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ARTICLE INFO ABSTRACT

Keywords: In this study we evaluate the effectiveness of combining protease treatment with heat treatment as an alternative
White wine method to bentonite fining for achieving protein stability in white wines. Our results demonstrate that protease
Proteins treatment can achieve complete protein stability or, at least, substantially reduce the amount of bentonite needed
E::::;Ziiaze in highly unstable varieties such as Muscat of Alexandria. This reduction or even elimination of the amount of
Proteases bentonite required mitigates its adverse effects. In addition to its role in achieving protein stability, protease

treatment significantly enhances both the foamability (HM) and foam stability (HS) of wines. Notably, these
improvements persist even when protease treatment is followed by bentonite fining. These enhancements offer a
considerable advantage in the production of sparkling wines, especially in regions or with grape varieties that
inherently produce base wines with limited foaming potential. Protease treatment could therefore play a valu-
able role in optimising the sensory and textural qualities of sparkling wines, thereby expanding production
possibilities particularly in regions or with grape varieties that typically yield base wines with limited foaming

Foaming properties

capacity.

1. Introduction

Although wine proteins are generally found in very low concentra-
tions, their study is of great interest for oenological science for several
reasons. Unstable proteins may aggregate into light-scattering particles,
resulting in wine turbidity and, in some cases, visible precipitation
phenomena collectively known as protein haze (Esteruelas et al., 2009a;
Van Sluyter et al., 2015; Waters et al., 1991). The main proteins
responsible for protein haze formation are thaumatin-like proteins and
chitinases, which belong to the group of pathogenesis-related proteins
derived from grapes (Marangon et al., 2011; Waters et al., 1996). In
addition, proteins such as p-glucanase, grape ripening-related proteins
such as GRIP22 and GRIP32, invertase, and lipid transfer proteins are
recognised as minor contributors to haze formation (Esteruelas et al.,
2009a; Falconer et al., 2010; Sauvage et al., 2010).

The appearance of haze in a bottle of wine can seriously harm both
the image of the wine and its acceptance by consumers (Carrasco &
Siebert, 1999; Siebert, 2009). Winemakers therefore apply treatments to
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prevent protein haze formation (Cosme et al., 2020; Waters et al., 2005).
However, treatments applied to prevent this problem (mainly bentonite
fining) can seriously affect wine quality (Moine-Ledoux & Dubourdieu,
1999; Pocock et al., 2011; Ubeda et al., 2021). For example, some au-
thors have reported that treatment with very high levels of bentonite can
negatively affect both wine aroma (Lambri et al., 2010; Lubbers et al.,
1996; Vincenzi et al., 2015) and mouthfeel (Guillou et al., 1998; He
et al., 2020; Ribeiro et al., 2014). Using bentonite can also lead to vol-
ume loss and waste generation in the wine due to its swelling and
settling properties (Horvat, Radeka, Plavsa, & Lukic, 2019). Other au-
thors have also found a close relationship between protein concentration
and foam quality in sparkling wines (Brissonet & Maujean, 1993;
Medina-Trujillo et al., 2017; Vanrell et al., 2007). Proteins act as sur-
factant substances, which enhance foam stability and appear to
contribute to film elasticity and film strength (Aguié-Béghin et al., 2009;
Malvy et al., 1994; Senée et al., 1999). For this reason, bentonite
treatment negatively impacts the foaming properties of sparkling wines
(Andrés-Lacueva et al., 1996; Puig-Deu et al., 1999). Winemakers,
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especially those who produce sparkling wines, are therefore greatly
interested in alternative methods to bentonite for achieving protein
stabilisation in white wine.

In recent years various alternative methods to bentonite treatment
for achieving protein stabilisation in white wines have been investigated
(Silva-Barbieri et al., 2022). These methods have been designed to
minimise or prevent the undesirable impacts of bentonite, such as aroma
loss and foam stability reduction in sparkling wines.

