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Abstract

:

Winemaking is a complex process involving the interaction of different microbes. The two main groups of microorganisms involved are yeasts and bacteria. The yeasts present in spontaneous fermentation may be divided into two groups: the Saccharomyces yeasts, particularly S. cerevisiae; and the non-Saccharomyces yeasts, which include members of the genera Rhodotorula, Pichia, Candida, Debaryomyces, Metschtnikowia, Hansenula, and Hanseniaspora. S. cerevisiae yeasts are able to convert sugar into ethanol and CO2 via fermentation. They have been used by humans for thousands of years for the production of fermented beverages and foods, including wine. Their enzymes provide interesting organoleptic characteristics in wine. Glycosidases with oenological implications have been widely reported in yeasts, bacteria, and fungi. β-Glucosidase activity is involved in the release of terpenes to wine, thus contributing to varietal aroma. α-Rhamnosidase, α-arabinosidase, or β-apiosidase activities have also been reported to contribute to the wine production process. Oenococcus oeni (a lactic acid bacteria present in wine) also has numerous glycosidases, and their activities contribute to the liberation of several aromatic compounds which contribute to floral and fruity wine characteristics.
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1. Introduction


Annual global wine production is about 275 million hL, according to the statistical survey conducted by the International Organization of Vine and Wine (OIV) (Figure 1).



European countries (mainly France, Italy, and Spain) lead the ranking, producing together about 133 million hL. The United States (22 million hL) is the other large scale wine producer, although there are a huge number of other countries reporting wine production [1].



Yeasts conduct the alcoholic fermentation in wine, mainly converting sugars to ethanol and carbon dioxide. Grape musts naturally contain a mixture of yeast and bacteria species, and wine fermentation is not a “single-species” fermentation. The dominance of the yeast Saccharomyces cerevisiae (inoculated or indigenous) in the fermentation is expected and desired. However, the indigenous non-Saccharomyces yeasts—already present in the must, and often in greater numbers than S. cerevisiae—are adapted to the specific environment and are in an active growth state, which gives them a competitive edge [2]. It is well established that wine fermentations, as conducted by traditional methods (without inoculation), are not the result of the action of a single species or a single strain. Rather, the final products result from the combined actions of several yeast and bacteria species which grow in succession throughout the fermentation process. The isolation and identification of yeasts from grape surfaces, and quantitative data on the ecology of grape yeasts have concluded that the isolation process of the total yeast population from the grapes is complex and dependent on many factors [3,4]. Fermentations are initiated by the growth of various species of Candida, Debaryomyces, Hanseniaspora, Hansenula, Kloeckera, Metschnikowia, Pichia, and Torulaspora. Their growth is generally limited to the first two or three days of fermentation, after which they die off. Subsequently, the most strongly fermenting and more ethanol-tolerant species of Saccharomyces take over the fermentation [5]. Non-Saccharomyces yeasts, as the name suggests, refers to all yeast species found in wine production barring S. cerevisiae, with the proviso that this only includes yeast with a positive role in wine production. Recognized spoilage yeasts, such as Dekkera/Brettanomyces, are normally left out of this description [6].



Although most fields of research are often focused primarily on S. cerevisiae, non-Saccharomyces research can benefit from the techniques and knowledge developed by the S. cerevisiae and other yeast researchers [2]. S. cerevisiae yeasts are able to convert sugar into ethanol and CO2 via fermentation. This yeast is adapted to the harsh conditions in grape musts and grapes (high sugar concentration, increasing alcohol concentration, acidity, presence of sulfites, anaerobiosis, and the progressive depletion of essential nutrients, such as nitrogen, vitamins, and lipids). However, S. cerevisiae is not only responsible for the metabolism of grape sugar to alcohol and CO2, but has an equally important role to play in the formation of secondary metabolites, as well as in the conversion of grape aroma precursors to varietal wine aromas [5,7,8,9,10]. In the past, the influence of non-Saccharomyces yeasts in wine was restricted and even eliminated by inoculation with pure S. cerevisiae cultures because they have long been regarded as spoilage yeasts [11]. However, in the past three decades, great interest has grown in the potential beneficial role of non-Saccharomyces yeasts in wine biotechnology [3,4]. It has been shown that some of the metabolites that these yeasts produce may be beneficial and may contribute to the complexity of the wine when they are used in mixed fermentations with S. cerevisiae cultures [12,13]. It is believed that when pure non-Saccharomyces yeasts are cultivated with S. cerevisiae strains, their negative metabolic activities may not be expressed or could be modified by the metabolic activities of the S. cerevisiae strains [14]. Several strains belonging to different non-Saccharomyces species have been extensively studied in relation to the formation of some metabolic compounds affecting the bouquet of the final product. Moreover, some of these yeasts showed positive oenological properties, and their use in the alcoholic fermentations has been suggested to enhance the aroma and flavor profiles. The non-Saccharomyces yeasts have the capability to produce and secrete enzymes in the wine, such as β-glucosidases, which release monoterpenes derived from their glycosylated form. These compounds contribute to the higher fruit-like characteristic of the final product.



