) was
found, as well.

Indeed, once again, strains with high copy numbers were the most resistant. These results were expected since a linear and sig-
nificant correlation between NCR in minimal medium and synthetic must was found. However, evaluating the most resistant strains
(RO08 and GH), the CUP1 copy number affected copper resistance differently in synthetic must compared to minimal medium. In fact,
GH, with a significantly lower copy number than R008, was more resistant in synthetic must. Within the group with the same copy
number (GC, GB, EC1118, GF, TD, and TB), strains arrangement differed between synthetic must and minimal medium. This means
that the composition of the must in the presence of Cu had a different impact on the growth of these strains with respect to the minimal
medium. TB exhibited higher resistance even in synthetic must despite its low CUP1 copy number. Overall, the copy number tends to
better explain resistance in minimal medium compared to synthetic must, where strain resistance was generally higher.

4. Conclusions

In this work, strains isolated from fermenting grape juice and the related grape pomace, obtained from two different varieties, were
investigated to evaluate Cu resistance relative to CUP1 gene copy number. Although only Tocai variety grape pomace had a signifi-
cantly higher Cu concentration than juice, two out of the three most resistant strains were isolated form grape pomace, one from Glera
and one from Tocai. These findings did not support the use of grape pomace as an isolation source of copper resistant strains interesting
for winemaking.

In minimal medium, strains showed different levels of resistance that positively correlated, following a logarithmic trend, with the
number of CUP1 gene copies. Hence, a higher number of copies resulted in a less pronounced increase in resistance levels. In synthetic
must, except for strain P283, yeasts showed significantly higher resistance levels. Experiments in minimal medium at different pH
values demonstrated that in the pH range 3.2 to 3.0 copper resistance increased. These findings contribute to explaining the high
resistance levels observed in synthetic must and suggests that in a more complex environment, such as natural grape must, resistance
levels will be even higher.

In synthetic must, a similar correlation between CUPI copy number and resistance levels was observed with respect to minimal
medium, although the correlation of CUP1 copy number with strains resistance is stronger in minimal medium than in a complex
environment like synthetic must. Therefore, screening for CUP1 copy number could be introduced as a method for evaluating copper
resistance in strain selection for winemaking. Further studies are necessary to understand the other mechanisms influencing copper
resistance in the grape juice environment and their relationship with the copper detoxification system.
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