The most promising methods for stabilising wines against protein
haze are ultrafiltration (Hsu et al., 1987), flash pasteurisation (Pocock
et al., 2003), use of zirconium (Salazar et al., 2010), treatment with heat
and proteases (Marangon et al., 2012), high hydrostatic pressure
(Tabilo-Munizaga et al., 2014), use of zeolites (Mierczynska-Vasilev
et al., 2019), treatment with high-power ultrasound (Celotti et al.,
2021), and treatment with functionalised mesoporous silica (Marangon
et al., 2023). Although all these approaches have shown potential in
reducing or eliminating protein instability in wine, they vary signifi-
cantly in terms of practicality, cost, and scalability. Despite growing
interest in these innovative techniques, the only method that has been
significantly implemented in commercial winemaking is treatment with
heat and proteases (Robinson et al., 2012, pp. 24-30; Seidel et al.,
2025). Combining the use of proteases with heat treatment is reported to
be better than applying treatment alone on account of protein unfolding
due to heat treatment since unfolded proteins are more susceptible to
proteolysis (Comuzzo et al., 2020). In this context, Marangon et al.
(2012) reported that using aspergillopepsins in combination with the
flash pasteurisation of grape must is a promising alternative to bentonite
fining. The proteases remained active against wine proteins, and the
heat treatment did not negatively affect the wine's sensory properties.
This technique is therefore considered the most feasible and effective
alternative to traditional bentonite fining.

However, since proteins play a key role in the formation and stability
of foam in sparkling wines, we need to consider whether their partial
degradation by proteolytic enzymes influences the wine's foaming
properties and compare this impact with that of conventional bentonite
treatment. In this study, therefore, we analyse how protease treatment at
the winery scale affects the foaming properties of base wines for spar-
kling wine production. The results indicate that protease treatment is
not only effective in eliminating the risk of protein haze, but also im-
proves the foaming properties of base wines, suggesting that it may be a
very promising tool for improving sparkling wine production.

2. Materials and methods
2.1. Chemicals and equipment

Absolute ethanol (96 % v/v) and hydrochloric acid (>37.0 %) were
purchased from Panreac (Barcelona, Spain). Water was ultrapure Milli-Q
quality (Millipore, Bedford, MA, USA). Ammonium acetate (>99.0 %),
ammonium formate (>98.0 %), and bovine serum albumin (>98.0 %)
were purchased from Sigma-Aldrich (Madrid, Spain). A pullulan mo-
lecular weight calibration kit Shodex P-82 was obtained from Waters
(Barcelona, Spain), while a pullulan 1.3 kDa and four dextrans Bio-
Chemika (12, 25, 50, and 80 kDa) were obtained from Fluka (St. Louis,
MO, USA). The polysaccharides used as external standards for quanti-
fication were pectins from citrus fruit (>90 %) and dextrans from Leu-
conostoc mesenteroides (>99.9 %) purchased from Sigma-Aldrich (St.
Louis, MO, USA).

2.2. Wines

This study was conducted at full winery scale, thereby providing
greater validity to the results. Two wines from AOC Valencia (Spain)
made from grape varieties Macabeo (Variety number VIVC, n.d.: 13127)
and Muscat of Alexandria (Variety number VIVC, n.d.: 8241) were used
in this experiment. These varieties were selected due to their low protein
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instability potential (Macabeo) and high protein instability potential
(Muscat of Alexandria). The wines were produced and processed at the
Cheste Agraria Cooperativa Valenciana winery following standard wine-
making protocols and without the addition of bentonite. The general
analytical parameters of each wine are provided in Table 1, which shows
that both wines exhibit highly typical and common analytical data for
these types of wines. The wines were kept during all the process pro-
tected from air and at a temperature of 16 + 2 °C.

The bentonite doses required for protein stabilisation of the wines
were determined using the rapid heat test (Sarmento et al., 2000) ac-
cording to the protocol described by Esteruelas et al. (2009b).

A total volume of 50,000 L of each wine was used for stabilisation
treatment following the scheme shown in Fig. 1. For both wines, 5000 L
were allocated for stabilisation with bentonite, while the remaining
45,000 L were subjected to protease treatment.

To clarify the wines with bentonite, two types of calcium-sodium
bentonites supplied by Erbsloh Geisenheim GmbH (Geisenheim, Ger-
many) were used: BlancoBent (powder form) and Aktivit (granular
form). Macabeu wine was treated with 200 mg/L of BlancoBent and 200
mg/L of Aktivit, which represents a total of 400 mg/L of bentonite.
Muscat of Alexandria wine, on the other hand, was treated with 2000
mg/L of BlancoBent and 2000 mg/L of Aktivit, which represents a total
of 4000 mg/L of bentonite.

Protein stabilisation with proteases was performed by adding 50 pL/
L of the commercial pectolytic enzyme Lallzyme Stabpro™ (Lallemand
Inc, Montreal, Canada). This enzyme is a liquid preparation of asper-
gillopepsin I (EC 3.4.23.18). The wine was subsequently subjected to a
controlled heat treatment consisting of an initial pre-heating phase of 2
min at 60 °C, followed by flash pasteurisation at 80 °C for 90 s. This two-
step process was implemented to ensure partial denaturation of the wine
proteins, as unfolded protein structures are more accessible to enzymatic
cleavage. The rationale behind this approach lies in the fact that pro-
teases exhibit greater efficiency when acting on denatured substrates,
thereby facilitating the hydrolysis of proteins responsible for haze for-
mation and improving the overall clarification efficiency of the treat-
ment (Comuzzo et al., 2020). According to EFSA (2025), the activity of
this enzyme declines above 30 °C and is completely lost at 70 °C;
consequently, virtually no enzymatic activity is anticipated to persist
under such conditions. The wines were then immediately cooled to
6-7 °C.

Macabeo wine was fully stable after protease treatment, whereas
Muscat of Alexandria wine remained unstable despite a significant
reduction in protein instability. Muscat of Alexandria wine was there-
fore then treated with 1000 mg/L of BlancoBent and 1500 mg/L of
Aktivit, which represents a total of 2500 mg/L of bentonite. After this
treatment the wine was fully stable.

2.3. General parameters of the wines

Ethanol content, titratable acidity, pH, total sulphur dioxide and
volatile acidity were determined according to the analytical method
recommended by the International Organisation of Vine and Wine (OIV,
2020).

Table 1
General parameters.

Parameter Macabeo Muscat of Alexandria
Ethanol content (% v/v) 11.5 12.0

Titratable acidity (g tartaric acid/L) 4.9 4.6

pH 3.70 3.50

Volatile acidity (g acetic acid/L) 0.2 0.25

Total sulphur dioxide (mg/L) 125 80
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B. MUSCAT OF ALEXANDRIA
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e

Wine stabilized with Wine stabilized with
bentonite (5,000 L) proteases (45,000 L)

Wine stabilized with
bentonite (5,000L)

Wine partially stabilized
with proteases (45,000 L)

|

Wine partially stabilized with
proteases and fully stabilized
with bentonite (45,000 L)

Fig. 1. Experimental protocol.

2.4. Protein stability test

The wines were centrifuged (10 min at 12,000 g) and filtered (0.45
pm) before use for the stability tests. All stability tests were performed in
triplicate in accordance with the fast heat test (Sarmento et al., 2000).
Briefly, 40 mL of wine was subjected to 90 °C for 1 h in a thermostatic
water bath, followed by a temperature of 4 °C for 6 h in a refrigerator.
The wines were considered protein stable when the increase in turbidity
between a heated sample and an unheated control was less than 2 NTUs.
All samples were equilibrated at room temperature (25 °C) prior to
turbidity measurements. The samples were stirred well and turbidity
was measured against a blank using a Hach 2100N Turbidimeter (Hach
Company, Loveland, CO, USA).

2.5. Protein extraction and determination by HRSEC-DAD

The samples were processed and analysed by HRSEC-DAD using the
method described by Canals et al. (1998). Aliquots (15 mL) of the white
wine were concentrated following two-step dialysis in tubes with a MM
cut-off of 3.5 kDa (Membrane Filtration Products, San Antonio, TX,
USA). The first step was completed over 48 h with distilled water
following the original protocol (water dialysed, or WD) or with 0.3
mol/L ammonium acetate solution (ammonium acetate dialysed, or
AAD). In both cases a sample-to-solution ratio of 1:10 was applied with
constant agitation. A new dialysis step was then immediately completed
for all samples with distilled water for a further 48 h using the same
sample-to-solution ratio and with constant agitation. The dialysed
samples (WD and AAD) were then lyophilised and frozen at —20 °C. The
lyophilised samples were re-suspended in 0.6 pL of ammonium acetate
solution (300 mmol/L) and centrifuged at 12,000 g for 5 min. The su-
pernatant was filtered through 0.22 pm acetate cellulose filters (Merck
Millipore) and 100 pL of supernatant was then injected into the chro-
matographic system. Analyses were carried out in an HPLC Agilent 1200
Series system (Agilent Technologies, Barcelona, Spain) with a DAD to
monitor output at 230, 280, 320 and 420 nm. Separation was achieved
at 20 °C using an S 165 Shodex gel permeation HPLC column 210
(OHpak 166 SB-803 HQ, 300 mm x 8 mm i.d.; Showa Denko). The
mobile phase comprised an aqueous solution of 300 mmol/L ammonium
acetate applied at a constant flow rate of 0.6 mL/min for 70 min. The
molecular weight (MW) distribution of the protein wine fractions was
determined by calibration with a Gel Filtration Calibration Kit LMW
(Healthcare, Uppsala, Sweden). The eluting proteins were quantified
according to the peak area for each fraction using the external standard
method with a bovine serum albumin standard (Sigma-Aldrich, Madrid,
Spain) ranging from 0 to 1 mg/mL (r*> > 0.99). All assays were per-
formed in triplicate.

2.6. Polysaccharide extraction and determination by HRSEC-RID

The samples were processed using the method described by
Ayestaran et al. (2004). Briefly, 10 mL of sample in triplicate were

concentrated to a final volume of 2 mL using a vacuum evaporator
(Univap 148 100ECH; Progen Scientific, London, UK). Total soluble
polysaccharides were precipitated by adding 10 mL of cold acidified
ethanol (hydrochloric acid 0.3 M in absolute ethanol) and kept for 24 h
at 4 °C. The samples were then centrifuged (10,000xg for 15 min) and
the supernatants discarded. Finally, the precipitates were dissolved in 1
mL of ultra-pure water, frozen to —20 °C and freeze-dried using a lyo-
philiser (Telstar LyoQuest HT40, Barcelona, Spain). The soluble frac-
tions were analysed by high-resolution size-exclusion chromatography
(HRSEC) to determine the molecular distribution and quantify the
polysaccharides obtained from the samples. The lyophilised samples
were resuspended in 1 mL of 50 mM ammonium formate and filtered
through 0.22 pm acetate cellulose filters (Merck Millipore, Darmstadlt,
Germany). Then 100 pL were injected into the chromatographic system.
The analyses were performed in an HPLC Agilent 1200 Series system
(Agilent Technologies Inc., Santa Clara, USA) with a refractive index
detector. Separation was conducted at 20 °C using two Shodex gel
permeation HPLC columns (OHpak SB-186,803 HQ and SB-804 HQ, 300
mm x 8 mm L.D.; Showa Denko, Japan). The mobile phase consisted of
an aqueous solution of 50 mM ammonium formate applied at a constant
flow rate of 0.6 mL/min for 60 min, and the cell RID temperature was
35 °C. The molecular weight distribution of the wine fractions was
monitored by calibration with a Shodex P-82 pullulan calibration kit
(P-5, MW = 5.9 kDa; P-10, MW = 11.8 kDa; P-20, MW = 22.8 kDa; P-50,
MW = 47.5 kDa; P-100, MW = 112 kDa; P-200, MW = 212 kDa; P-400,
MW = 404 kDa; and P-800, MW = 788 kDa) purchased from Waters
(Barcelona, Spain) and four dextrans (BioChemika; 12, 25, 50 and 80
kDa) purchased from Fluka (St. Louis, MO, USA). The polysaccharides
were quantified according to the peak area for each fraction using the
external standard method with pectin and dextran commercial stan-
dards (Sigma-Aldrich, Saint Louis, MO, USA) in a range of 0-2 g/L (r2 >
0.99).

2.7. Measuring the foam properties

The samples were degassed using a magnetic stirrer for 15 min,
followed by centrifugation at 4000xg for 5 min at 4 °C. The foam
properties were then measured using the Mosalux method (Station
Oenotechnique de Champagne, Epernay, France) following the proced-
ure described by Maujean et al. (1990) and adapted by Just-Borras et al.
(2022). Each sample was analysed in triplicate. Parameters assessed in
this study included maximum foam height (HM) and stable foam height
(HS). HM reflects foamability, while HS indicates foam stability.

2.8. Statistics

All analytical data are expressed as the arithmetic average + the
standard deviation of three replicates. One-factor analysis of variance
(ANOVA) was performed using SPSS 15.0 software (SPSS Inc., Chicago,
IL). The existence of statistically significant differences among means
was evaluated using Tukey's post hoc test, and differences were
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considered significant at p < 0.05.
3. Results and discussion
3.1. Influence of the treatments on protein stability

