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ABSTRACT

Yeast mannoproteins are highly glycosylated proteins that are covalently bound to the β-1,3-glucan present in the yeast cell wall. Among their outstanding enological properties, yeast mannoproteins contribute to several aspects of wine quality by protecting against protein haze, reducing astringency, retaining aroma compounds and stimulating growth of lactic-acid bacteria. The development of a non-recombinant method to obtain enological yeast strains overproducing mannoproteins would therefore be very useful. Our previous experience on the genetic determinants of the release of these molecules by Saccharomyces cerevisiae has allowed us to propose a new methodology to isolate and characterize wine yeast that overproduce mannoproteins. The described methodology is based on the resistance of the killer 9 toxin produced by Williopsis saturnus, a feature linked to an altered biogenesis of the yeast cell wall.
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INTRODUCTION

Yeast mannoproteins are highly glycosylated proteins containing over 90% sugars, mainly mannose, that are located in the outermost layer of the yeast cell wall, representing between 35 to 40% of its dry weight. Most of them act as structural components, giving the cell wall its active properties and being partially responsible for its permeability (Cid et al., 1995; Klis et al., 2002). Due to their high sugar content, mannoproteins behave like polysaccharides rather than like proteins. In Saccharomyces cerevisiae, the glycan portion of mannoproteins is mainly composed of mannose, with some neutral oligosaccharides that contain N-acetylglucosamine and acidic sugars containing mannosylphosphate (Jigami and Odani 1999).

Over the past decades, yeast mannoproteins have gained ground as one of the most interesting molecules involved in the improvement of both the technological processes during wine making and the sensorial properties of the resulting product. Several authors have emphasized the key role played by these molecules on the chemical stabilization of wine by protecting against protein haze (Dupin et al., 2000a, b; Gonzalez-Ramos and Gonzalez 2006; Schmidt et al., 2009; Waters et al., 1994, 2005) and tartaric instability (Feuillat et al., 1998). Though it is well known that physicochemical procedures for the stabilization of wines are satisfactorily employed (e.g. bentonite fining against protein haze, Blade and Boulton 1988; cold stabilisation to avoid tartaric instability, Boulton et al., 1998), several studies support that these can also negatively affect the quality of the fined wine as some texture, flavour and aroma compounds will also be lost (Høj et al., 2000; Voilley et al., 1990). Additionally, the use of bentonite will cause a significant loss in the volume of treated wine, estimated to range between 3 to 10%. Brown et al. (2007) cloned and overexpressed YOL155c and YDR055w in S. cerevisiae laboratory strains, respectively encoding Hpf1p and Hpf2p (from Haze protecting factors), and showed that turbidity was reduced up to 40% when Hpf2p was added to the wine, which would clearly allow to minimize these procedures.

Other appreciated enological features of mannoproteins are their ability to absorb ochratoxin A and thus reduce its concentration in the final product (Ringot et al., 2005), stimulate the growth of lactic-acid bacteria (Guilloux-Benattier et al., 1995) due to the adsorption of medium chain fatty acids released by yeast strains present in the medium and contribute to several organoleptic features by retaining aroma compounds (Lubbers et al., 1994), reducing astringency, improving the foaming properties of sparkling wines (Núñez et al., 2006) and increasing the sweetness, body, roundness and mouthfeel of the wine (Guadalupe et al., 2007; Vidal et al., 2004, for a review of mannoprotein properties see Caridi 2006). 

For all these positive contributions it would be desirable to obtain new yeast strains that would naturally overproduce mannoproteins. Previous works have allowed the identification of some genetic determinants of the release of mannoproteins in wine yeasts (Gonzalez-Ramos and Gonzalez 2006; Gonzalez-Ramos et al., 2008) and proven that wines fermented with recombinant mannoprotein overproducing strains presented a higher stability against protein haze compared to those obtained after fermentation with the native strain. Among the different recombinant genotypes constructed and studied, strains deleted for KNR4 (from Killer Nine Resistant, also known as SMI1), a gene involved in β-1,3-glucan biosynthesis identified by Hong et al. (1994), yielded optimal results (Gonzalez-Ramos et al., 2008). Two additional gene targets were later identified to improve mannoprotein release and bentonite responsiveness (Gonzalez-Ramos et al., 2009). In the present paper, a new methodology for the selection of non-recombinant mannoprotein overproducing yeast strains based on their phenotypic properties is developed.

MATERIALS AND METHODS

Strains and culture conditions

Twelve different S. cerevisiae strains were used in this work. EC1118 is a wine yeast strain commercialised by Lallemand Inc. (Ontario, Canada). T73-4 is a uridine auxotroph derived from the winemaking strain T73 (Puig et al., 1998) EFD-31, EGD-13 and EKD-13 are double deletion mutants derived from EC1118 lacking FKS1, GPI7 and KNR4 genes, respectively (González-Ramos et al., 2008, 2009). TGD-13, TGASD-31 and TKD-123 are knockout strains derived from T73-4 lacking GPI7, GAS1 and KNR4 genes, respectively (González-Ramos et al., 2008, 2009). Finally, BY4741 strain (MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0) was obtained from the EUROSCARF consortium while IFI475 and IFI87, both industrial winemaking strains, were obtained from the Instituto de Fermentaciones Industriales culture collection (CSIC). Strains were routinely maintained on YPD plates, containing 2% glucose, 2% peptone, 1% yeast extract and 2% agar. GCY medium, containing 2% glucose, 2% BactoTM Casamino Acids (BD, Sparks, USA) and 0.67% DifcoTM Yeast Nitrogen Base (BD) was the medium used to assay the release of mannoproteins and polysaccharides. When fermentations were performed with BY4741 and its derived strains, the medium was supplemented with leucine and uridine (24,9 and 83,0 mg/L, respectively) so that the auxotrophies of the strains were complemented.

Production of killer 9 toxin

In order to produce the killer 9 toxin, Williopsis saturnus var. mrakii CECT 11031 strain was grown in YPD broth buffered with 50 mM sodium citrate (pH 4.3) during 3 days at 19 ºC and 150 rpm in an orbital shaker according to the conditions described by Hong et al. (1994). This culture was subsequently centrifuged and the supernatant filtered through 0.22 μm pore size membranes and stored at 4 ºC until used. For the preparation of the k9-containing YPD plates, sodium citrate buffered YPD agar plates were overlayed with 5 mL of the filtered supernatant containing the killer 9 toxin and left open in a laminar air flow bench until its complete absorption. 

UV mutagenesis 

S. cerevisiae strains were grown in 10 mL YPD broth at 28 ºC and 150 rpm o/n. Cells were washed twice and resuspended in 1 mL sterile distilled water. The number of cells in the suspensions was determined by serial dilution and counting on a BlauBrand Thoma counting chamber (Brand GMBH + CO KG, Wertheim, Germany). A 20 mL cell suspension containing 107 cells/mL was then prepared, placed in a Petri dish and irradiated under a UV lamp (Camag, Muttenz, Switzerland) at 254 nm. 1 mL aliquots of the cell suspension were taken after 20, 40 and 60 seconds of exposure, placed in Eppendorf tubes and kept in darkness for 30 minutes. Serial 10-fold dilutions of each of these aliquots (up to 10-5) were then prepared in saline solution and 100 μL were plated in YPD agar plates and k9 toxin-containing YPD plates. These were incubated for 48-72 h at 28 ºC and survival and resistance rates for each of the exposure times were then determined. k9 toxin-resistant mutants were picked and transferred to fresh YPD plates.

In order to check the k9 toxin resistant phenotype, cells were grown o/n in YPD, washed with sterile water and resuspended to a final concentration of 107 cells/mL. Four 10-fold serial dilutions were performed and 5 µL of each spotted on selective YPD plates, containing k9 toxin, as well as non-selective YPD plates as control. 

Quantification of total mannoproteins and polysaccharides

Yeasts were inoculated in 5 mL of GCY medium, grown at 30 ºC o/n and used to inoculate 100 mL shakeflasks containing 50 mL of GCY broth to a final O.D. of 0.1. Growth was monitored by O.D.600 nm measurement. After 24 hours of incubation at 30 ºC and 150 rpm, cultures were centrifuged and the supernatant transferred to clean Falcon tubes. Macromolecules in these supernatants were separated from monosaccharides by gel filtration using Econo-Pac columns (Bio-Rad Laboratories, Hercules, CA) following the manufacturer’s recommendations. The concentration of total mannoproteins and polysaccharides in the eluted fraction was determined by the phenol-sulfuric acid method described by Segarra et al. (1995) using a standard curve of commercial mannan from S. cerevisiae (Sigma-Aldrich, St. Louis, MO). Furthermore, glucose and mannose content of the macromolecular fraction was estimated performing acid hydrolysis as described by François (2006) followed by HPLC determination of the released polysaccharides. Four replicates for each sample were performed and data were analysed by one-way ANOVA and the Dunnett test for comparison of means. Bivariate correlation between the final biomass values of the strains used and their corresponding polysaccharide production values was studied using Pearson’s correlation coefficient. In all cases, SPSS 15.0 software (SPSS Inc., Chicago, USA) was used.
Fermentation of synthetic must

Industrial strains showing an improved release of mannoproteins in GCY medium were tested in a synthetic must (pH 3.5) containing 10% glucose, 10% fructose, 0.6% citric acid, 0.6% malic acid, 0.17% YNB without aminoacids and ammonium sulphate (Difco), 306 mg/L NH4Cl and 2/3 of the amount of aminoacids used in a control synthetic grape must (CNC) by Beltran et al. (2004). Fermentations were performed in duplicate at 20 ºC using 100 mL bottles capped with Müller valves containing 40 mL of must. Yeast strains were grown o/n in YPD broth, washed twice in sterile distilled water and finally inoculated at a final concentration of 106 cells/mL. Fermentation time course was monitored by determining the production of CO2 expressed as weight loss until weight was constant. 

HPLC analysis of musts and wines

Fermentation samples were analysed by HPLC in order to determine the concentration of glucose, fructose, ethanol and glycerol. Prior to injection in duplicate, samples were centrifuged at 10000 rpm for 5 minutes, supernatants filtered through 0.45 μm pore size nylon filters (Symta, Madrid, Spain) and diluted 5 or 10-fold. A Surveyor Plus chromatograph (Thermo Fisher Scientific, Waltham, MA) equipped with a refraction index detector (Surveyor RI Plus Detector) was used. The column employed was a HyperREZTM XP Carbohydrate H+ 8μm (Thermo Fisher Scientific) assembled to its correspondent guard. 1.5 mM H2SO4 was used as the mobile phase with a flux of 0.6 mL/min and a column temperature of 50 ºC.

Stress tolerance assays

To confirm the suitability of the selected overproducing strains for industrial purposes, tolerance to three different stress factors, i.e. pH, osmolarity and temperature, was assayed. Serial 10-fold dilutions of cell suspensions containing 107 cells/mL were prepared for all the strains and 3 µL of each plated in YPD medium with a pH of 2.8, 3.0 and 3.2 (pH stress), YPD containing 200, 250 and 300 g/L of glucose (osmotic stress) and YPD plates that were incubated at 13, 20, 28 and 32 °C.
RESULTS

Common phenotype for yeasts overproducing mannoproteins

Previous studies carried out in our group have identified four genes whose deletion resulted in an increased mannoprotein release. In order to find a common phenotype suitable for the positive selection of mannoprotein overproducing mutants, we turned our sight to the primary description of yeast mutations affecting these four genes. Hong et al. (1994) observed that yeast mutants deficient in the KNR4 gene activity, encoding a regulatory protein required for the correct targeting of the Stl2p MAP kinase, showed resistance to the k9 toxin from Hansenula mrakii coupled to a reduced level of both (1.3)-β-glucan synthase activity and (1,3)-β-glucan content in the cell wall. Taking this into account, a k9 toxin sensitivity assay was performed using the knockout strains previously constructed, using their wild type counterparts as control (Fig. 1). As expected (Hong et al., 1994), deletion of KNR4 resulted in an improved resistance to the killer 9 toxin in the two genetic backgrounds studied (see EKD-13 and TKD-123 strains in Fig.1). Similar results were obtained for the deletion of FKS1, a gene encoding a subunit of the β-1,3-glucan synthase, in EC1118 background (EFD-31 strain) and for the deletion of GAS1, encoding a glycoprotein of the plasma membrane, in T73-4 background (TGASD-31 strain). In contrast, deletion of GPI7, encoding an enzyme required for the synthesis of the GPI anchor, a structure mediating the linkage of some proteins to the plasma membrane or to the cell wall, resulted in an increased sensitivity to the toxin in both genetic backgrounds (EGD-13 and TGD-13 strains). 

Considering that the modification of three out of the four genetic targets analysed that had been previously shown to improve mannoprotein release also conferred yeast cells an increased resistance to k9 toxin, we decided to test this feature as an enrichment criterion for mannoprotein overproducing mutants in mutagenesis experiments.

Preliminary k9 toxin selection of UV mutants

As a proof of concept, two different mutagenesis experiments followed by k9 resistance selection were performed on the haploid strain BY4741. Survival rates after the different irradiation times were calculated by colony counting on YPD plates and results ranged from 33 to 12% for a 20 seconds exposure, from 1.1 to 2.1% for 40 seconds and from 0.25 to 0.18% for a UV exposure of 60 seconds. Ten colonies were randomly picked both from the control YPD plates and the selective YPD plates containing k9 toxin in order to compare polysaccharide and mannoprotein release with the original strain after fermentation in GCY medium. In general, final O.D. values of k9-resistant strains were significantly lower than those obtained for the strains picked from non-selective YPD plates and from the control strain. So, while BY4741 presented a final O.D. value of 9.42 ± 0.7, the average O.D. obtained for the k9-resistant mutants was 6.3 ± 1.5 while that obtained for the ten strains picked from non-selective YPD was 9.2 ± 1.4. 

The release of total polysaccharides and mannoproteins in all the k9-resistant strains tested is shown in Fig. 2. Production values in mg/L are shown in panel A while values normalized by the final biomass are depicted in panel B. As can be observed for the non-normalized values, 7 out of the 10 mutants selected in YPD+k9 plates significantly produced higher amounts of total polysaccharides and mannoproteins than the control strain, BY4741 (p<0.01). The increase in the production of polysaccharides and mannoproteins for the k9 resistant mutants ranged from 30% for mutant Mut3 to 238% for Mut6. When the normalized values are considered, 8 out of the 10 mutants significantly produced more polysaccharides than the control strain. On the contrary, none of the colonies isolated from the non-selective medium after the UV treatment overproduced mannoproteins and total polysaccharides (p<0.01, data not shown). 

Mannoprotein overproducing mutants from industrial wine yeast strains

These encouraging results made us test the described enrichment procedure for the genetic improvement of three different wine making strains: IFI87, IFI475 and T73. The survival rates observed in this case significantly differed between strains. So, for IFI87, IFI475 and T73 the rates obtained were 29.6, 46.7 and 51,4% after 20 seconds of UV exposure, 2.7, 43.6 and 24.9% for 40 s and 0.6, 7.0 and 1.4% for 60 s, respectively. It is noteworthy to mention that the percentage of k9 resistant cells, calculated as (no. of colonies on YPD+k9 / no. of colonies on YPD) x 100 varied for every strain and UV treatment but ranged between 0.18% and 0.09%.

Ten colonies were randomly picked for each of the strains from YPD+k9 plates corresponding to different survival rates and fermentations in GCY performed as in the previous cases. As no overproducing mutants were identified for strain IFI475, the screening was extended in this case with 40 additional strains. 

In the case of strain IFI87, the most relevant overproducing mutant was Mut10, releasing 126.5 ± 2.8 mg/L of polysaccharides. This value represents a 3.5 times increase in the release of mannoproteins, as the wild type strain produced an average of 35.8 ± 2 mg/L. More discrete improvements were observed for strains Mut 24 and 47 derived from IFI475, which increased the release of mannoproteins 19% and 25% respectively when compared to their control and for T73 Mut1, with an increase of 14%. Increased production values were also confirmed after normalization with the final biomass values.

Fermentation of synthetic must 

In order to prove that the selected strains would increase the release of mannoproteins during winemaking, fermentations using a synthetic must were carried out in duplicates. Fermentation profiles did not differ significantly from the wild type strain in the case of the two mutants obtained from IFI475 while some differences were observed in the case of IFI87 Mut10 and T73 Mut1 (Fig. 3). However, final concentration of the metabolites analysed by HPLC (i.e. glucose, fructose, glycerol and ethanol) did not significantly differ from those obtained for the wild type strains. Values obtained for the release of total polysaccharides are shown in Fig. 4. It is relevant to mention that, while the differences found in the values between IFI87 Mut10 and IFI475 Mut24 and 47 compared to their wild type strains were very similar to the ones obtained after fermentation in GCY, a 94% increase in the production of total polysaccharides was observed for strain T73 Mut1 when compared to the original strain while fermentation on GCY had just shown a slight increase of 14%. 
Even these results demonstrated the suitability of the selected strains we decided to perform stress tolerance assays, so that they were exposed to different winemaking related stresses (pH, osmotic and temperature stress). After monitoring growth for three days, no significant differences were observed between the overproducing mutant strains and their wild type counterparts (see Supplementary data).
DISCUSSION

During the last decades, several studies have demonstrated the positive contribution of yeast mannoproteins to the sensorial quality and chemical stability of wines (Waters et al., 1993, 1994; Moine-Ledoux and Dubourdieu 1999; Dupin et al., 2000a, b). Different studies performed in our group have identified several genetic targets for the improved release of mannoproteins by S. cerevisiae during wine fermentations (Gonzalez-Ramos and Gonzalez 2006, Gonzalez-Ramos et al., 2009) However, the use of GMOs in food applications is strictly regulated in most countries, including the USA and those belonging to the EU. As genetic engineering of microorganisms does not therefore represent a viable option, genetic improvement of yeast has normally been achieved either by parasexual hybridization by means of protoplast fusion or by consecutive cycles of random mutagenesis and selection, using both chemical or physical agents.

The method for the selection of yeast strains overproducing mannoproteins described in the current paper consists in a random mutagenesis using a physical agent such as 254 nm UV light, followed by a direct selection on YPD plates containing killer 9 toxin from Williopsis saturnus var. mrakii. When mutagenesis was applied to the haploid strain BY4741, optimal results were obtained, as 70% of the resistant strains assayed overproduced polysaccharides. On the contrary, as mentioned in the Results section, none of the strains isolated from non-selective YPD plates after UV exposure showed an increased production of polysaccharides. This fact proves that selection with Williopsis saturnus killer 9 toxin results in a clear enrichment in polysaccharide overproducing mutants and that, as clearly observed in our results, the number of strains needed to be screened drastically decreases.

It is necessary to indicate that, in most cases, strains isolated from the k9 containing YPD plates yielded lower biomass values when grown on GCY than the native strain, BY4741. Indeed we found a negative correlation between the amount of total polysaccharides released and the final biomass values of the cultures performed in GCY medium (Pearson’s correlation coefficient = -0.661, p<0.05). By using killer 9 toxin on the YPD plates, we are in some way selecting for strains presenting an impaired cell wall biosynthesis. Such a defective cell wall could make these strains more sensitive to external factors such as pH or osmotic stress and could explain the differences found in the biomass values observed. This fact sets a clear limit on the degree of overproduction that could be reached when this methodology is applied. So, strains severely affected in the biogenesis of their cell wall would release a much higher amount of polysaccharides but would certainly not resist the different stresses present in a grape must and would therefore not represent an industrial viable option. 
Once the methodology showed its usefulness using a haploid laboratory strain, our next goal was to prove its utility with industrial strains. Results obtained in this case were not as dazzling as the observed for the haploid strain as, in the case of IFI87 and T73, one out of the ten mutants analysed overproduced polysaccharides while this proportion dropped to two out of forty in the case of IFI475 mutants. This finding might be due to the fact that, as previously observed for the deletion of FKS1, GAS1, GPI7 and KNR4 (Gonzalez-Ramos and Gonzalez 2006, Gonzalez-Ramos et al., 2009), mutations of genes that can influence mannoprotein release have a recessive phenotype. The probability of obtaining a recessive homozygous strain by random mutagenesis is very low compared to the probabilities of getting loss-of-function mutants using haploid strains, as only one point mutation could be enough. It should always be kept in mind that, though not analysed in this paper, there is a clear effect of the genetic background of the strain on the results obtained after deletion or interruption of these genes (Gonzalez-Ramos and Gonzalez 2006, Gonzalez-Ramos et al., 2008, 2009). Indeed, one of the reasons that might explain the differences in the proportion of overproducing mutants observed for the three strains used in this work could be their ploidy. So, strains with a higher ploidy would hamper the process of obtaining mutants overproducing mannoproteins, as probabilities of getting homozygous strains for a certain mutation would considerably decrease. In fact, when the proposed methodology was applied to the BY4743 strain, a diploid yeast strain presenting the same genetic background as BY4741, the percentage of mutants overproducing mannoproteins drastically decreased, as none out of the 30 mutants studied overproduced these compounds (data not shown).

Considering the limitations pointed out for the experiment performed with the lab strain BY4741, we decided to test the behaviour of the industrial strains selected in a synthetic must and to study their resistance to different stresses. In general, fermentations performed in this medium confirmed the results observed for fermentations in GCY in terms of improvement of the release of mannoproteins. Besides, none of the selected strains presented a significantly sensitive phenotype to any of the different stresses tested with regards to their wild type counterparts (Supplementary data). 
Considering the results presented, the proposed methodology represents a fast and straightforward approach to obtain non-recombinant yeast strains overproducing mannoproteins, which can clearly contribute to the chemical stabilization of wine and to the improvement of its organoleptic properties. An increased number of interesting overproducing mutants could also be obtained applying the described methodology to spores isolated from the desired industrial strains.
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Captions for Figures

Fig. 1. Williopsis saturnus k9 toxin sensitivity assay performed with EC1118 and T73-4 knockout strains. Images on the left-hand side represent growth of the strains in non-selective buffered YPD plates. Images on the right-hand side depict growth on k9-containing buffered YPD plates. 

Fig. 2. A) Production of polysaccharides (mg/L) obtained for ten BY4741 mutant strains after UV mutagenesis, selection on YPD+k9 plates and fermentation in GCY medium. 
B) Production values of the same strains normalized using the final biomass. In both cases strains releasing a significantly higher amount of mannoproteins than the wild type strain are marked with an asterisk (p<0.01).

Fig. 3. Time course of fermentations of industrial wild type and mutant strains in synthetic must.

Fig. 4. Total polysaccharides (mg/L) released in synthetic must by the industrial mutant strains selected in this work and their wild type counterparts.

Supplementary data

Growth of the mutant industrial strains selected and their wild type counterparts in YPD-based media representing three different stress factor (pH, high osmolarity and temperature) after 72 h. of incubation.
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