
Sch9p kinase and the Gcn4p transcription factor regulate  glycerol production during 1 

winemaking 2 

 3 

Beatriz Vallejo1,2, Helena Orozco1,2, Cecilia Picazo1,2, Emilia Matallana1,2,3 and Agustín 4 

Aranda1,3* 5 

1. Institute of Agrochemistry and Food Technology (IATA-CSIC), Paterna, Spain. 2. Department of 6 

Biochemistry and Molecular Biology, University of Valencia, Burjassot, Spain. 3. Institute for 7 

Integrative Systems Biology (I2SysBio), University of Valencia-CSIC, Valencia, Spain. 8 

 9 

Emails: beatriz.vallejo@uv.es, Helena.Orozco@uv.es, cecilia.picazo@iata.csic.es, 10 

Emilia.Matallana@uv.es, arandaa@iata.csic.es 11 

*corresponding author. Institute of Agrochemistry and Food Technology (IATA-CSIC). A, 12 

Agustín Escardino 7, Paterna 46980, Valencia, Spain. 13 

 14 

 15 

Keywords: wine yeast, fermentation, glycerol, Sch9p, Gcn4p, longevity 16 

 17 

 18 

 19 

 20 

 21 



Abstract 22 

Grape juice fermentation is a harsh environment with many stressful conditions, and 23 

Saccharomyces cerevisiae adapts its metabolism in response to  those environmental 24 

challenges. Many nutrient-sensing pathways control this feature. The Tor/Sch9p pathway 25 

promotes growth and protein synthesis when nutrients are plenty, while the transcription 26 

factor Gcn4p is required for the activation of amino acid biosynthetic pathways.  We previously 27 

showed that Sch9p impact on longevity depends on the nitrogen/carbon ratio. When nitrogen 28 

is limiting, SCH9 deletion shortens chronological life span, which is the case under winemaking 29 

conditions. Its deletion also increases glycerol during fermentation, so the impact of this 30 

pathway on metabolism under winemaking conditions was studied by transcriptomic and 31 

metabolomic approaches. SCH9 deletion causes the up-regulation of many amino acid 32 

biosynthesis pathways. When Gcn4p was overexpressed during winemaking, increased 33 

glycerol production was also observed. Therefore, both pathways are related in terms of 34 

glycerol production. SCH9 deletion increased the amount of the limiting enzyme in glycerol 35 

biosynthesis, glycerol-3-P dehydrogenase Gpd1p at the protein level. The impact on the 36 

metabolome of SCH9 deletion and GCN4 overexpression differed, although both showed a 37 

down-regulation of glycolysis. SCH9 deletion down-regulated the amount of most 38 

proteinogenic amino acids and  increased the amount of lipids, such as  ergosterol.  39 

 40 

 41 

 42 
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 44 



Introduction 45 

Winemaking is a complex process from the microbiological and biochemical point of view 46 

(Ribéreau-Gayon et al., 2006, Bisson et al., 2007). Adaptation to a changing environment by 47 

controlling metabolism is a key factor for the yeasts of the genus Saccharomyces, mainly S. 48 

cerevisiae, to impose over other vineyard microbiota components (Matallana and Aranda, 49 

2016). The key to this fact is the combination of a fast fermentative metabolism and high 50 

tolerance to the plethora of stress conditions present throughout winemaking. The presence 51 

of high sugar concentrations, like that in grape juice (over 200 g/L of glucose and fructose), 52 

implies a rise in osmolarity. Hyperosmotic shock triggers a fast and complex stress response 53 

pathway that is based on the accumulation of intracellular glycerol as a compatible osmolyte 54 

(Hohmann, 2002). The formation of this metabolite is based on the reduction of the glycolytic 55 

intermediary dihydroxiacetone-3-phosphate by glycerol-3-P dehydrogenases when using 56 

NADH produced by sugar fermentation. Glycerol-3-P is then transformed into glycerol by the 57 

action of specific phosphatases. However, the first step and control of glycerol transport are 58 

key for glycerol production and accumulation (Remize et al., 2001). The main gene that codes 59 

for glycerol-3-P dehydrogenase, GPD1, is subjected to quick transcriptional control in the 60 

presence of osmotic stress (Rep et al., 1999), and is highly expressed during winemaking due 61 

to initial hyperosmotic stress (Perez-Torrado et al., 2002). Therefore, it has been an obvious 62 

target to increase glycerol production during winemaking by overexpression (Michnick et al., 63 

1997) as glycerol is a positive contributor to the final organoleptic qualities of wine. However, 64 

the negative side effect is that Gpd1p overexpression produces larger amounts of acetic acid 65 

(Michnick et al., 1997, Cambon et al., 2006). Our group recently analysed the 66 

posttranscriptional regulation of Gpd1p at the translation level due to RNA binding protein 67 

Pub1p (Orozco et al., 2016), which suggested that a variety of genetic mechanism influence 68 

glycerol production during grape juice fermentation. 69 



Other stress conditions during vinification have been less well-described. Lack of nutrients is a 70 

determinant for industrial conditions, where nitrogen is the limiting factor during grape juice 71 

fermentation when sugars are plenty (Orozco et al., 2012a, Orozco et al., 2012c). This 72 

limitation may impair yeast performance and lead to stuck and sluggish fermentations (Bisson, 73 

1999). Ethanol stress is the most relevant stress in later fermentation phases. Ethanol triggers 74 

a complex transcriptional stress response (Alexandre et al., 2001) and the expression of heat 75 

shock proteins correlates with ethanol tolerance (Aranda et al., 2002). Ethanol triggers an 76 

antioxidant response (Alexandre et al., 2001) and, despite the fermentative metabolism, 77 

tolerance to oxidants may be useful for achieving full viability at the end of fermentation 78 

(Orozco et al., 2012a). Protective molecules, such as trehalose, are also required to prevent 79 

the negative effects of ethanol (van Voorst et al., 2006). 80 

All stress conditions and yeast responses to them influence cell longevity. Most grape juice 81 

fermentation takes place after cell division arrest, a particular kind of stationary phase 82 

(Boulton, 1996). Under these non-dividing conditions, loss of cell viability takes place, known 83 

as chronological ageing (Longo et al., 2012). Metabolites, such ethanol and acetic acid, 84 

promote ageing (Orozco et al., 2012b), while glycerol prevents it (Wei et al., 2009). Ageing is a 85 

complex process that is tightly controlled by the cell’s nutritional status and which triggers a 86 

variety of responses to regulate the cell cycle, stress response, metabolic status, autophagy, 87 

and so on, due to the action of a variety of nutrient-sensing pathways (Kaeberlein, 2010, Longo 88 

et al., 2012). In fact, the most effective way of extending longevity is by restricting nutrient 89 

intake. This is known as dietary restriction. 90 

The role of nutrient-sensing pathways in cell proliferation, stress tolerance and ageing has 91 

been extensively studied in laboratory growth media and laboratory S. cerevisiae strains 92 