Fig. 2 shows how the treatments affected the protein stability of the
two wine samples. Macabeo wine, for example, exhibited slight protein
instability, as is evidenced by a turbidity increase of approximately 3
NTUs following the rapid heat test. In contrast, Muscat of Alexandria
wine displayed a markedly higher degree of instability, with a turbidity
increase of over 150 NTUs, which indicates severe susceptibility to
protein haze formation. This figure also shows that bentonite treatment
was effective in ensuring protein stability in both wine samples. This
result is evidenced by the turbidity increases observed following the fast
heat test, which remained well below two NTUs in both cases. Treatment
with proteases also led to protein stability in Macabeo wine. However,
despite a notable improvement, this treatment did not achieve full sta-
bility in Muscat of Alexandria wine. Specifically, the increase in
turbidity following the stability test was significantly lower than in the
control sample, which indicates a partial but insufficient enhancement
in protein stabilisation for this wine. Muscat of Alexandria wine was
therefore also treated with bentonite in order to achieve protein sta-
bility. However, in this case a lower bentonite dose was needed (2500
mg/L rather than 4000 mg/L), which indicates that protease treatment
helped to reduce the amount of this fining agent required to achieve
protein stability in the wine.

3.2. Influence of the treatments on protein fraction

Fig. 3 shows how the treatments affected the protein fraction of the
two wine samples. The initial Macabeo wine, for example, had a rela-
tively low protein content (roughly 55 mg/L), whereas the initial Muscat
of Alexandria wine was considerably richer in proteins (roughly 200
mg/L). These results are consistent with the differences observed in
protein stability, since Macabeo wine exhibited only slight instability
while Muscat of Alexandria wine showed a high degree of instability.

Bentonite treatment of Macabeo wine (Fig. 3A) had little effect on
total protein concentration as no significant reduction was observed
following treatment. Similarly, no significant changes were detected in
any of the molecular weight fractions. This finding is rather unexpected
as bentonite functions by removing proteins (Vanrell et al., 2005, 2007),
and applying it successfully achieved protein stabilisation in the wine. A
plausible explanation for this result is that the initial protein content of
Macabeo wine was already very low. Therefore, although full stabili-
sation was attained, the changes in protein concentration were too small
to reach statistical significance.

A. Macabeo
4 -
C
2 34 [ Stability
% threshold
Z 2 B ¥
Nel
5 [
5
- 1 A
A
0
[] Control [ Bentonite

Turbidity (ANTU)

[] Proteases
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In contrast, bentonite treatment of Muscat of Alexandria wine
(Fig. 3B) led to a significant reduction in total protein concentration,
which was also evident across all molecular weight fractions. This effect
was particularly noticeable in the low molecular weight fraction (F3),
where the main unstable proteins are found (Esteruelas et al., 2009a;
Waters et al., 1996).

Protease treatment of Macabeo wine did not lead to a significant
reduction in either total protein concentration or any of its molecular
weight fractions. These results are similar to those observed with
bentonite treatment. However, protein stabilisation was also success-
fully achieved. These findings are thus consistent and suggest that the
initial protein concentration of Macabeo wine was already very low and
that the minor reductions generated by both treatments were insuffi-
cient to reach statistical significance.

In contrast, protease treatment of Muscat of Alexandria wine led to a
highly significant reduction in total protein concentration that was re-
flected across all molecular weight fractions. This effect was particularly
evident in the fraction corresponding to low molecular weight proteins
(F3), which, as previously noted, contains the main unstable protein
fractions (Esteruelas et al., 2009a; Waters et al., 1996). However, the
reduction in protein content was less pronounced than that achieved
with bentonite treatment. This may explain why, despite the substantial
decrease in protein instability observed with protease application,
complete stabilisation was not achieved. For this reason, and as previ-
ously discussed, Muscat of Alexandria wine was treated with a lower
dose of bentonite following protease treatment. This combined approach
led to a further decrease in total protein concentration as well as across
all molecular weight fractions, reaching levels almost comparable to
those achieved with the initial bentonite treatment, and successfully led
to complete protein stabilisation.

3.3. Influence of the treatments on polysaccharide fraction

Fig. 4 shows how the treatments affected the polysaccharide fraction
of the two wine samples. For example, both wines exhibited total
polysaccharide concentrations in the 300-400 mg/L range. These con-
centrations are consistent with the typical values reported in the liter-
ature for white wines (Martinez-Lapuente et al., 2024; Pons-Mercadé
et al., 2022).

Bentonite treatment of Macabeo wine did not significantly affect the
concentration of total polysaccharides or any of their molecular weight
fractions. In contrast, bentonite treatment of Muscat of Alexandria wine
led to a small but significant decrease in total polysaccharide content
that was reflected in both the high molecular weight fraction (F1) and
the low molecular weight fraction (F3). Bentonite treatment did not
appear to substantially affect the polysaccharide content of the wine,
while the slight decrease observed in Muscat of Alexandria wine is

B. Muscat of Alexandria

200 - C
150 -~
100 -
50 - B Stability
threshold
A A
o ¥

[ Proteases + Bentonite

Fig. 2. Influence of the treatments on protein stability test.
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Fig. 3. Influence of the treatments on protein fraction.
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Fig. 4. Influence of the treatments on polysaccharide fraction.

probably attributable to nonspecific adsorption of these macromole-
cules. Another explanation may be that some polysaccharides bonded to
proteins through intermolecular interactions were eliminated from the
wine along with the proteins removed by bentonite.

As occurred with bentonite treatment, protease treatment of Mac-
abeo wine did not affect polysaccharide content. In contrast, a slight but
significant decrease was observed in Muscat of Alexandria wine that
affected only the high molecular weight fraction (F1). In any case, we
can conclude that protease treatment had a minimal impact on the
polysaccharide fraction of the wine.

Finally, bentonite treatment following protease application did not
affect polysaccharide concentration in Macabeo wine but led to a slight
reduction in Muscat of Alexandria wine that specifically impacted the
low molecular weight fraction (F3). We can therefore conclude that
neither bentonite nor protease treatment significantly affected the
polysaccharide fraction of the wine.

3.4. Influence of the treatments on foam properties

Fig. 5 shows how the treatments affected the foam properties of the
two wine samples. As expected, bentonite treatment resulted in a sig-
nificant reduction in maximum foam height (HM) in both wines.
Although this reduction was relatively low in both cases, it was

A. Macabeo
250 -
C
200 -
£ 150 |
£ 100 | 2
2 B A
50 - A A
0
HM HS
] Control [ Bentonite

[ Proteases

statistically significant. No changes were observed in stable foam height
(HS). This detrimental effect of bentonite on the foaming properties of
wine is well documented in the literature (Andrés-Lacueva et al., 1996;
Puig-Deu et al., 1999; Vanrell et al., 2005, 2007) and, as previously
noted, explains why winemakers, especially those who work with
sparkling wines, are greatly interested in alternative methods to
bentonite fining for protein stabilisation (Salazar et al., 2010; Silva--
Barbieri et al., 2022).

In contrast, protease treatment produced a substantial increase in
both maximum foam height (HM) and stable foam height (HS) in both
wines, which indicates a marked improvement in their foaming prop-
erties. A possible explanation for this enhancing effect is that, through
the proteolysis of wine proteins, proteases generate smaller peptides
with higher surfactant activity. These peptides could reduce the surface
tension of the wine, which in turn may positively influence both foam-
ability and foam stability, facilitating the formation of more stable and
persistent foam. Subsequent application of bentonite to Muscat of
Alexandria wine (previously treated with proteases to ensure complete
protein stabilisation) led to a decrease in maximum foam height (HM)
due to the decrease in the protein concentration required to achieve
stability. Despite this reduction, however, the HM remained signifi-
cantly higher than in the untreated wine. This additional bentonite
treatment did not affect stable foam height (HS). These results suggest

B. Muscat of Alexandria

800 -
D

£ 600 A ;

£

£ 400 |

3 C

] B
0
HM Hs

[ Proteases + Bentonite

Fig. 5. Influence of the treatments on the foam parameters.
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that the beneficial effect of protease treatment on the foaming properties
of the wine is largely retained, although somewhat reduced, following
bentonite treatment when such fining is required to achieve complete
stabilisation of the wine against protein haze.

4. Conclusions

The results of this study demonstrate that protease treatment is an
effective alternative to bentonite fining for achieving protein stability in
white wines. In some cases, however, especially in varieties with high
protein instability (such as Muscat of Alexandria), subsequent bentonite
treatment may be needed to achieve complete protein stability. Never-
theless, protease treatment significantly reduces the amount of
bentonite required, which can have a positive impact on the final quality
of the wine. Moreover, even when followed by bentonite fining to ensure
complete protein stability, protease treatment significantly enhances
both the foamability (HM) and foam stability (HS) of the treated wines.
This represents a considerable advantage for sparkling wine production,
especially in regions or with grape varieties that typically yield base
wines with limited foaming capacity. Further research is required to
elucidate the underlying mechanisms through which protease treat-
ments enhance the foaming properties of wines, as well as to investigate
how the characteristics of the sparkling wines produced from these base
wines using the traditional method evolve throughout the aging period,
including their aromatic profile and sensory analysis. It would also be
worthwhile to extend this investigation to wines from other grape va-
rieties in order to determine whether the observed effects are consistent
across different varietal matrices.
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