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Abstract  23 

Saccharomyces cerevisiae strains are the main responsible of most traditional alcohol 24 

fermentation processes performed around the world. The characteristics of the diverse 25 

traditional fermentations are very different according to their sugar composition, 26 

temperature, pH or nitrogen sources. During the adaptation of yeasts to these new 27 

environments provided by human activity, their different compositions likely imposed 28 

selective pressures that shaped the S. cerevisiae genome.  29 

In the present work we performed a comparative genomic hybridization analysis to 30 

explore the genome constitution of six S. cerevisiae strains isolated from different 31 

traditional fermentations (masato, mescal, cachaça, sake, wine, and Sherry wine) and 32 

one natural strain.  33 

Our results indicate that gene copy numbers (GCN) are very variable among strains, and 34 

most of them were observed in subtelomeric and intrachromosomal gene families 35 

involved in metabolic functions related to cellular homeostasis, cell-to-cell interactions, 36 

and transport of solutes such as ions, sugars and metals. In many cases, these genes are 37 

not essential but they can play an important role in the adaptation to new environmental 38 

conditions.   39 

However, the most interesting result is the association observed between GCN changes 40 

in genes involved in the nitrogen metabolism and the availability of nitrogen sources in 41 

the different traditional fermentation processes. This is clearly illustrated by the 42 

differences in copy numbers in gene PUT1, the main player in the assimilation of 43 

proline as a nitrogen source, but also in CAR2, involved in arginine catabolism. Strains 44 

isolated from fermentations where proline is more abundant contain a higher number of 45 

PUT1 copies and are more efficient assimilating this amino acid as a nitrogen source. A 46 

strain isolated from sugarcane juice fermentations, in which arginine is a rare amino 47 
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acid, contains less copies of CAR2 and showed low efficiency in arginine assimilation. 48 

These results suggest that nitrogen metabolism has played an important role in the 49 

adaptive evolution of S. cerevisiae strains. 50 

 51 
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1. Introduction 56 

All over the world, traditional fermented foods and beverages have been produced by 57 

humans since the beginning of the first Neolithic civilizations. These foods and 58 

beverages are produced from different sources of sugars, in different climates and with 59 

different levels of technological complexity. However, in all of them, Saccharomyces 60 

cerevisiae is the main responsible of the fermentation processes. S. cerevisiae yeast 61 

strains isolated from different origins show different physiological properties, indicating 62 

their ability to adapt to different environmental conditions. Different molecular methods 63 

also revealed a high genetic variability among these S. cerevisiae yeasts, which has been 64 

correlated to their geographic origin and sources of isolation (Aa et al., 2006; Fay and 65 

Benavides, 2005; Legras et al., 2007; Liti et al., 2009).  66 

The characteristics of the diverse traditional fermentations are very different attending 67 

to their sugar composition, temperature, pH or nitrogen sources. During the adaptation 68 

of yeasts to these new environments provided by human activity, their different 69 

properties imposed selective pressures that shaped the S. cerevisiae genome. Molecular 70 

studies have shown that adaptive mutations include not just the generation of new 71 

alleles by nucleotide substitution (Cubillos et al., 2011; Salinas et al., 2012), but also 72 

gene duplication (Barrio et al., 2006) and other genome rearrangements (Pérez-Ortín et 73 

al., 2002b).  74 

DNA-array based Comparative Genome hybridization (aCGH) technique has proven as 75 

very useful to characterize yeasts strains at the genomic level. This technology has most 76 

commonly been used to detect chromosomal amplifications and deletions in cancer cells 77 

(Pollack et al., 1999). It has also been used to explore the genomic diversity of different 78 

S. cerevisiae strains (Carreto et al., 2008; Dunn et al., 2005; Hauser et al., 2001; Infante 79 

et al., 2003; Pérez-Ortín et al., 2002a; Winzeler et al., 2003) as well as the genomic 80 
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structure of the lager yeast strains (S. pastorianus) and the species of the genus 81 

Saccharomyces (Dunn et al., 2012; Edwards-Ingram et al., 2004). These studies 82 

revealed that, in addition to variability in the copy numbers of transposable elements, S. 83 

cerevisiae strains show gene copy number variability in dispersed (CUP1, ASP3, 84 

ENA1/2/5 and HXT6/7 loci) and subtelomeric (such as SNO/SNZ) gene families.  85 

In the present work we perform a comparative genomic hybridization analysis to 86 

explore the genome constitution of seven S. cerevisiae strains isolated from different 87 

traditional fermentations. Our final goal is to determine the adaptive evolution of 88 