Malolactic fermentation (MLF) is an important secondary reaction in winemaking, and generally occurs just after the alcoholic fermentation has been completed. It involves the growth of particular species of lactic acid bacteria (Lactobacillus, Pediococcus, Leuconostoc, and, predominantly, Oenococcus). The first reason for inducing MLF is deacidification of the wine. In addition, MLF influences the microbiological stability and organoleptic quality of the wine [15,16]. Oenococcus oeni (formerly Leuconostoc oenos) [17] is the major bacterial species found in wines during MLF, and is well adapted to the low pH and high ethanol concentration of wine [18].



Glycosidases with oenological implications have been widely reported in yeasts, bacteria and fungi [19,20,21].




2. Yeast Glycosidases


Yeasts of the Hansenula species isolated from fermenting must were reported to have an inducible β-glucosidase activity, but this enzyme was inhibited by glucose [19]. Other yeast strains, such as Candida molischiana [22] and C. wickerhamii [23] also have activities towards various β-glucosides, and they were not strongly influenced by the nature of aglycon [20]. β-Glucosidase from C. molischiana was immobilized in Duolite A-568 resin, showing similar physicochemical properties to those of free enzyme. The immobilized enzyme was found to be very stable under wine conditions, and could be used repeatedly for several hydrolyses of bound aroma [24]. Endomyces fibuliger also produces extracellular β-glucosidase when grown in malt extract broth [25].



Screening 370 strains belonging to 20 species of yeasts, all of the strains of the species Debaryomyces castelli, D. hansenii, D. polymorphus, Kloeckera apiculate, and Hansenula anomala showed β-glucosidase activity [26]. A strain of D. hansenii exhibited the highest exocellular activity, and some wall-bound and intracellular activity. Its synthesis, occurring during exponential growth, was enhanced by aerobic conditions and was repressed by high glucose concentration. The optimum condition for this enzyme was pH 4.0–5.0 and 40 °C. This enzyme was immobilized using a one-step procedure on hydroxyapatite. The immobilized enzyme exhibited a lower activity than the purified free enzyme, but was much more stable than the enzyme in cell-free supernatant [27]. These studies have shown the ability of several wine yeasts to hydrolyze terpenoids, norisoprenoids and benzenoids glycosides; among wine yeasts, Hanseniaspora uvarum was able to hydrolyze both glycoconjugated forms of pyranic and furanic oxides of linalool [28,29,30]. Other authors have also shown the important role of non-Saccharomyces species in releasing the glycoside-bound fraction of grape aroma components [30,31,32].



Finally, the situation regarding S. cerevisiae is more complex, because this yeast is capable of modifying the terpenic profile of the wine; thus, it can produce citronellol from geraniol and nerol; the intensity of this transformation depends on the yeast strain used [33,34]. Other authors propose a more complex scheme: geraniol was transformed by these yeasts into geranyl acetate, citronellyl acetate, and citronellol, while nerol was transformed into neryl acetate; in addition, geraniol was transformed into linalool and nerol was cyclized to α-terpineol at must pH [35].