(Conrad et al., 2014, Rodkaer and Faergeman, 2014). Drawn conclusions are not always easily 93 

translated into biotechnological conditions and industrial yeast strains. Sugar induces Protein 94 



Kinase A activity, which promotes growth and depresses stress response, and hence shortens 95 

longevity. However under winemaking conditions, sugars are plenty and the limiting factor for 96 

cell proliferation is nitrogen. Grape juice that is poor in nitrogen can originate sluggish or 97 

arrested fermentations. The addition of a nitrogen source is a successful way to avoid these 98 

biotechnological problems (Bisson, 1999). Therefore, the pathways that sense and react to 99 

nitrogen starvation are interesting in the winemaking context. The most relevant one is the 100 

TOR/Sch9p pathway, a relay of protein kinases which, under plentiful conditions, promotes 101 

growth and protein biosynthesis. It blocks the catabolism of poor nitrogen sources, such as 102 

proline, through Nitrogen Catabolite Repression (NCR) by inactivating Gln3 and Gat1 103 

transcription factors. The role of this pathway is determinant under winemaking conditions, 104 

but works in different ways than under laboratory conditions (Picazo et al., 2015). Under 105 

winemaking conditions, SCH9 deletions shorten the life span instead of extending it, which is 106 

the same result as that observed when nitrogen was made limiting in laboratory growth 107 

medium. A similar pro-survival role of Sch9 during chronological aging has been described in 108 

laboratory yeast strains under condition where the nitrogen source (ammonium and amino 109 

acids) was manipulated (Santos et al., 2013, Santos et al., 2015). Therefore, the balance of 110 

different nutrients seems the most relevant factor to control life spans in yeast. The other 111 

central pathway in nitrogen metabolism is the General Amino Acid Control 112 

(GAAC)(Hinnebusch, 2005). When amino acids are scarce, empty tRNAs activate Gcn2 kinase, 113 

whose action depresses translation, but activates the Gcn4p transcription factor that induces 114 

amino acid biosynthetic pathways (Natarajan et al., 2001). Both pathways are related as it is 115 

known that Gcn2 is dephosphorylated by the action of TOR activity (Cherkasova and 116 

Hinnebusch, 2003). 117 

When one of several nutrients is exhausted in the growth medium, cell cycle arrest occurs at a 118 

particular state of the G1 phase called G0, and cells become quiescent (De Virgilio, 2012). 119 

When cells are grown in liquid-rich medium, this phase is called the stationary phase and is 120 



characterised by strong stress tolerance, a thicker cell wall, glycogen accumulation, among 121 

other characteristics (Herman, 2002). During this process, nutrient-sensing pathways (TOR, 122 

PKA, Snf1 and so on) play a key role. The quiescent state of cells during winemaking is quite 123 

different as sugars are plenty and fermentation still takes place at high rates. Thus it is a 124 

prediauxic stationary phase, and although some aspects for survival are similar, like glycogen 125 

accumulation (Perez-Torrado et al., 2002) or extending life span through TOR inhibition 126 

(Orozco et al., 2012c), some differ, as in the case of autophagy (Orozco et al., 2012a, Orozco et 127 

al., 2012c). When nitrogen is low, this mechanism is put into practice to recycle cellular 128 

components in order to maintain cell viability (Ohsumi, 2014). Big cytoplasm portions are 129 

recycled, which is called macroautophagy, but more specific organelle recycling also happens. 130 

For instance when peroxisomes are degraded, it is called pexophagy. Autophagy is detrimental 131 

for the cells that ferment grape juice (Orozco et al., 2012a, Orozco et al., 2012c), while it is an 132 

essential process to achieve full chronological longevity under laboratory conditions (Alvers et 133 

al., 2009). 134 

By studying the influence of several gene expression pathways in wine yeast and their impact 135 

on chronological life span during grape juice fermentation, we discovered the relevance of 136 

Sch9p kinase in yeast longevity (Picazo et al., 2015). Sch9p function is required to achieve full 137 

longevity when nitrogen is scarce, which occurs under winemaking conditions. Sch9p is not 138 

only the main target of TOR kinase, but is also a direct target of Snf1 phosphorylation (Lu et al., 139 

2011), and also responds to the pathways involved in sphingolipid synthesis (Huang et al., 140 

2012). Therefore, this kinase is a hub in which different sensing pathways converge that 141 

stimulates biosynthetic processes, like ribosome biogenesis, that promote growth. In this study 142 

we aimed to further investigate the roles of Sch9p under winemaking conditions, particularly 143 

when growth has ceased. We found that this kinase is relevant in the production of 144 

metabolites of much oenological relevance, such as glycerol and acetic acid. Its impact on 145 



metabolism and longevity was addressed by transcriptomic and metabolomic analysis, and the 146 

relevance of the biosynthesis of amino acids through transcription factor Gcn4p was found. 147 

 148 

 149 

Materials and Methods 150 

 151 

Yeast strains and growth media. 152 

Haploid wine strain C9 (Mat a, ho::loxP) was a gift from Michelle Walker (Walker et al., 2003). 153 

The gene disruptions on this strain were performed by using recyclable selection marker loxP-154 

kanMX-loxP from plasmid pUG6 (Guldener et al., 1996). The GCN4 over-expression strains 155 

were obtained by following a promoter replacement strategy developed in our laboratory 156 

(Cardona et al., 2007). Plasmid pkanMX-MET17p (Orozco et al., 2013) was used to PCR-amplify 157 

the cassette for the gene overexpressions under the control of the MET17 gene promoter. GFP 158 

fusion to the GPD1 gene was achieved with plasmid pFA6-GFP(S65T)-kanMX6 (Longtine et al., 159 

1998) as a template. Supplementary Table S1 lists the oligonucleotides employed to amplify 160 

deletion and tagging cassettes, and to check transformants.  161 

For yeast growth, rich YPD medium (1% yeast extract, 2% bactopeptone, 2% glucose) and 162 

complete minimal SC medium, which contained 0.17% yeast nitrogen base, 0.5% ammonium 163 

sulphate, 2% glucose and 0.2% drop-out mix with all the amino acids, were used (Adams et al., 164 

1998). Solid plates contained 2% agar and 20 g mL-1 geneticin or 0.1 g mL-1 cycloheximide. 165 

Red grape juice (Tempranillo variety) was a gift from Bodegas J. Belda (Fontanars dels Alforins, 166 

Spain). It was sterilised overnight with 500 g/L of dimethyl dicarbonate. Synthetic grape juice 167 

MS300 was made as previously described (Riou et al., 1997, Orozco et al., 2012c). 168 



Grape juice fermentations and stress conditions. 169 

For the microvinification experiments, the cells from 2-day cultures in YPD were inoculated at 170 

a final concentration of 106 cells/mL in filled-in conical centrifuge tubes with 30 mL of grape 171 

juice. Incubation was done with very low shaking at 25°C. Vinification progress was followed by 172 

determining cell viability by making serial dilutions, plating and counting the colony forming 173 

units (c.f.u.) (Zuzuarregui and del Olmo, 2004; Orozco et al., 2012a). Survival plots were drawn 174 

by taking the highest cell viability point (around 2-5 days) as 100% survival. Samples of the 175 

growth medium were separated from the cells by centrifugation and reducing sugars were 176 

measured to follow the progress of fermentation. Growth curves in YPD were carried out in 177 

96-well plates on an Epoch (biotech Inc.) reader. 178 

Stress tolerance was measured in stationary cultures on YPD by adding 10% ethanol, 1M of 179 

NaCl for 1 hour and incubating at 46°C for 15 minutes. Cell viability was measured by diluting, 180 

plating and counting colony-forming units. Oxidative stress tolerance was analysed by 181 

measuring the inhibition halo formed by 5 l of 33% H2O2 placed on a paper disc on a plate 182 

where 200 lof the stationary cultures were plated. All experiments were done in triplicate. 183 

 184 

Extracellular metabolite determinations 185 

The reducing sugars during fermentation were measured by the reaction to DNS (dinitro-3,5-186 

salycilic acid) (Robyt and Whelan, 1972). Ethanol, acetic acid and glycerol were measured with 187 

the kits provided by r-Biopharm following the manufacturer’s instructions. Ammonia was 188 

measured with the kit by Sigma and primary amino acids were meaused by a o-189 

phthaldialdehyde/N-acetyl-L-cysteine spectrophotometric assay (Dukes and Butzke, 1998) . 190 

 191 



Western blotting and microscopy 192 

 Cells were taken and broken with one volume of glass beads in a buffer that contained 193 

Tris-HCl 0.1 M pH 7.5, NaCl 0.5 M, MgCl2 0.1 M, NP40 1% (v/v), PMSF 10 mM and protease 194 

inhibitors (complete Mini, EDTA-free from Roche). The protein concentration was measured by 195 

the Bradford method using the Bio-Rad Protein assay following the manufacturer’s 196 

instructions. Extracts were diluted in loading buffer for SDS-PAGE (Tris-HCl 240 mM pH 6.8, 197 

SDS 8% (p/v), glycerol 40%, -mercaptoethanol 10%). After electrophoresis, the gel was 198 

blotted onto PVDF membranes for the Western blot analysis with an Invitrogen mini-gel 199 

device. The anti-GFP antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, USA) 200 

and the anti-ADH antibody was obtained from Acris (Hiddenhausen, Germany). The ECL 201 

Western blotting detection system (GE) was used following the manufacturer´s instructions. 202 

GFP-labelled cells were observed directly. Cells were visualised with the FITC filter under a 203 

Nikon eclipse 90i fluorescence microscope. 204 

 205 

RNA extraction and microarray analysis 206 

RNA isolation was carried out in triplicate by breaking cells with glass beads and acid phenol 207 

extraction, as previously described (Carrasco et al., 2001). Next 150 ng of total RNA from three 208 

experiments were used to produce Cyanine 3-CTP-labelled cDNA with the Low Input Quick 209 

Amp Labelling Kit, One-Color (Agilent p/n 5190-2305), according to the manufacturer’s 210 

instructions. By following the ‘One-Color Microarray-Based Gene Expression Analysis’ protocol, 211 

version 6.7 (Agilent p/n G4140-90040), 600 ng of labelled cRNA were hybridised with the Yeast 212 

(V2) Gene Expression Microarray, 8x15K (Agilent p/n G4813A-016322), which contained the 213 

6,256+ Saccharomyces cerevisiae (S288C strain) probes. Arrays were scanned in an Agilent 214 

Microarray Scanner (Agilent G2565C) according to the manufacturer’s protocol, and data were 215 



extracted by the Agilent Feature Extraction Software 11.5.1.1 following Agilent protocol 216 

GE1_1105_Oct12, grid template 016322_D_F_20141106 and QC Metric Set GE1_QCMT_Oct12. 217 

 218 

Metabolomic analysis 219 

The cells grown in synthetic grape juice were taken in the stationary phase in MS300 when 220 

remaining sugars were around 50 g/l. Ulterior analyses were carried out by Metabolon Inc. 221 

(Durham, NC, USA). Samples of the intracellular metabolome from five samples for each 222 

condition  were prepared in the automated MicroLab STAR® system from the Hamilton 223 

Company. The resulting extract was divided into four fractions: two for the analysis by two 224 

separate reverse phase (RP)/UPLC-MS/MS methods with the positive ion mode electrospray 225 

ionisation (ESI), one for the analysis by RP/UPLC-MS/MS with the negative ion mode ESI, and 226 

one for the analysis by HILIC/UPLC-MS/MS with the negative ion mode ESI.  In the Principal 227 

Components Analysis (PCA) each principal component is a linear combination of every 228 

metabolite and the principal components are uncorrelated. The number of principal 229 

components is equal to the number of observations. The first principal component is 230 

computed by determining the coefficients of the metabolites that maximizes the variance of 231 

the linear combination.  The second component finds the coefficients that maximize the 232 

variance with the condition that the second component is orthogonal to the first.  The third 233 

component is orthogonal to the first two components and so on. 234 

 235 

 236 

 237 

 238 



Results 239 

 Sch9p plays a major role in yeast longevity, metabolite production and gene expression 240 

during grape juice fermentation 241 

In a previous work we described the impact of SCH9 deletion on chronological ageing under 242 

both laboratory and grape juice fermentation conditions, and discovered that it depended on 243 

the composition of the growth medium used (Picazo et al., 2015). When SCH9 was deleted 244 

from haploid wine yeast strain C9, the resulting strain reached lower cell density when 245 

fermenting natural red grape juice (Figure 1A), which indicated a defect in growth. By taking 246 

cell growth on fermentation day 8, when cells reached saturation, as 100% viability, a 247 

chronological life span plot was depicted which started at that time point (Figure 1B). As 248 

previously described (Picazo et al., 2015), the sch9 deletion strain has a shorter life span 249 

under these conditions. This mutant strain is able to complete fermentation by day 12 just like 250 

the wild-type strain does (Figure 1C), although its sugar consumption rate is slower. 251 

Metabolites of oenological relevance were measured in the growth medium at the end of 252 

fermentation (Figure 1). Ethanol obtained similar values in the mutant and wild-type strains 253 

(Figure 1D). However, the amount of glycerol greatly increased in the mutant strain (Figure 254 

1E). This was an unexpected result as glycerol is generally regarded as a protective metabolite 255 

that promotes longevity (Wei et al., 2009), but mutant sch9∆ displayed a shortened 256 

chronological life span (Figure 1B). However, glycerol is a metabolite of organoleptic value, and 257 

an over twofold increase in glycerol indicates that this pathway is of much relevance for 258 

glycerol production during winemaking. Acetic acid also greatly increased (Figure 1F) in mutant 259 

strain sch9∆, and this compound is not positive for the final product flavour. A more detailed 260 

study on the impact of this kinase in metabolism is thus required.261 

A transcriptomic analysis was carried out in the mutant strain in order to gain a better 262 

understanding of the role of kinase Sch9p during winemaking. Synthetic grape juice MS300 has 263 



been traditionally used to study global gene expression during grape juice fermentation 264 

(Rossignol et al., 2003). This medium has a high nitrogen concentration (300 mg/L of 265 

assimilable nitrogen, both ammonium and amino acids). The impact of Sch9p on longevity is 266 

very much dependent on the nitrogen abundance in the growth medium (Picazo et al., 2015), 267 

and we even found that a wild-type strain displayed extended longevity when nitrogen 268 

amount lowered to one fourth, to 75 mg/L (MS75) (Orozco et al., 2012c). We tested viability 269 

under different nitrogen conditions (data not shown) and found that MS75 reflected the 270 

impact of SCH9 deletion on longevity more faithfully. Our red grape juice contains 122 mg/L of 271 

Yeast Assimilable Nitrogen, so its concentration is closer to MS75 than to MS300. Mutant 272 

sch9∆ had a shortened chronological life span and highly increased glycerol production in this 273 

medium (Supplementary Figure S1), so we used this medium for the transcriptomic analysis. 274 

With higher nitrogen concentrations, the amount of glycerol was still higher in mutant sch9∆, 275 

but its increase was not so sharp (4.7 g/L in the wild type compared to 5.5 g/L in the mutant). 276 

RNA was extracted from cells on fermentation day 5, when saturation was reached and 277 

approximately half the sugars were consumed. Under laboratory conditions, transcriptomic 278 

experiments were carried out mostly during exponential growth, but because most grape juice 279 

fermentation occurred with non-dividing yeast cells,  this time point could provide more clues 280 

as to what happened during winemaking. Under this condition, the transcription in mutant 281 

sch9∆ was significantly affected. Of the 5,841 genes analysed, 1,077 were up-regulated 3-fold 282 

or more in the mutant compared to the parental strain, while 1,006 genes were down-283 

regulated to the same extent (Supplementary Table S2). Most of the up-regulated genes had 284 

over-represented functional categories related to amino acid biosynthetic processes, and 285 

particularly related to the biosynthesis of valine, isoleucine, arginine, lysine, tryptophan and 286 

glutamine (Table 1). Other biosynthetic pathways-related processes were also up-regulated, 287 

such as ergosterol and chitin biosynthesis. Chitin staining with calcofluor white (Pringle, 1991) 288 

showed no differences between both strains during winemaking (data not shown). The 289 



categories of peroxisome and oxidoreductase activities were over-represented in the down-290 

regulated genes. There appeared to be not obvious explanation for the increased glycerol 291 

production which took place during fermentation by taking just the transcription level into 292 

account, as the main genes involved in glycerol biosynthesis (GPD1, GPD2, GPP1, GPP2) and 293 

transport (FPS1, STL1, see below) were not transcriptionally affected by SCH9 deletion (data 294 

not shown). The same occurred for acetic acid as the main cytosolic aldehyde dehydrogenase 295 

gene ALD6, which is the enzyme responsible for most acetic acid production during 296 

winemaking (Remize et al., 2000), was down-regulated 4.7-fold in this fermentation stage. 297 

The high representation of the oxireductase activity category in the list of down-regulated 298 

genes seems promising to explain a redox unbalance in the mutant strain, although the genes 299 

present in this category seem not to hold a relationship between them. GUT2 is a 300 

mitochondrial glycerol-3-P dehydrogenase involved in glycerol degradation, that is down-301 

regulated 5.5 times in the mutant. Deletion of GUT2 gene in wine yeast stain C9 does not have 302 

a significant impact in synthetic grape juice MS75 fermentation (Figure 2A and C), nor in 303 

glycerol amount (Figure 2E), therefore that is not the cause of the observed phenotype. 304 

Related to the redox metabolism is the over-representation of genes coding for peroxisomal 305 

proteins which are repressed by the SCH9 deletion. The ubiquitin ligase PEX12, that blocks 306 

peroxisome formation (Albertini et al., 2001), was not altered in the transcriptomic analysis 307 

(data not shown), so we decided to delete this gene to assess the relevance of peroxisome 308 

formation during winemaking. Its deletion had no impact on cell proliferation during 309 

fermentation (Figure 2A), sugar consumption (Figure 2C) or glycerol production (Figure 2E), 310 

which indicates that peroxisome activity is not essential during winemaking conditions.  311 

Glycerol symporter gene SLT1 did not show any relevant expression change, nor did 312 

aquaglyceroporin FPS1, the main glycerol efflux channel. However, it was intriguing that 313 

aquaporins, that bear similarities to FPS1, were regulated by Sch9p. The AQY1 gene was 314 



repressed 10.7-fold and AQY2 was induced 6.7-fold in mutant sch9∆. AQY1 deletion had no 315 

impact on fermentation (Figure 2B), as previously described (Karpel and Bisson, 2006), but 316 

AQY2 gene deletion led to slightly reduced growth during fermentation, which indicates that 317 

this aquaporin plays a role in grape juice fermentation.  Accordingly, sugar consumption was 318 

slightly delayed in this mutant (Figure 2C), although fermentation finalised in any case. 319 

However, the AQY2 deletion mutant growth in laboratory rich YPD  medium was similar to the 320 

parental strain (Figure 2D), so there is not a general defect of growth caused by this mutation, 321 

just a poorer adaptation to grape juice fermentation. However, their deletions caused no 322 

change in glycerol production (Figure 2E). 323 

 324 

Gcn4p plays a relevant role in life span and glycerol production during grape juice 325 

fermentation 326 

The most representative functional categories among the up-regulated genes in the sch9∆ 327 

strain are those related to amino acid biosynthesis. The master regulator of these genes is 328 

transcription factor Gcn4p (Hinnebusch, 2005). GCN4 expression has been found to be 329 

increased in a sch9∆ mutant (Smets et al., 2008).  The GCN4 gene was deleted from wine strain 330 

C9 and the resulting strain was assayed for natural grape juice fermentation (Figure 1). Mutant 331 

gcn4∆ had a slight defect on growth in this medium (Figure 1A), and sugars were consumed 332 

normally by the mutant (Figure 1C). Grape juice is a complex rich medium that seems to 333 

provide most of the amino acids required for growth. However, slightly reduced final cell 334 

density may indicate that the biosynthesis of some could be required to achieve full growth 335 

under winemaking conditions. Chronological life span was not significantly different in mutant 336 

strain gcn4∆ (Figure 1B), so amino acid biosynthesis was not required to achieve full longevity 337 

in this environment. Neither ethanol nor acetic acid production changed in mutant gcn4∆ 338 

(Figure 1D and F), which suggests that the biochemical pathways at the end of alcoholic 339 



fermentation were not influenced by amino acid metabolism. However, glycerol production in 340 

the mutant significantly decreased (Figure 1E). These results agree with the mutant sch9 341 

microarray analysis data, and both suggesting that the biosynthesis of amino acids may be 342 

linked to glycerol production under winemaking conditions.343 

Next we overexpressed GCN4 under the MET17 promoter as we previously used this promoter 344 

to successfully induce the expression of genes during winemaking (Orozco et al., 2013). Gcn4p 345 

is regulated at the transcriptional level due to the uORFs present in its 5’-UTR. Replacing the 346 

natural promoter region abolishes this regulation. MET17 itself is regulated by Gcn4p 347 

(Natarajan et al., 2001), so a potential feedback loop is expected. The Western blot performed 348 

during synthetic grape juice fermentation indicated that overexpression was achieved under 349 

winemaking conditions (Supplementary Figure S2). Increased Gnc4 expression did not limit the 350 

initial growth, but the mutant reached a lower final density (Figure 1A). This implies that it 351 

interferes with optimal yeast metabolism. Maximum longevity was extended in the mutant, 352 

which indicates that amino acid biosynthesis could be positive for survival when cell growth is 353 

arrested (Figure 1B). Sugar consumption was slightly delayed, although fermentation ended 354 

(Figure 1C) and ethanol and acetic acid production remained barely unaffected (Figure 1D and 355 

1F). However as in SCH9 deletion, the levels of glycerol rose at the end of fermentation, but to 356 

a lesser extent (Figure 1E). Therefore, the high expression of the amino acid biosynthetic genes 357 

seemed to increase the amount of both metabolites. Both genes were genetically related 358 

under winemaking conditions as double mutant gcn4∆ sch9∆ grew poorly to a low final titre in 359 

natural grape juice (data not shown), and was finally overcome by contaminating yeast. Hence, 360 

it was not possible to test the impact of the double mutation under these conditions. However 361 

during synthetic grape juice MS75 fermentation, we observed that GCN4 deletion prevented 362 

higher glycerol production (Supplementary Figure S1B), which suggests that under this 363 

particular condition, the increase in glycerol was caused by the Gcn4p transcriptionally 364 

activated genes. 365 



Sch9p regulates GPD1 expression at the posttranscriptional level 366 

Glycerol biosynthesis involves the reduction of the glycolytic intermediary dihydroxyacetone 367 

phosphate through the action of glycerol-3-phosphate dehydrogenase. According to our 368 

transcriptomic analysis, the expression of the genes that code for this enzymatic activity, GPD1 369 

and GPD2, were not changed by SCH9 deletion at mid-fermentation (Supplementary Table S2). 370 

Recently our group studied the regulation of GPD1 at the translation level through the action 371 

of mRNA-binding proteins (Orozco et al., 2016). To study this aspect in the sch9∆ background, 372 

we tagged Gpd1p with GFP to analyse its subcellular localisation. This protein has been found 373 

in peroxisomes (Jung et al., 2010). As “peroxisome” was one of the categories that was over-374 

represented in the down-regulated genes in mutant sch9∆ in our transcriptomic analysis, these 375 

fusions could be useful for studying the relevance of peroxisomes in the observed phenotypes. 376 

Aggregates of Gpd1p-GFP were detected from fermentation day 1 in synthetic grape juice 377 

(Figure 3A), although their quantity and intensity lowered with time, and became less 378 

conspicuous by fermentation days 4 and 7. Those aggregates disappeared in mutant pex12  379 

(Figure 3B), which is required for peroxisome biogenesis. This finding indicates that they are 380 

true peroxisomes. In mutant sch9 the fluorescence dots were more intense from the 381 

beginning and were present for longer fermentation times  compared to the parental strain 382 

(Figure 3A). This result suggests that Sch9p controls the amount and subcellular localisation of 383 

Gpd1p, which potentially affects the enzymatic activity for glycerol production, which would 384 

be higher if Gpd1p was located in peroxisomes. 385 

Fusion protein levels can be directly estimated by using a specific anti-GFP antibody (Figure 386 

3C). The Gpd1p-GFP levels greatly increased in mutant sch9 from day 1, and remained higher 387 

on day 4. By day 7, differences were not so clear, but the levels were still slightly higher in the 388 

mutant strain. So although no change was observed at the transcriptional level, the amount of 389 

protein Gpd1 increased in mutant sch9∆ in accordance with its greater glycerol accumulation. 390 



At longer fermentation times, the presence of lower-molecular-weight bands suggested the 391 

degradation of the fusion protein. It has been well studied that peroxisomal protein Pot1p 392 

degradation by autophagy (more specifically, the autophagic degradation of peroxisomes, 393 

known as pexophagy) renders a fragment of free GFP (Lakhani et al., 2014). A similar 394 

mechanism could act during winemaking because a band of lower molecular weight appear at 395 

longer times (marked by an arrow in Figure 3C). The relative amount of this band is lower in 396 

the sch9∆ mutant, indicating a potential regulation of autophagy during winemaking. It is 397 

known that inhibition of pexophagy by GABA acts through Sch9p (Lakhani et al., 2014), so it is 398 

plausible that in winemaking conditions Sch9p plays a positive role promoting peroxisome 399 

degradation by autophagy, affecting Gpd1p protein amount and glycerol production as side 400 

effect. 401 

 402 

Sch9p is necessary for stress tolerance in the stationary phase 403 

In order to test the relevance of the genes of interest in stress tolerance, stationary cultures in 404 

YPD of the parental strains, the SCH9 and GCN4 deletion strains, and the GCN4 overexpressing 405 

strain were challenged with thermal (46°C), hyperosmotic (NaCl 1 M) and ethanol (10%) 406 

stresses (Figure 4A), or were plated on YPD to test oxidative stress by measuring the inhibition 407 

halo caused by H2O2 (Figure 4B). No significant differences were found between the analysed 408 

strains under thermal and ethanol tolerance. However, SCH9 deletion caused increased 409 

sensitivity to the hyperosmotic shock caused by NaCl, which indicates that Sch9p is relevant for 410 

osmostress, as it has been described in laboratory strains (Pascual-Ahuir and Proft, 2007a, 411 

Pascual-Ahuir and Proft, 2007b). Surprisingly, both GCN4 deletion and overexpression reduced 412 

tolerance to this stress. Oxidative stress gave a different pattern. The sch9 strain displayed 413 

greatly increased sensitivity to hydrogen peroxide. GCN4 overexpression had no phenotype for 414 

oxidative stress tolerance, and its deletion slightly increased tolerance to H2O2. Therefore, the 415 



contribution of this transcription factor to stress tolerance changed according to the nature of 416 

the insult applied. 417 

 418 

Sch9p deletion and Gcn4p overexpression have a strong, yet different, impact on yeast 419 

metabolome during winemaking 420 

To gain a more profound understanding of the impact of the genetic manipulations that we 421 

were dealing with, metabolic analyses were carried out for SCH9 deletion and the GCN4 422 

overexpression yeast strains when fermenting synthetic grape juice. Five independent cultures 423 

were tested for each mutant. A principal component analysis (PCA) was carried out. Each 424 

principal component is a linear combination of every metabolite and principal components are 425 

uncorrelated. It showed that the biochemical profiles of the different groups examined in this 426 

study were distinct, and good biological replication was observed within each tested group 427 

(Figure 5A). Of the 423 compounds of known identity (named biochemicals), SCH9 deletion 428 

altered 243 biochemicals with statistical significance (p≤0.05), and 38 approached significance 429 

(0.05<p<0.10) compared to the wild-type strain (Table 2). GCN4 overexpression had a similar 430 

impact and altered 256 and 32 biochemicals, respectively. However, these metabolic 431 

alterations differed as the direct comparison of mutant sch9∆ to the GCN4 overexpressing 432 

strain indicated that 196 metabolites changed in a statistical significant manner. SCH9 deletion 433 

caused mainly the down-regulation of biochemicals (173 vs. 70), while GCN4 overexpression 434 

caused mainly  up-regulation (147 vs. 109).  435 

Regarding SCH9 deletion, the biochemical signatures of osmotic stress (accumulation of 436 

compatible solutes, such as amino acids, sugars and sugar alcohols, and quaternary amines) 437 

were not observed in the SCH9 deletion mutant (see complete results in Supplementary Table 438 

S3), which could explain the lower resistance to osmotic shock (Figure 4A). In this study, except 439 

for glutamate, aspartate and lysine, which remained unchanged, all the proteinogenic amino 440 



acids were lower in mutant sch9∆ compared to the wild type.  All the sugars and sugar alcohols 441 

also had lower levelsFurthermore, all the biochemicals associated with the energy metabolism 442 

pathways of glycolysis, the pentose phosphate pathway, and the TCA cycle, except for 443 

isocitrate, were either present at a lower concentration in the mutant or remained unchanged 444 

(Figure 5B). However, hydroxy-fatty acids accumulated in mutant sch9∆ compared to the wild 445 

type.  Hydroxy-fatty acids have been generally reported to be produced during oxidative stress 446 

by membrane peroxidation in accordance with this mutant’s greater sensitivity to oxidative 447 

insult (Figure 4B). However, all the biochemicals associated with the glutathione cycle, which is 448 

usually induced in response to increased oxidative stress, including glutathione, ophthalmate, 449 

and γ-glutamyl amino acids, were lower in mutant sch9. Possibly glutathione cycle 450 

functioning was impaired in this mutant due to limited amino acid availability, which would 451 

correlate to its increased sensitivity to oxidative stress. Higher levels of phospholipids, 452 

sphingolipids and sterols, but lower levels of lysolipids, were found in mutant sch9∆ compared 453 

to the parental strain. These biochemical signatures imply altered membrane remodelling and 454 

fatty acid metabolism in the sch9 mutant cells.   455 

As expected, the metabolomic changes in response to GCN4 overexpression reaffirmed that 456 

Gcn4p is a signal for the amino acid starvation that leads to both enhanced amino acids de 457 

novo biosynthesis and proteolysis. The levels of several amino acids, particularly glutamate and 458 

aspartate, which are the precursor molecules of many nitrogen-containing compounds, were 459 

higher in the GCN4 overexpressing strain compared to the wild type. Higher levels of ornithine, 460 

N-alpha-acetylornithine and N-acetylglutamate also suggested that glutamate was converted 461 

into ornithine by the acetyl cycle. Putrescine, derived from ornithine, and its catabolite, 462 

acetylputrescine, were also high, although the downstream catabolites of putrescine, such as 463 

4-acetamidobutanoate and GABA, lowered. Other amino acids derived from glutamate, such 464 

as proline and glutamine, remained unchanged from the wild type, and arginine lowered in the 465 

GCN4 overexpressing cells. Higher levels of aromatic amino acids and lysine were also 466 



observed compared to the wild type. In addition, some biosynthetic precursor intermediates, 467 

such as 2-isopropylmalate (leucine) and phenylpyruvate (phenylalanine), 4-468 

hydroxyphenylpyruvate (tyrosine) and homocysteine (methionine), were higher, but others, 469 

such as o-acetylhomoserine (methionine and threonine) and histidinol (histidine), were 470 

substantially lower. These findings suggest that the rates of amino acid biosynthesis generally 471 

altered in response to GCN4 overexpression. Furthermore, elevated levels of γ-glutamyl amino 472 

acids, but lower levels of cysteine-glutathione disulphide, ophthalmate, cysteinylglycine, and 473 

unchanged levels of both reduced (GSH) and oxidised glutathione (GSSH), suggested that the 474 

high levels γ-glutamyl amino acids supported the enhanced membrane transport of amino 475 

acids. Finally, most compounds associated with glycolysis reduced in the GCN4 overexpressing 476 

cells compared to the wild type (Figure 5B).  Besides being an energy metabolic pathway, the 477 

compounds associated with glycolysis also provide the carbon backbone for amino acid 478 

biosynthesis. It was noteworthy that pyruvate and its derivative branched chain amino acids 479 

and alanine remained unchanged. Together these results suggest that GCN4 overexpression 480 

most likely results in greater de novo biosynthesis of amino acids, and the compounds derived 481 

from amino acids, at the expense of carbon input to energy metabolism (Supplementary Figure 482 

S3). However, the rise in some modified amino acids, such as methionine sulphoxide and 483 

various acetyl lysine species, which have been presumed to result from posttranslational 484 

modifications, could suggest that at least part of the overaccumulated amino acids derived 485 

from proteolysis. 486 

The most relevant similarity between the two genetic modifications (SCH9 deletion and GCN4 487 

overexpression) was the down-regulation of the metabolites of the central carbon metabolism, 488 

particularly the glycolytic pathway (Figure 5B). This also influences the biosynthesis of sugars. 489 

When we took a closer look at the metabolites that led to glycerol production (Figure 6A), both 490 

for SCH9 deletion and GCN4 overexpression, precursor dihydroxyacetone phosphate 491 

accumulation was poorer following the general repression of the glycolytic flux in these 492 



mutants. This precursor molecule reduced to glycerol-3-phosphate, which was also present at 493 

lower levels. However, intracellular glycerol was normal in the mutants, and even slightly 494 

higher in the SCH9 deletion strain. Therefore, the glycerol level was relatively high compared 495 

to general carbon metabolism repression. Interestingly, although the levels of oxidised NAD+ 496 

did not change in the mutant strains, reduced NADH was lower in both cases, which indicates 497 

that there was no surplus of reducing power to explain the increased glycerol production, but 498 

it could explain the relative abundance of the acetic acid oxidised from acetaldehyde. The 499 

synthesis of polysaccharides was also challenged in the modified strains, with low levels of 500 

precursor UDP-glucose (Figure 6B) and its derivative disaccharide trehalose. The lower levels of 501 

this protective metabolite may contribute to the poorer performance of these mutants under 502 

winemaking conditions. Glycogen was not measured in this analysis, but iodide staining 503 

showed that its amount also lowered in the SCH9 deletion strain, but not in the GCN4 504 

overexpressing strain (Figure 6C). 505 

 506 

Discussion 507 

ACG protein kinase Sch9p had a great impact on yeast physiology and metabolite production 508 

during grape juice fermentation and this paper analysed this fact at different levels. Sch9p is 509 

central in the network of pathways that control replicative life span (Lu et al., 2011). It is 510 

generally accepted that TORC1 phosphorylates Sch9p in a nutrient-dependent way to activate 511 

it and to shorten longevity. We described that the role of Sch9p in chronological life span 512 

under winemaking conditions was the opposite (Figure 1, Supplementary Figure S1 and 513 

previous results (Picazo et al., 2015)) as SCH9 deletion decreased lifespan, which suggests that 514 

its activity was required to achieve full viability and vitality for this condition. Grape juice 515 

fermentations happened mostly with non-dividing cells, low nitrogen and large amounts of 516 

sugars. The microarray analysis performed in this non-dividing state of mutant sch9 gave an 517 



unexpected transcriptional landscape. Sch9p was assumed to be an activator of ribosomal 518 

protein and ribosome assembly genes (Jorgensen et al., 2004). Therefore in mutant sch9 519 

those functional categories were expected to be over-represented among the down-regulated 520 

genes. This was not the case under the winemaking conditions, where these genes were not 521 

over-represented, and even some of them were up-regulated (see Table 1). Therefore, it 522 

would appear that non-dividing cells during winemaking would not require the expression of 523 

the genes that coded for the translation machinery, thus SCH9 deletion had no impact. 524 

However, some degree of transcription control should be carried out in this special kind of 525 

stationary phase as the genes that regulate the transcription of stress genes by RNA 526 

polymerase II were over-expressed in mutant sch9.  527 

 The most dramatic transcriptional change to take place was the up-regulation of a 528 

wide variety of the genes involved in amino acid biosynthesis (Table 1). This effect is not 529 

observed under laboratory conditions, unless SCH9 is inhibited together with the deletions in 530 

the genes that code for the transcriptional repressors of ribosomal genes Dot6/Tod6 and Stb3 531 

(Huber et al., 2011). According to Yeastract (Teixeira et al., 2006), the genes regulated by 532 

Sch9p under winemaking conditions are not enriched in those transcription factors (data not 533 

shown). The above authors state that this result was accounted for by the effect of the SCH9 534 

mutation on ribosomal synthesis and, therefore, on Gcn4p translational activation. As 535 

mentioned above, this explanation does not match our results, but suggests a more direct 536 

effect of Sch9p on Gcn4p activity. It would appear that under winemaking conditions, Sch9p 537 

blocks amino acid biosynthesis. The ectopic expression of Gcn4p causes a defect in growth 538 

under these conditions. Therefore, our results suggested that yeast relies on the assimilation 539 

of the nitrogen sources present in grape juice rather that on the new synthesis, which is a 540 

costly process. The down-regulation of amino acid biosynthetic genes has been observed as 541 

fermentation enters the stationary phase (Rossignol et al., 2003). Therefore, our results 542 

suggest that this fact is controlled by Sch9p activity. 543 



The fact that SCH9 deletion and GCN4 overexpression lead to increased glycerol suggests a 544 

genetic control of this biosynthetic process during winemaking. The role of Gcn4p in glycerol 545 

production may explain why glycerol production is slightly increased when a nitrogen source 546 

composed mainly of ammoniacal nitrogen was used (Remize et al., 2000), as this condition 547 

would trigger Gcn4p activation.  There is a large body of evidence that indicates the 548 

transcriptional control of glycerol biosynthetic genes, such as GPD1, as the fastest and most 549 

direct way of producing this compatible osmolyte during winemaking (Michnick et al., 1997, 550 

Cambon et al., 2006). However, those genes were not overexpressed in mutant sch9 551 

(Supplementary Table S2), although the amount of Gpd1p protein increased (Figure 3C). The 552 

expression of the glycerol biosynthetic genes could be transient due to changes in osmolarity, 553 

although previous analyses have shown high levels of GPD1 at advanced vinification times 554 

(Rossignol et al., 2003). The posttranslational regulation of Gpd1p through a target of Gcn4p 555 

can be envisioned as a potential mechanism to explain our results. Gpd1p localises in 556 

peroxisomes (Figure 3). Peroxisome formation does not seem to be required for proper 557 

fermentation as impaired peroxisome formation in mutant pex12 (Figure 2A) had no real 558 

impact on yeast growth and sugar consumption. If we consider the fermentative metabolism 559 

of cells at such high sugar concentrations, the low impact of lack of peroxisomal fatty acids -560 

oxidation would be expected. However, additional redox balance-related metabolic functions, 561 

such as NADH oxidation to produce glycerol, may be also located in peroxisomes. Mutant 562 

sch9 showed a larger amount of the foci where Gpd1p accumulated (these are true 563 

peroxisomes as they were not seen in a pex12mutant) and also higher glycerol production. 564 

However, the transcription of the genes related to peroxisomes biogenesis and function was 565 

down-regulated, which indicates a potential feedback mechanism that controls peroxisome 566 

formation. Our results suggested that Sch9p may promote the degradation of peroxisomes by 567 

autophagy (Figure 3C). We previously demonstrated that autophagy is a deleterious process 568 

during winemaking (Orozco et al., 2012c), which might contribute to the shorter longevity of 569 



mutant sch9. The unbalance of peroxisome biogenesis caused by SCH9 deletion may have 570 

provoked the increased cellular content of some lipids (see below). Such a mechanism may 571 

require a repressive function of Sch9p upon transcription. This postulated regulation may stem 572 

from the TOR pathway branch of Sch9p regulation as we have observed the regulation of the 573 

Gpd1p function by Tor1p (Orozco et al., 2016). Another relevant metabolite for organoleptic 574 

properties of wine is acetic acid, whose levels also increased by SCH9 deletion. This correlation 575 

between glycerol and acetate production has also been observed for GPD1 overexpression 576 

(Remize et al., 1999). There is no transcriptional reason behind this phenotype as SCH9 577 

deletion caused the down-regulation of ALD6  and no effect on ALD4, the main aldehyde 578 

dehydrogenases during winemaking (Remize et al., 2000) (Supplementary Table S2). Minor 579 

aldehyde dehydrogenases were up (ALD5) and down (ALD3) regulated, suggesting no strong 580 

transcriptional regulation.  A pro-oxidant cellular environment with a high NAD+/NADH ratio, 581 

as deduced from the metabolomics analysis (See Supplementary Table S3), may favour 582 

acetaldehyde oxidation to form acetic acid. Unfortunately, the performed metabolomic 583 

approach did not enable us to study two-carbon metabolites. So the real reason behind acetic 584 

acid production remains unsolved.  585 

 The metabolomic study of SCH9 deletion and GCN4 overexpression under winemaking 586 

conditions provided an additional viewpoint of these genetic manipulations. The most 587 

strikingly common pattern was the down-regulation of carbohydrate metabolism, mainly 588 

glycolytic intermediaries and polysaccharide precursors. That would explain the lower final cell 589 

count reach by these modified strains during winemaking, a medium that promotes a strong 590 

fermentative metabolism. That could also explain the relative increase in glycerol compared to 591 

the main carbon metabolites. Rapamycin treatment has caused the repression of glycolytic 592 

genes (Hardwick et al., 1999), similarly to what we observed herein, but in that case the global 593 

induction of TCA genes also took place. Here only some metabolites of the TCA cycle presented 594 

reduced accumulation. Rapamycin led to the repression of glycolytic transcriptional factor 595 



Gcr1p, which was not observed when SCH9 was deleted (Table 1 and Supplementary Table 2). 596 

Once again, this indicates very different physiological landscapes. Previous analyses have not 597 

indicated that Gcn4p is involved in the expression of glycolytic genes (Natarajan et al., 2001, 598 

Santos et al., 2013). In both genetic manipulations, the NAD+/NADH ratio was high, but it has 599 

been suggested that such a high ratio would shorten the replicative life span (Longo et al., 600 

2012). So it could contribute to the lower maximum cell density of the modified strains. An 601 

oxidative environment is not only able to explain oxidative lipid damage, but could also 602 

contribute to senescence. The smaller amount of protective carbohydrates, such as trehalose 603 

(Figure 6), would also contribute to falling cell viability (Hu et al., 2014) as it may also produce 604 

the potential smaller amount of reserve carbohydrates, such as glycogen, that is reduced in 605 

the SCH9 deletion strain, and that would contribute to the shorter life span (Powers et al., 606 

2006). 607 

Regarding lipid metabolism, a correlation was found between the up-regulation of the genes 608 

involved in ergosterol biosynthesis in the SCH9 deletion strain and a larger amount of this 609 

sterol (Supplementary Table S3). The expression study results contrasted to those reported by 610 

Tesniere et al. (Tesniere et al., 2013). In their analysis, SCH9 deletion decreased the 611 

transcription of ergosterol biosynthetic genes. That work proved that nitrogen/lipid 612 

unbalances greatly affected cell viability, and it seemed clear that subtle differences in media 613 

composition and growth during winemaking could also affect gene expression. It is tempting to 614 

speculate that ergosterol metabolism increased in order to regulate a more general lipid 615 

unbalance.  616 

Sch9p is thus a master regulator of yeast physiology that coordinates a variety of processes in 617 

a nutrient-dependent way. Our results indicated that during winemaking, a process which 618 

mostly happens without cell division, the transcriptomic control of protein synthesis and 619 

growth appeared less relevant than other posttranscriptional processes, such as controlling 620 



Gpd1p protein levels. However, transcriptional factor Gcn4p control seemed to unexpectedly 621 

have a stronger impact on yeast metabolism under these conditions, which is not restricted to 622 

nitrogen metabolism, but also broadly affects the central carbon metabolism. 623 
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 802 

Supplementary  Figure S1. Impact of SCH9 deletion in synthetic grape juice MS75. A) Survival 803 

curve under winemaking conditions. As explained in Figure 1. B) glycerol production at the end 804 

of fermentation for the indicated strains. Experiments were done in triplicate. The mean and 805 

standard deviation are provided. *p<0.05, **p<0.01, ***p<0.005, unpaired t-test, two-tailed. 806 

Supplementary Figure S2. Western blot analysis of Gcn4p expression during synthetic grape 807 

juice fermentation. Coomassie staining was used as loading control. 808 

Supplementary Figure S3. Alteration of C:N balance by  GCN4 overexpression. Metabolomic 809 

data of the central carbon metabolism and its connections to amino acid biosynthesis. 810 
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