Saccharomyces yeasts properties of biotechnological interest.  89 

Many gene copy number (GCN) changes were observed, especially in genes associated 90 

to subtelomeric regions and transposon elements. Among the fermentation strains, 91 

differential GCN was mainly observed in genes related to sugar transport and 92 

metabolism. An outstanding example of GCN changes is the gene PUT1, involved in 93 

proline assimilation, which correlated with the adaptation of the strains to the presence 94 

of this nitrogen source in the media. 95 

 96 

2. Materials and methods 97 

2.1. Yeast strains and media  98 

A list of strains used in this study is provided in Table 1, together with information 99 

about the respective origin. Yeast strains were obtained from natural environments and 100 

different fermentation processes. The S. cerevisiae strain S288c was used as control for 101 

microarray hybridizations. Yeast strains were cultivated in 5 ml YPD (1% yeast extract, 102 

2% peptone and 2% glucose), at 28 ºC for 24 hours and DNA was isolated according to 103 

standard procedures (Querol et al., 1992a). 104 

 105 
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2.2. Pulsed-field electrophoretic karyotyping 106 

Chromosomal profiles were determined by the contour-clamped homogeneous electric 107 

field electrophoresis technique with a CHEF-DRIII equipment (Bio-Rad Laboratories). 108 

Chromosomal DNA was prepared in agarose plugs as described by Carle and Olson 109 

(1985). S. cerevisiae chromosomes (Bio-Rad Laboratories, Hercules, CA) were used as 110 

standard markers. Yeast chromosomes were separated on 1% agarose gels in two steps 111 

as follows: a 60-s pulse time for 14 h and then a 120-s pulse time for 10 h, both at 6 112 

V/cm with an angle of 120º. The running buffer used was 0.5X TBE (45 mM Trisborate, 113 

1mM EDTA) cooled at 14 ºC. Once the electrophoretic run was stopped, gels were 114 

stained with ethidium bromide, visualised under UV light and photographed with an 115 

Image Capture System.  116 

 117 

2.3. Mating type, sporulation, spore viability and homo/heterothallism analyses 118 

The mating type was determined by PCR procedure described by Huxley et al. (1990). 119 

These authors described a rapid and unambiguous approach to determine mating type, 120 

which utilizes three oligonucleotides: one generic primer and two specific primers. 121 

MAT primer (5’-AGTCACATCAAGATCGTTTATGG) corresponds to an external 122 

sequence at the right of MAT locus, Matα primer (5’-123 

GCACGGAATATGGGACTACTTCG) corresponds to a sequence within the α-specific 124 

DNA located at MATα and Mata primer (5’-ACTCCACTTCAAGTAAGAGTTTG) 125 

corresponds to a sequence within the a-specific DNA located at MATa. When these 126 

three oligonucleotides are used in a single PCR, DNA at MATα generates a 404 bp 127 

product, whereas DNA at MATa generates a 544 bp product. Finally, diploid colonies 128 

yield both products. 129 
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Sporulation was induced by incubating cells on acetate medium (1% CH3COONa, 1% 130 

Glucose, 0.25% yeast extract and 1.5% agar) for 7-10 days at 28 ºC. Following 131 

preliminary digestion of the ascus walls with glucuronidase (Roche) adjusted to 5 132 

mg/ml, spores were dissected using a Singer MSM Manual micromanipulator in GPY 133 

agar plates and incubated at 28 ºC during 3-5 days to determine spore viability. A 134 

representative number of developed yeast colonies (F1 segregants) were selected and 135 

subjected to direct PCR amplification of the MAT locus, as described above, to 136 

determine the homo/heterothallism of the parental strains.  137 

 138 

2.4. Flow cytometry 139 

For flow cytometry analysis, cells were grown in GPY at 28ºC for 48 h. Approximately 140 

1x106 cells were recovered by centrifugation (4000 x g during 5 min at room 141 

temperature) and washed with 1mL of 1x PBS buffer (8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L 142 

Na2HPO4, 0.24 g/L KH2PO4, pH 7.4). To prevent the formation of cellular aggregates, 2 143 

μl of Tween 80 were added. Cells were centrifuged in the same conditions and fixed 144 

with 1 mL of cold 70% ethanol. Samples were incubated at -20 ºC for at least 30 145 

minutes. After centrifugation, cells were washed with 1 ml of PBS buffer, centrifuged 146 

again and resuspended in 200 μl of PBS containing 0.5 mg/mL RNAse A. Samples were 147 

incubated overnight at 37 ºC. After centrifugation in the same conditions, cells were 148 

suspended in 500 μL of PBS buffer and sonicated to disrupt aggregates (8-10 seconds). 149 

For cell staining, 5 μL of 50 μg/mL propidium iodine was added to each sample, which 150 

were then incubated at 37 ºC during 15-20 minutes in darkness. Yeast cell DNA content 151 

was determined using a FACScan cytometer (Becton Dickinson Immunocytometry 152 

Systems, Palo Alto, California, United States). Fluorescence intensity was recovered at 153 

a 1039V in FL3 channel. DNA content values were scored on the basis of the 154 
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fluorescence intensity compared with the S. cerevisiae haploid (S288c) and diploid 155 

(FY1679) reference strains. DNA content value reported for each strain is the result of 156 

two independent measures. Results were tested by one way ANOVA and Tukey HSD 157 

test (α = 0.05, n = 2). 158 

 159 

2.5. Array comparative genomic hybridization (aCGH) 160 

The experiments were carried out following the methodology described by Peris et al. 161 

(2012). All experiments were performed using duplicate arrays, and Cy5-dCTP and 162 

Cy3-dCTP dye-swap assays were performed to reduce dye-specific bias. Array slides 163 

were scanned with an Axon GenePix 4100A scanner (Axon Instruments), and the 164 

images analysed using the program GenePix Pro 6.0 software (Molecular Devices 165 

Corp., Union City, CA, USA). Using Acuity 4.0 software (Molecular Devices Corp., 166 

Union City, CA, USA), manually flagged bad spots were eliminated and the local 167 

background was subtracted before averaging the replicate features on the array. Log2 168 

intensity ratios (M values) were then Median normalized to correct for differences in 169 

genomic DNA labelling efficiency between samples. The relative hybridization signal of 170 

each ORF was derived from the average of the two dye-swap hybridizations performed 171 

for each strain. Raw and normalized microarray data are available in GEO (Barrett et 172 

al., 2009) under Accession number GSE46165. The normalized log2 ratio (M value) was 173 

considered as a measure of the relative abundance of each ORF relatively to that of the 174 

reference strain S288c. Deviations from the 1:1 R/G ratio were taken as indicative of 175 

changes in gene copy number (GCN). If there are more copies of the gene in the 176 

experimental strain relative to the reference strain, the R/G ratio will thus be higher than 177 

1:1 (2:1 for a duplication, 3:1 for a triplication, etc.). Likewise, if there has been a 178 

deletion of the gene in the experimental strain relative to the reference strain, or if there 179 
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are more copies of the gene in the reference strain than in the experimental strain (i.e., 180 

the experimental strain has a “depletion” of the gene in terms of copy number), the R/G 181 

ratio will be less than 1:1. Thus, “higher” or “lower” gene copy number refers to 182 

increased or decreased number of copies of a gene in comparison with the reference 183 

strain S288c. Data imported from Acuity was manipulated and clustered, using 184 

established algorithms implemented in the software program Genesis. Average linkage 185 

clustering with centered correlation was used to generate visual representations of 186 

clusters. 187 

 188 

2.6. Gene copy number estimation by qRT-PCR 189 

To validate our microarray results, qPCRs were performed using a LightCycler® 2.0 190 

System (Roche Applied Science, Germany). Oligonucleotide primers (Table S1) were 191 

designed using the Primer-Blast (NCBI) website, according to the available genome 192 

sequences of the laboratory strain S. cerevisiae S288c. Specificity, efficiency, and 193 

accuracy of the primers were tested and optimized by standard PCRs, using DNA from 194 

the different strains. Primers showing amplification were used in the subsequent 195 

quantitative real-time PCR (qRT-PCR) analysis. The amplification of gene fragments 196 

from different yeast strains was determined by qRT-PCR using a standard curve method 197 

(Wilhelm et al., 2003). DNA from overnight stationed precultures was extracted in 198 

triplicate as described in Querol et al. (1992a). qRT-PCR was performed with gene-199 

specific primers (50µM) in a 10μl reaction mixture, using the LightCycler FastStart 200 

DNA MasterPLUS SYBR green (Roche Applied Science, Germany). All samples were 201 

processed for melting curve analysis, amplification efficiency, and DNA concentration. 202 

A mix of all samples and serial dilutions (10-1 to 10-5) were used as standard curve. The 203 
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copy number for each gene was estimated by comparing the DNA concentration of 204 

S288c (haploid S. cerevisiae strain) with the different strains.  205 

 206 

2.7. Growth kinetics in different nitrogen sources 207 

The basal growth media selected for the experiments was SC (6.7% