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Abstract

:

The volume and stability of wine foams are influenced by many components of the matrix, especially proteins. However, the synergistic or inhibiting effects among these protein fractions, as well as their interactions with other wine components, are still under study. The present research aims to understand the individual and cooperative effects of different wine proteins and glycoproteins on the volume and stability of foams. To address this objective, different protein fractions were purified from a Chardonnay white wine and tested in different model wine conditions (with/without ethanol), along with a commercial yeast-based oenological additive. Different fractions were considered, including total protein fraction (FT), Mannoproteins (MP), and non-mannosylated proteins (NMP), as well as a protein fraction soluble in ammonium sulfate (FSA). These protein fractions were characterized, and their foaming properties were evaluated using a modified Rudin apparatus. The results showed that FT exhibited higher foam expansion (FE%) compared to its subfractions (NMP and MP) that, when tested individually, did not guarantee optimal foam formation. This suggests that foaming properties are enhanced when both glycosylated and non-glycosylated proteins are present in the system. Additionally, the foaming behavior was influenced by the presence of ethanol in the model wine. The FSA fraction demonstrated high foam expansion and stability, with ethanol enhancing foam expansion but reducing stability. A commercial yeast-based oenological additive, mainly containing glycoproteins, was also tested and behaved similarly to MP. This study provides valuable insights for sparkling wine producers to optimize practices for enhancing product quality and confirm previous research regarding the role of the synergy between MP and NMP in wine foam formation and stability.
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1. Introduction


Among the quality requirements that characterize a sparkling wine, foam certainly represents the first and one of the most important sensorial parameters that are evaluated by the consumer. For this reason, winemakers are very interested in understanding the factors responsible for the foam behavior in sparkling wine. The properties of foam, described in terms of formation and stability, are influenced by different parameters, including grape variety, harvesting, and oenological techniques [1,2]. The formation and stability of the foam are favored by the presence of compounds that lower the surface tension of the liquid by placing themselves at the air–liquid interface; in particular, they expose the hydrophobic part towards the air and the hydrophilic part to the liquid phase, producing a more or less elastic film that incorporates the gas bubbles [3,4]. In sparkling wines, the molecules involved in the foam formation and in its stability are represented by proteins and glycoproteins, thanks to their surface properties [1,5,6,7].



Among glycoproteins, the most important fraction is that of yeast mannoproteins (MP), highly glycosylated proteins (10% proteins and 90% polysaccharides) with a carbohydrate fraction consisting of approximately 98% mannose and 2% glucose, and with a molecular weight between 20 and over 450 kDa [8,9].



This fraction is released from the yeast cell wall during fermentation and following autolysis [10]. Yeast autolysis occurs naturally at the end of the stationary phase and is associated with cell death. When sugars and other nutritional compounds are used up, the yeast cell consumes its energy reserves made up of glycogen and other elements. When these also end, the cell begins the degeneration phase, and autolysis is triggered. The autolysis mechanism begins when hydrolytic enzymes release cell walls and cytoplasmic components into the wine and ends with further autolytic degradation of more polymerized compounds into low molecular weight molecules in the extracellular environment [11].



Winemaking techniques such as the aging on lees (in French sur lies) exploit the release of yeast components to naturally enrich the wine with different yeast fractions such as mannoproteins, fatty acids, and nitrogenous and volatile compounds [12,13], thus benefiting wine stability, flavor, and foaming properties. The release of yeast molecules during aging on lees is influenced by time (usually >3 months), temperature, stirring, and the choice of the yeast strain [14].



The effect on foam is evident in the case of Champagne and other bottle-fermented sparkling wines, whose foams exhibit typical stability and regularity. Mannoproteins could represent one of the compounds involved in foaming, although there are conflicting opinions on this aspect. As previously reported, mannoproteins have a positive effect on the quality of foam in white wines [15]; in fact, a model wine solution added with a mannoprotein fraction has better foaming properties. Other studies, however, demonstrate that these proteins have no effect on the stability of the foam [16]. The parameters, therefore, to be taken into consideration for a correct evaluation of wine foam from a sensorial point of view are foamability and persistence, i.e., the volume of foam produced and its stability over time.



In addition to mannoproteins, proteins have been associated with wine foam stability and volume. In fact, some authors reported a relationship between protein concentration and the quality of wine foam [17,18], and it is known that protein depletion (with bentonite), applied to improve wine stability, is detrimental to the formation and stability of foam in sparkling wines [19].



Some authors suggested that the importance of proteins in stabilizing the foam of wines is not direct but rather due to their interaction with glycoproteins (particularly mannoproteins). This interaction would contribute to the stabilization of the air–liquid interface, thus contrasting bubbles collapse and coalescence [18]. However, more studies are needed to better understand this mechanism, as well as testing proteins from different grape varieties and winemaking styles as well as proteins released by the yeast during its autolysis. Furthermore, considering their commercial success as technological additives, the impact of exogenous yeast proteins and glycoproteins often added to wine should be considered in this complex scenario. In addition, considering the rising demand for dealcoholized wines [20], it would be interesting to assess how the absence of ethanol can affect the effectiveness of these foaming fractions.



Therefore, the aim of this study is to investigate the impact of wine proteins and glycoproteins (specifically mannoproteins) on foam characteristics in relation to the presence or absence of ethanol. To study their single and eventual cooperative effects on foam volume and stability, different fractions were purified from a Chardonnay white wine and tested in model wine conditions with or without ethanol. A commercial yeast-based oenological additive containing both glycoproteins and proteins will also be included in the experimental design. This study will provide valuable insights for sparkling wine producers, aiding them in optimizing their practices to enhance the overall quality of their products.




2. Materials and Methods


2.1. Extraction of Protein Fractions


To evaluate the biochemical and rheological characteristics of white wine glycoproteins, protein fractions obtained according to different extraction protocols were analyzed. Furthermore, to better understand their effect on the parameters examined, they were compared with a commercial product containing a yeast mannoprotein known as MP40 TM, commonly used in winemaking for the tartaric stabilization of potassium salts (Mannostab® by Laffort, Bordeaux, France). However, it is important to point out that the composition of this product is not known, as its production process is patented [21].



The wine used was a Chardonnay white wine produced with the sur lies method (10 months in contact with its residual yeasts) of the 2018 vintage. The methods used for the preparation of the different fractions used are described as follows:




	
Chardonnay white wine (500 mL) was dialyzed for 12 h at 4 °C against distilled water using a 3.5 kDa tubular membrane (Spectrum Chemical, New Brunswick, NJ, USA). Subsequently, the clear wine was frozen and freeze-dried. The powder obtained at the end of this process, containing the total wine macromolecules, was called the total fraction (FT).



	
Chardonnay white wine (500 mL) was dialyzed as described in point 1. The dialyzed solution was then diluted 1:1 v/v with a saline buffer at pH 7.4 (Tris 20 mM, NaCl 0.5 M, CaCl2 1 mM, 1 mM MgCl2, and 1 mM MnCl2) and filtered with PTFE filters with MWCO 0.45 µm (Sartorius, Goettingen, Germany). Two distinct protein fractions were purified from this sample using the ÄKTApurifier affinity chromatography system (UP900 by Amersham, Chalfont St. Giles, UK). This system managed using the Unicorn 5.1 Software, mounted a column packed with 30 mL of Sepharose conjugated with Concanavalin A (Sigma-Aldrich, St. Louis, MO, USA). The sample was loaded via a 150 mL Superloop, and peaks were acquired at 214 nm. The first fraction collected corresponded to proteins having no affinity for Concanavalin A and, therefore, not mannosylated (NMP). Instead, for the elution of the mannosylated fraction (MP), a 0.5 M solution of Methyl-α-d-Mannopyranoside (Sigma-Aldrich, St. Louis, MO, USA) was used. Both fractions, MP and NMP, were subsequently dialyzed against water for 12 h at 4 °C with 3.5 kDa membranes and finally freeze-dried.



	
Chardonnay white wine (500 mL) was subjected to precipitation with 60% (w/v) ammonium sulfate. The sample was then centrifuged at 14,000× g for 30 min, and the supernatant containing the ammonium sulfate-soluble protein fraction was dialyzed and lyophilized (FSA).









2.2. Protein Quantification


For all the protein fractions examined, the weight yield was calculated, and the total protein content was determined spectrophotometrically with the bicinchoninic acid assay (BCA Assay, Pierce), using bovine serum albumin as standard.




2.3. SDS-PAGE


The protein fractions obtained, as described in Section 3.1 and Mannostab®, were solubilized in 100 µL of Laemmli buffer and analyzed using SDS-PAGE at 15% acrylamide. The electrophoresis was carried out at a constant 48 mA in MiniProtean cells with a standard of known molecular weight (Biorad-161-0318; Bio-Rad Laboratories, Hercules, CA, USA). The gels obtained were stained with Comassie Brillant Blue and Sypro Ruby Stain (Sigma-Aldrich, St. Louis, MO, USA) and, to highlight the glycosylated proteins, staining with periodic acid-Schiff (PAS) (Sigma-Aldrich, St. Louis, MO, USA) was also used. All gels were acquired with ChemiDocTM XRS (Bio-Rad Laboratories, Hercules, CA, USA), and images were processed with ImageLab Software (Bio-Rad Laboratories, Hercules, CA, USA).




2.4. Foaming Properties


To evaluate the effect of the extracted protein fractions and the commercial Mannostab® (Laffort, Bordeaux, France) on foamability, the modified Rudin apparatus was used as follows.



To generate foam through gas sparging, a cylindrical glass column of 50 cm in height and 3.5 cm in diameter, graduated in centimeters, closed at the bottom with a sintered glass plate (40–60 µm, pore diameter), and connected to CO2, was used [18]. Before each analysis, the tube was cleaned with ethanol and then rinsed three times with milli-Q water. Solutions at scalar concentrations from 200 to 800 mg/L of FT, NMP, MP, FSA, and MSTB (Mannostab®) were prepared in model wine with and without ethanol, as follows: 2.5 g/L tartaric acid, buffered with 5 M KOH to pH 3.5, added with 10% ethanol in the sample with alcohol. A volume of 20 mL for each solution was placed in the cylinder, and CO2 was sparged at a constant flow rate (260 mL/min) and pressure (300 kPa) from the bottom; the foam height was measured every 15 s for 150 s. To monitor the stability of the foam, the gas flow was stopped, and the foam decay was measured in terms of the persistence of the foam on the surface. Each sample was analyzed in triplicate.



The data were expressed as foam expansion (FE%) [22]:


  F E % =   F o a m   v o l u m e   ( m L )   I n i t i a l   l i q u i d   v o l u m e   ( m L )   × 100 .  



(1)








2.5. Statistical Analysis


All the data collected were analyzed both by descriptive and inferential (ANOVA with Tuckey’s test; p < 0.05) statistics. The software used were Origin 2018 Graphing and Analysis (OriginLab Corporation, Northampton, MA, USA) and Statgraphics Centurion XVI (StatPoint Technologies Inc., Warrenton, VA, USA).





3. Result and Discussion


3.1. Protein Concentrations


Table 1 shows the yields of all the protein fractions examined, including the weight yield (dry powder) and the total protein content determined spectrophotometrically with the bicinchoninic acid assay (BCA Assay, Pierce).



As observed in Table 1, the sum between the weight yields of the fractions of non-mannosylated proteins (NMP) and mannoproteins (MP) approaches the weight yield of the total fraction (FT). However, in terms of protein concentration, the sum of MP and NMP accounts only for 56–86% of the protein detected in FT. This lower protein recovery is probably attributable to the loss of solubility of a part of the proteins after freeze-drying.



By observing the soluble fraction obtained through the extraction method with ammonium sulfate (FSA), the recovered yield is quite high (84.4 mg/L), although the quantity, expressed in mg/L is lower than that recovered with dialysis and freeze-drying. The lower quantity of dry extract recovered via precipitation with salt could be attributable to the loss of proteins and other high molecular weight compounds during ammonium sulfate precipitation, allowing for the obtaining of a fraction richer in polysaccharides.



The total fraction (FT) showed a protein content of 36.5 mg/L, in line with literature data [23]. In fact, in white wines, the total protein concentration varies from 1 to 250 mg/L and is affected by the cultivar, winemaking, and storage methods of the product [23]. The protein content of the mannoprotein fraction (MP) was only 1.1 mg/L. This low level was expected, considering that mannoproteins are composed of 87–90% mannose and only to a lesser extent of protein [24]. On the other hand, the purified fraction of non-mannosylated proteins (NMPs) has an unexpectedly low protein content at 19.2 mg/L. As suggested before, the freeze-drying process may have rendered a part of the proteins insoluble in that fraction.



The protein fraction obtained via precipitation with ammonium sulfate (FSA) was confirmed to be richer in polysaccharides, showing a protein content of 24.2 mg/L, which was lower than the value measured in the total fraction.



Regarding the commercial product Mannostab®, it is not possible to draw conclusions on the weight yield as the content is not known. As Table 1 shows, the calculation of the protein yield per mg of d.w. (dry weight) highlights the different protein components compared to the rest of the weighed material. In particular, the FT fraction has 239 µm/mg d.w., a higher quantity than the two parts, NMP (167.9 µm/mg d.w.) and MP (37.4 µm/mg d.w.). The FSA fraction deserves separate consideration; in fact, it has a protein concentration of 284.7 µm/mg d.w. and represents the fraction with the highest amount of protein.



The yeast-based oenological additive Mannostab® (MSTB) has not been analyzed for total proteins and extraction yield. However, its protein concentration was previously reported as 106.4 µg protein/mg [24]. The exact concentration is not reported by the producer [25].




3.2. SDS-PAGE Profile


Figure 1A shows the electrophoretic profiles of the protein fractions stained with Coomassie Brilliant Blue. In the total fraction (FT), poorly recognizable bands are visible in the molecular weight range from 200 to 47 kDa. However, at around 30 kDa, a well-defined band is visible, which, due to its electrophoretic mobility, could be a chitinase, a protein particularly abundant in ripe grapes [23]. In the non-mannosylated protein (NMP) fraction, few defined bands are noted; at around 30 kDa, there is a band corresponding to chitinases, as in the FT fraction, and immediately below, at around 27 kDa, there is a medium-defined band probably belonging to the thaumatin class [26]. As for the mannoprotein fraction extracted with ConA (MP), it presents only three very distinct and medium intensity bands at approximately 30, 27, and 17 kDa. The protein fraction soluble in ammonium sulfate (FSA) reported a profile similar to FT fraction, presenting a complex protein profile composed of many bands defined at molecular weights between 205 and 113 kDa, 50 kDa, 27 kDa, and 17 kDa. Only the bands around 100–120 kDa appeared less intense in the FSA fraction, probably due to the precipitation of these molecules during the ammonium sulfate treatment. The last column corresponds to the proteins of the commercial product Mannostab® (MST). With the standard Coomassie blue staining, no bands were detectable; for this reason, the fraction was also analyzed via a more sensitive method, Sypro Rubin Stain staining (Figure 1B). In this case, molecular weight bands of approximately 50 and 47 kDa and a band at approximately 17 kDa were visible.



Figure 1C shows the electrophoretic profile of the protein fractions analyzed with Schiff reagent, specific for the visualization of glycoproteins. In general, mannoproteins mostly presented a high molecular weight, which makes them unable to enter the running gel. This results in the formation of intense bands located between the spacer and the running gel, a behavior already observed in a previous study testing different yeast extracts [27].



Also, in this case, FT and FSA reported a similar profile connotated by the presence of an undefined but intense band with a high molecular weight greater than 80 kDa and two bands at 60 and 47 kDa, which probably correspond to the glycosylated grape invertase [28] and/or mannoproteins deriving from yeast autolysis [14,26]. A defined band at approximately 17 kDa is present in almost all fractions except non-mannosylated proteins (NMPs) and the commercial product Mannostab® (MST). The latter mainly presents a high molecular weight protein profile between 50 and 200 kDa and a defined band at around 30 kDa, which could correspond to the mannoprotein fragment MP32 already described in this commercial product [29].



As expected, in the non-mannosylated proteins (NMP), no glycosylated bands were detected, except for a small part with a high molecular weight, which may consist of glycoproteins with glycosylation different from those with mannose [30].




3.3. Foaming Properties


Figure 2 and Figure 3 shows the foam expansion (FE%) generated via the flow of CO2 passing through solutions containing scalar concentrations of protein extracts in the absence and presence of ethanol. As shown in Figure 2, the foaming behavior of FT, expressed as FE%, shows that the 800 mg/L concentration of protein extract presents the highest values, which reach almost 300 FE% (3 × the initial volume) and remains at the values of 250 FE% even after 160 s of observation. The sample with 600 mg/L of FT protein presents similar behavior to the previous one, although it reaches statistically lower values of FE%. On the contrary, 200 mg/L and 400 mg/L have lower FE% (125% and 175%, respectively) compared to the concentrations seen previously. All these FE% values were significantly higher when ethanol was included in the system. This was particularly evident for the 800 mg/L concentration, which reached a peak of 400% FE. This could be due to the decrease in surface tension that, in the presence of flowing CO2, can result in a higher effervescence of the solution [31]. However, in terms of foam stability (Figure 4), the presence of ethanol seems to have no effect (at 200 and 400 mg/L) or negative effect (at 600 and 800 mg/L), an outcome that is in contrast with previous reports [31].



Figure 2 also shows the foaming behavior of the separated protein fractions. In this case, the FE% of the NMP protein samples is particularly low, and increasing the protein concentration of the solutions does not seem to affect the foaming characteristics. In fact, the FE% of the samples with 400, 600, and 800 mg/L of NMP is around 170 FE%, regardless of the concentration, and remains constant over time. The lowest protein concentration (200 mg/L) is statistically lower (130 FE%) than the other concentrations. The foaming behavior of the NMP fraction when ethanol is present in the model wine slightly increases in terms of FE% (Figure 2). In terms of foam stability, the foam produced with this fraction rapidly disappears (after about 5 s), with minor differences due to the concentration and the presence of ethanol.



The MP fraction also generally presents low FE% in the solution without ethanol, reaching values around 155 FE% at higher protein concentrations (600 and 800 mg/L), while at 200 and 400 mg/L, the FE% was 125. Even in the case of MPs, the presence of ethanol in the model wine results in a slight increase in FE%, which reaches values of 200 FE% with the maximum concentration of MPs, intermediate values of 175% for 400 and 600 mg/L, and 160% for 200 mg/L of MP. As for NMP, when it is alone, this fraction demonstrates poor foamability at any protein concentration and with/without ethanol present in the system (Figure 4).



In general, Figure 2 shows that the FT fraction has a higher FE% compared to what is reported by its two subfractions (MP and NMP) tested alone. It seems that the NMP and MP, when present together in the original FT fraction, act synergistically in promoting foam expansion with FE% values significantly higher than when they are separated. Therefore, the greater FE% observed in FT compared to NMP and MP could be due to the different types of proteins present in the two fractions, which, when together, promote greater expansion of the foam. As seen in Figure 1 (SDS-PAGE), FT presents proteins distributed over a wide range of molecular weights, with high, intermediate, and low molecular weight proteins, contrary to what is observed in the NMP fraction, which presents few and in MP where they are barely noticeable. Therefore, it is possible to state that the presence of glycoproteins alone is not enough to guarantee optimal foam formation, as that formed when non-glycosylated proteins are also present in the system. It could be hypothesized that the expansion of the foam could be due to the synergy between the glycoproteins, with their hydrophobic and hydrophilic components, and the non-glycosylated proteins, characterized by a lower molecular weight, thus confirming the hypothesis of Vincenzi and colleagues [18]. Further confirmation of this synergy is provided by the observation that in the FT sample, FE% doubles when the initial dose (200 mg/L) is quadrupled (to 800 mg/L), while for MP and NMP, the same increase led to an increase of only 25%. This emphasizes that even when mannoproteins reach elevated concentrations, foam yield is modest if the non-glycosylated protein fraction is absent in the system.



This hypothesis on the foaming behavior of proteins can also be formulated when they are solubilized in an alcoholic solution (Figure 2). In this case, however, the higher FE% could be due to the effect of ethanol on the hydrophobic component of the proteins involved in foam formation, as previously reported [32].



The foaming behavior, expressed with the parameter FE%, observed in the graphs of Figure 2, is reproposed in Figure 3. In fact, the fraction separated from the wine using ammonium sulfate (FSA) and solubilized in the absence of ethanol shows an expansion of 400% and 300% in the presence of concentrations of 800 mg/L and 600 mg/L, respectively, followed by 400 and 200 mg/L. Furthermore, it is observed that the FE% trends remain almost unchanged over time. When ethanol is present in the system, the FE% parameter presents very high values (820%), especially when in the presence of high concentrations (800 and 600 mg/L); however, FE% tends to decrease over time until it stabilizes at values of 400 and 350 after 100 s of observation. In the presence of ethanol, the FSA protein fraction, even at lower concentrations (200 and 400 mg/L), shows higher foam expansion than all the other cases observed (Figure 2 and Figure 3).



In terms of foam stability, the FSA sample produced the more stable foams of this study at every concentration tested (Figure 4). In this regard, it is important to note the doubling of the foam stability produced with FSA when transitioning from 600 to 800 g/L. This almost exponential growth could indicate the establishment of a synergic effect among the molecules present. This results in an overall foam stability effect, which, at 800 g/L, is much more pronounced than one would expect solely based on the concentration growth of the FSA components from 600 to 800 g/L. At this concentration, the difference with respect to the other samples is maximized, with foams made using FSA in the absence of ethanol being by far the most stable (43 s), followed by foams induced by FT (27 s) (Figure 4). The fact that these samples were the best performing in terms of foam stability can be explained by examining their variate protein composition (Figure 1). In fact, among the fractions tested in the present study, these two are the only ones reporting both glycosylated and non-glycosylated proteins present in high amounts and covering all molecular weights (high, medium, and low) (Figure 1, rectangles). These conditions, in a previous study testing different yeast extracts, were significantly correlated with foam stability, with the concentration of the low molecular weight fraction (here noticeable in FSA; Figure 1C) reporting the highest Pearson’s coefficient [33]. This also aligns with a prior study in which it was noted that mannoproteins with molecular weights ranging between 10 and 30 kDa played a primary role in enhancing the foaming properties of a model wine [10].



In the case of the FT sample, the scenario appears reversed with the presence of alcohol, which decreases the time during which foams remain stable at all the tested concentrations (Figure 4). When ethanol is present, despite remaining the most stable among the produced foams, stability reported using FSA and FT dropped significantly, with the value of FSA more than halved compared to what was reported in the absence of ethanol. The negative correlation between ethanol concentration and foam stability has already been noted in beer, where, after interfacial studies, ethanol was indicated as responsible for reducing the rigidity of the protein layer adsorbed at the liquid–air interface, thus decreasing its elasticity with an increased probability of film rupture [34].



Finally, the MST sample, containing the commercial mannoproteins of the Mannostab product, shows an FE% trend similar to what was observed for the MP sample extracted with ConA from wine. Even in this case (Figure 3, MST), the FE% varies between 125% and 150%, tends to remain constant over time, and the effect of the concentration of the extract on the value of the parameter is evident only when comparing the two extremes, 800 and 200 mg/L. These values did not change in the presence of ethanol, which, however, seems to confer higher stability to the foam.



Also, in this case (Figure 3 and Figure 4), the same considerations about the foaming behavior of Figure 2 could be expressed. In fact, both FT and FSA fractions contain glycosylated and non-glycosylated proteins (205 to 17 kDa, Figure 1), which could act synergistically in promoting FE%. On the contrary, the MP and MST fractions, which contain only highly glycosylated compounds, as also shown in Figure 1C, do not show a high aptitude for foam expansion.



In summary, as reported in the graphs of Figure 2 and Figure 3, the proteins extracted from the wine using different methods and the commercial product participate differently in foamability, expressed in terms of FE%. In general, the foam that forms at the air–liquid interface is an unstable system because surface tension counteracts the forces needed for its maintenance, and by its nature, the foam tends to collapse. It has been observed that proteins, with their surfactant properties, migrate to the air–liquid interface and form foam thanks to electrostatic and hydrophobic forces, hydrogen, and covalent bonds. These interactions are responsible for the formation of the viscoelastic film that surrounds the air bubbles. However, some proteins act as good foam formers but are not able to stabilize them; on the contrary, some proteins are not good foam formers but guarantee their stability [33,35]. Thus, the different values of parameter FE% observed in Figure 2 and Figure 3 may be explained using the different properties of the protein fractions studied in the formation of the foam. Ethanol also plays an important role in the foaming characteristics of wine proteins because it decreases the surface tension of the system and modulates the adsorption of other surfactant compounds [15]. Generally, ethanol can act at the level of hydrophobic proteins by modifying their foamability, but it can also negatively influence the surface tension of the liquid, with negative effects on the foam’s stability.



Curves in Figure 4, describing the stability of the foam as a function of the concentration of the extract, were interpolated with third-degree functions. In all cases, the cubic function shows R2 equal to 1, indicating a perfect fitting of the data (Table 2). As Table 2 shows, the curves can be described using different parameters. In particular, with and without ethanol, the MP and MST extracts show very similar and very low values of the parameters B1, B2, and B3, indicating that the stability of the foam is not due to the concentration of the extracts. The NMP sample also presents parameter values close and with the same order of magnitude as those of MP and MST, with some statistical differences. The FSA and FT samples deserve separate consideration; in fact, the functions described using the two samples show very different parameters from each other and with values that highlight inflection points to indicate a complex and non-linear trend in describing the stability behavior of the foams as a function of the concentration of the two extracts. In general, the parameters of the cubic functions in Table 2, obtained by interpolating the concentration points as a function of the stability time, are never linear, highlighting the complexity of the foaming behavior exhibited by the protein and glycoprotein extracts of wine.





4. Conclusions


Wine proteins, from both grape and yeast, play a fundamental role in the development and stability of foam in sparkling wine. Considering the heterogeneity of this fraction, understanding the role of the different groups of proteins in foam formation is critical for advancing sparkling wines’ production processes.



In this study, the best foam expansion and stability were achieved when total protein extracts (FT and FSA) were present in the model system. These fractions contain both proteins and glycoproteins of high and low molecular weight, which appear to act in synergy, ensuring voluminous and stable foams. On the contrary, when tested alone, glycoproteins and proteins showed poor foaming performance. Similar performances were achieved with a commercial yeast glycoprotein extract.



The study further highlights that the presence of ethanol in the system may be critical, as it could favor foam expansion but also destabilize it fast. This aspect should be taken into account in further studies focusing on the production of dealcoholized wines.



This research suggests the need for further studies that are useful for winemakers to understand the molecular interactions behind the synergistic behavior of the different protein components in the formation and stability of foam in sparkling wine.
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Figure 1. SDS-PAGE (15%): SDS-PAGE of protein fractions stained with different protocols. (A) Coomassie Brilliant Blue stain. Total fraction (FT); non-mannosylated proteins (NMP); mannoproteins (MP); fraction soluble in ammonium sulfate (FSA). (B) Sypro Ruby Stain. Mannostab® (MST). (C) Schiff reagent (staining glycosylated proteins only). Total fraction (FT); non-mannosylated proteins (NMP); mannoproteins (MP); fraction soluble in ammonium sulfate (FSA); Mannostab® (MST). 
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Figure 2. Foam expansion (FE%); foamability test of protein and glycoprotein extracts (FT, NMP, and MP) in model wine with and without ethanol. Each extract is tested at the following concentrations: 200, 400, 600, and 800 mg/L. Each test was performed in triplicate. Data significance was assessed by ANOVA and Tukey’s test. Points indicated by the same letter are not significantly different at p ≤ 0.05. 
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Figure 3. Foam expansion (FE%); foamability test of protein and glycoprotein extracts (FSA and MST) in model wine with and without ethanol. Each extract was tested at the following concentrations: 200, 400, 600, and 800 mg/L. Each test was performed in triplicate. Data significance was assessed by ANOVA and Tukey’s test. Points indicated by the same letter are not significantly different at p ≤ 0.05. 
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Figure 4. Stability curves interpolated with data of foam stability, measured in seconds, as a function of protein fraction concentration. Data significance was assessed by ANOVA and Tukey’s test. Points indicated by the same letter are not significantly different at p ≤ 0.05. 
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Table 1. Extracted protein fractions: Total Fraction (FT), Non-mannosilated protein (NMP), Mannoprotein extracted using ConA (MP), and soluble fraction in sulfate ammonium (FSA). The yields of the extracted fractions are expressed in dry weight (m/L), and total proteins are measured using the BCA method (see Section 2).
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	Fractions Extracted Protein
	Weight Yield (Dry Weight, d.w.) mg/L
	Total Protein mg/L
	µg Protein/mg d.w.





	Total Fraction (FT)
	152.3 ± 8.3
	36.5 ± 2.3
	239.6 ± 1.3



	Not mannosilated protein (NMP)
	114.3 ± 4.2
	19.2 ± 0.9
	167.9 ± 2.3



	Mannoprotein extracted by ConA (MP)
	29.4 ± 1.5
	1.1 ± 0.15
	37.4 ± 0.9



	soluble fraction in Sulfate ammonium (FSA)
	84.4 ± 1.7
	24.2 ± 2.3
	286.7 ± 3.4










 





Table 2. Parameters of the cubic curve (Figure 4) interpolated with data of foam stability, measured in seconds as a function of protein fraction concentration. Data significance was assessed by ANOVA and Tukey’s test. Values followed by the same letter are not significantly different at p ≤ 0.05.
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y = Intercept + B1 × x1 + B2 × x2 + B3 × x3






	

	
FSA

	
TF

	
MP

	
MST

	
NMP




	
R2

	
1

	
1

	
1

	
1

	
1




	
intercept

	
4.5 ± 0.3 b

	
13.03 ± 0.2 a

	
3.2 ± 0.4 c

	
2.2 ± 0.08 d

	
0.3 ± 0.002 e




	
B1

	
0.06792 a

	
−0.128 d

	
−0.0077 c

	
−0.0077 c

	
0.0141 b




	
B2

	
−2.08 × 10−4 c

	
4.31 × 10−4 a

	
1.88 × 10−5 b

	
1.88 × 10−5 b

	
−2.50 × 10−5 d




	
B3

	
2.27 × 10−7 a

	
−3.08 × 10−7 d

	
−1.25 × 10−8 c

	
−1.25 × 10−8 c

	
2.08 × 10−8 b




	

	
FSA ethanol

	
FT ethanol

	
MP ethanol

	
MST ethanol

	
NMP ethanol




	
R2

	
1

	
1

	
1

	
1

	
1




	
intercept

	
12.2 ± 1.1 a

	
−1.9 ± 0.3 d

	
3.4 ± 0.4 c

	
3.6 ± 0.3 c

	
6.2 ± 0.5 b




	
B1

	
−0.073 d

	
2.90 × 10−2 a

	
−0.01 b

	
−0.01 b

	
−0.034 c




	
B2

	
2.02 × 10−4 a

	
1.13 × 10−5 d

	
2.63 × 10−5 c

	
3.75 × 10−5 c

	
8.75 × 10−5 b




	
B3

	
−1.37 × 10−7 a

	
−2.29 × 10−8 b

	
−1.40 × 10−8 b

	
−2.08 × 10−8 b

	
−5.83 × 10−8 c