Few data are available regarding glycosidase activities of oenological yeast strains and the technological properties of the enzymes. Low α-rhamnosidase, α-arabinosidase, or β-apiosidase activities were detected in S. cerevisiae [36]. Nevertheless, data on β-glucosidase activity on Saccharomyces are contradictory. First results showed that these yeasts had a very low activity [37], but Delcroix et al. [36] found three enological strains showing high β-glucosidase activity. On the other hand, Darriet et al. [38] have shown that oxidases located in the periplasmic space of a strain of S. cerevisiae were able to hydrolyze monoterpene glucosides of Muscat grapes; they also found that the activity of this β-glucosidase was glucose-independent. Mateo and Di Stefano [39] detected β-glucosidase activity in different Saccharomyces strains on the basis of its hydrolytic activity on p-nitrophenyl-β-d-glucoside (pNPG) and the terpene glucosides of Muscat juice (Table 1).



This enzymatic activity is induced by the presence of bound β-glucose as a carbon source in the medium and seems to be a characteristic of the yeast strain. This β-glucosidase, associated with the yeast cell wall, is quite glucose-independent but is inhibited by ethanol. These results could open new pathways regarding other glycosidase activities in S. cerevisiae; α-rhamnosidase, α-arabinosidase, or β-apiosidase activities could be induced in wine yeast by changing the composition of the medium including inductive compounds, as well as in filamentous fungi [40,41].




3. Bacterial Glycosidases


Oenococcus oeni is the species generally recognized as beneficial for final aroma compounds in wine [42,43]. This bacterium is involved in the malolactic fermentation (MLF), the conversion of the malic acid in wine to lactic acid and carbon dioxide. This reaction, generally associated with a finally equilibrated good wine [44], can also be performed by other lactic acid bacteria (LAB) (Leuconostoc, Lactobacillus and Pediococcus), although it is generally performed by O. oeni strains [45]. Recent information is available regarding the β-glucosidase activity of LAB involved in wine-making. Nowadays, it is known that O. oeni has numerous glycosidases [46], and their activities contribute to the liberation of several aroma compounds, including monoterpenes, norisoprenoids, and aliphatic compounds, which contribute to floral and fruity wine characteristics [47,48,49]. It has been demonstrated that O. oeni was able to cleave the glucose moiety from the major red wine anthocyanin, malvidin-3-glucoside, to use it as a carbon source. The release of glycosylated volatile precursors in Tannat wine was also observed [21], and only minimal O. oeni glycosidase activity was noted in Viognier glycosidic extracts [50]. The effective β-glucosidase activity of some strains of O. oeni has been previously reported [46,47,48,49,50,51,52]. Mansfield et al. [53] also detected the production of β-glucosidase enzymes in several strains of O. oeni, although cultures of the same strains failed to hydrolyze native grape glycosides.



The study of the hydrolysis of wine aroma precursors (linalool, α-terpineol, nerol, and geraniol) during MLF has been carried out with some O. oeni starter cultures in model wine solutions by Ugliano et al. [48]. The liberation of glycosidically-bound aroma compounds was assessed for various strains which also performed the MLF. Although the quantity of released precursors was strain-dependent, the large release of glycosylated aroma compounds observed during their experiments suggests that O. oeni can actively contribute to the changes in the sensory characteristics of wine after MLF through the hydrolysis of aroma precursors. Some studies describing the characterization and purification of β-glucosidase from native crude extracts of O. oeni strains have been reported [54,55,56,57,58,59,60,61,62,63,64,65]. There are also 17 different species of Lactobacillus associated with winemaking, either associated with the grapes or isolated at different stages of alcoholic fermentation or MLF. Some of these strains possess enzyme-encoding genes important for the production of wine aroma compounds such as glycosidase [66].



α-l-Rhamnosidases also play an important role in the hydrolysis of glycosylated aroma compounds (especially terpenes) from wine. Although several authors have demonstrated the enological importance of fungal rhamnosidases, the information on bacterial enzymes in this context is still limited to Pediococcus acidilactici [67,68].




4. Fungal Glycosidases


Considering that the enzymatic systems of grapes are not able to hydrolyze terpene glycosides in grape juice or wine, more studies are demanded regarding the ability of yeasts and LAB to yield all the enzymes involved in this process. Several exogenous enzymes, mainly with a fungal origin, have been developed to liberate terpenes in wines. They are the named exogenous (fungal) glycosidases. Comparing 34 different enzymatic preparations, the most suitable ones to be used during the winemaking process are those which posses all β-d-glucopyranosidase, α-l-arabinofuranosidase, α-l-rhamnopyranosidase, and β-d-apiofuranosidase activities (Table 1).



With regard to the enological uses of exogenous enzymes, the non-selectivity of the glycosidases in Rohapect C, together with its relative tolerance to ethanol, suggest a feasible application in releasing any glycosidically-bound terpenes present in wines. Even for this purpose, however, the high pH values required for the enzymes in this preparation to function effectively (5.0–6.0) limits their practical utility. The great sensitivity of the β-glucosidase of Rohapect C and several other commercial non-plant glycosidases to glucose excludes any application of these enzymes in juice processing [69].



Aspergillus niger β-glucosidases from two different commercial preparations do not show the same hydrolysis rates towards linalyl β-d-glucosides. After 24 h of incubation, β-glucosidase from the Hemicellulase preparation (Gist Brocades, France) hydrolyzed the substrate completely, whereas β-glucosidase from the Pectinol C preparation (Röhm, Germany) hydrolyzed only one third of it. α-Terpenyl β-d-glucoside was not a substrate for A. niger β-glucosidase from Pectinol preparation; however, this substrate was hydrolyzed by A. niger β-glucosidase from Hemicellulase preparation. Such variations in both commercial enzymatic preparations are probably due to the use of different strains of A. niger [37].



The availability of purified enzymes, synthetic substrates, and suitable analytical methods are needed for rigorous progress in the field of the enzymatic hydrolysis of terpenyl glycosides [70,71,72,73,74,75]. Enzymes have been isolated from fungal enzymatic preparations, vegetal extracts, or synthetic culture media inoculated with fungal cultures, and have been purified by different chromatographic techniques (gel filtration, ion-exchange chromatography, affinity chromatography, chromatofocusing).



β-Apiosidase has been partially purified by filtration chromatography on Ultrogel AcA 44 and ion exchange chromatography on diethylaminoethyl (DEAE)-Sepharose CL-6B from A. niger cultures. The (1→6) sugar linkage of the apiosylglucosides of nerol, geraniol, and pyran linalool oxide was cleaved by the enzyme with liberation of the corresponding monoglucosides. Furthermore, apiosylglucosides of furan linalool oxide did not appear to be good substrates for β-apiosidase, unlike other apiosylglucosides. The production of the enzyme by A. niger is inducible, as it is only produced when apiin (2-O-β-d-apiofuranosyl-β-d-glucoside of apigenin) was present in the culture medium as the carbon source. In the same way, peptone (2% w/v) and Tween 80 (0.15% v/v) activate β-apiosidase synthesis. With regard to the activity, the optimum pH and temperature were 5.6 and 50 °C, respectively, and different ions have inhibitory effects on β-apiosidase activity. Conversely, the enzyme was inhibited neither by glucose nor by ethanol [41].



An α-l-arabinofuranosidase from A. niger was purified from a commercial crude preparation of Hemicellulase REG2 by gel filtration on Ultrogel AcA 44, by ion exchange chromatography on DEAE-Sepharose CL-6B, and by affinity chromatography on Concanavalin A-Ultrogel AcA 22. The optimum pH of the enzyme was 3.9, and the temperature of maximal activity 60 °C. This arabinosidase was active against monoterpenyl α-l-arabinofuranosylglucosides from grapes by liberating monoterpenyl β-d-glucosides and arabinose, regardless of the structure of the aglycon moiety [37]. This enzyme has been immobilized on chitosan by conjugation; this method proved to be the better one, as it ensures good biocatalyst activity and better stability than reported for the free enzyme [75].



An α-l-rhamnopyranosidase from a naringinase commercial preparation from Penicillium sp. was free from contaminating β-d-glucosidase activity by chromatofocusing on PBE 94 using a pH gradient. Rhamnosidase isoenzymes were eluted at pH 6.2 and 5.7, respectively [71].



A strain of A. niger excreted a β-glucosidase into the medium which was partially purified by affinity chromatography. The enzyme was found to hydrolyze natural glycosides and was competitively inhibited by glucose. The pH optimum was 3.4, and ethanol enhanced the activity. Immobilization of fungus using Ca2+alginate beads enabled an increase in enzyme production in a continuous fermentation [76,77]. Later, an endo-β-glucosidase from A. niger was immobilized to acrylic beads [40] or to γ-alumina activated with dodecamethylendiamine and glutaraldehyde in sequence [78]. GC-MS analysis of the wines indicated that the enzyme treatment increased concentrations of free monoterpene alcohols.



Aspergillus oryzae was found to secrete two distinct β-glucosidases when it was grown in liquid culture. The major form was highly inhibited by glucose, but the minor form (which was induced on quercitin) exhibited high tolerance to glucose or gluconolactone inhibition. The enzyme was optimally active at 50 °C and pH 5.0. It exhibits exoglucanase activity and was able to release flavor compounds [79]. Similar results were obtained in A. niger [80]. These enzymes are present only in low quantities in the majority of commercial fungal enzymatic preparations, mainly regarding β-d-apiosidase activity [41].



Determination of free volatile compound terpenols, norisoprenoids, and volatile phenols indicates that concentrations in enzyme-treated wines highly increase, not only in aromatic varieties, but also in neutral ones. Enhancements widely varied according to the original grapes, from 265% to 2.000% [81]. Nevertheless, multiple forms of glycosidases could be present in an enzymatic preparation. So, chromatofocusing of a crude enzyme preparation from A. niger on PBE 94 showed the presence of multiple forms of β-apiosidase, β-glucosidase, α-rhamnosidase, and α-arabinosidase [82].



Enzymes are effective for some days after their addition to the wine, while glycosidic precursors remain almost unchanged throughout fermentation. The method used to enrich wine in volatile compounds is only effective when dry wines are used, because β-glucosidase is heavily inhibited by glucose in fungal enzymatic preparations. The hydrolysis of terpene glycosides is not completed in sweet wines obtained from Muscat de Frontignan grapes, due to inhibition of β-glucosidase by the presence of glucose [37].




5. Conclusions


The presence of terpenes, in their different forms, in grape juices and wines represents great potential as a means to increase the varietal characteristics of the wines, contributing the final product with higher fruit-like characteristics. Some microorganisms have the capability to produce and secrete enzymes in the wine, such as β-glucosidases, which contribute to the release of monoterpenes derived from their glycosylated form. These compounds add a fruit-like characteristic to the final wine. Researchers have sufficient information and tools to study the presence of terpenes and their evolution in grape juices and wines, but it is not yet possible to translate all of the acquired knowledge to the wineries, because an efficient methodology to improve the terpene content of all the wines present in the market has not been found.



Several approaches through genetic engineering techniques will doubtless be used in the near future to overcome—by using recently discovered glucosidases—the limitations on the exploitation of the glycosylated aroma source in the processing of fruit juices and derived beverages.



The production of wine is generally conducted by yeasts. Their enzymes provide interesting organoleptic characteristics to the wine: glycosidases are key enzymes in the process. Monoterpenes, norisoprenoids, benzene derivatives, and aliphatic components are involved in Muscat grape juice and wine. These compounds have been detected in a glycosidically-bound form: therefore, the liberation could enhance wine aroma. The latest results in this area open the possibility of the use of new strains to be used to improve the aromatic characteristics of the wines, in regard to the liberation of terpenes.



On the other hand, the construction of fungal strains expressing these proteins involved in flavor liberation may enable the production of tailor-made glycosidases without undesirable activities. A lot of work remains to be done to obtain a methodology, probably of enzymatic nature, which allows a wine-consumer’s sense of smell to appreciate the whole organoleptic richness of the product that they have in their hands or in their mouths. Research in yeast and fungal glycosidasic enzymes is extensive. However, we are still far from understanding the complexity of bacterial glycoside metabolism.



The liberation of glycosidically-bound aroma compounds has been proven for various bacterial strains which also performed the MLF. Although the quantity of released precursors was strain-dependent, the large release of glycosylated aroma compounds reported suggests that O. oeni can actively contribute to the changes of sensory characteristics of wine after MLF through the hydrolysis of aroma precursors. Therefore, further work will be necessary to understand the functionality and metabolic relevance of LAB glycosidases. A comprehensive study of enzyme characteristics is required to achieve a better understanding of the principles of bacterial glycosidase metabolism.



Further work remains to be done to fully understand the capabilities of several microorganisms to enrich all the organoleptic aspects included in wine.
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Figure 1. World wine production (2015). 
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Table 1. Results obtained by hydrolysis of terpene glycosides treated with different enzymatic preparations (200 μL of each commercial preparation). Data are normalized to 100 in untreated wines.
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No.

	
Terpenes

	
Grape Skin

	
Saccharomyces cerevisiae S1U Glucosidase [39]

	
Klerzyme 200® *

	
Exogenous Glycosidases

	
Hemicellulase




	
Pectinol C® *

	
Rohapect C® *

	
Sweet Wine *

	
Dry Wine *






	
1

	
trans-Furan linalool oxide

	
108.2

	
122.9

	
247.3

	
174.3

	
943.1

	
109.7

	
129.7




	
2

	
cis-Furan linalool oxide

	
124.3

	
296.8

	
149.2

	
133.8

	
456.1

	
87.0

	
117.6




	
3

	
Linalool

	
101.2

	
204.6

	
113.6

	
111.0

	
187.8

	
107.5

	
108.8




	
4

	
Hotrienol

	

	

	
93.3

	

	
113.2

	
130.8

	
87.1




	
5

	
Neral

	

	

	

	

	

	

	




	
6

	
α-Terpineol

	

	
230.0

	
150.8

	

	
190.8

	
113.8

	
141.7




	
7

	
Geranial

	

	

	

	

	

	

	




	
8

	
trans-Pyran linalool oxide

	
124.9

	

	
109.3

	
109.1

	
113.1

	
104.2

	
104.4




	
9

	
cis-Pyran linalool oxide

	
104.5

	

	
88.9

	

	
136.3

	
111.4

	
98.0




	
10

	
Citronellol

	
177.6

	
176.6

	
551.9

	
239.8

	
131.8

	
146.5

	
335.4




	
11

	
Nerol

	
593.0

	
847.6

	
424.5

	
720.0

	
1173.2

	
190.6

	
642.0




	
12

	
Geraniol

	
381.9

	
833.4

	
491.8

	
633.2

	
806.2

	
107.0

	
359.1




	
13

	
Diol I

	
104.2

	
91.4

	
151.9

	
112.7

	
152.3

	
113.8

	
98.0




	
14

	
Endiol

	

	
133.0

	

	

	

	

	




	
15

	
Diol II

	
101.4

	
112.5

	
174.7

	
114.0

	
124.3

	
100.1

	
97.6




	
16

	
Hydroxy-citronellol

	
152.6

	
159.0

	

	
178.4

	
552.9

	

	




	
17

	
8-Hydroxy-dihydro-linalool

	
275.9

	
230.8

	
152.9

	
397.6

	

	
105.9

	
93.2




	
18

	
Hydroxy-nerol

	

	
141.4

	

	

	

	

	




	
19

	
trans-8-Hydroxy-linalool

	
133.4

	
466.0

	
1343.0

	
431.5

	

	

	




	
20

	
Hydroxy-geraniol

	

	
140.2

	

	

	
475.0

	

	




	
21

	
cis-8-Hydroxy-linalool

	
271.8

	
688.9

	
4083.0

	
990.0

	
916.9

	

	




	
22

	
Geranic acid

	
362.6

	
522.8

	

	
410.2

	

	

	








* Sweet wine, the amount of residual sugar left in the wines is higher than 50%; dry, the amount of residual sugar left in the wines is less than 50%. Klerzyme 200, concentrated dry powder standardized with diatomaceous earth for use in processing grapes, grape juice, wines, and other fruit juices (Centerchem, Norwalk, CT, USA) ; Pectinol C, glycosidic enzyme (Rohm & Haas, Darmstadt, Germany); Rohapect C, pectinase preparation ( AB Enzymes GmBH, Darmstadt, Germany). Klerzyme 200, Pectinol C and Rohapect C are primarily pectinases; glycosidase is a side activity.
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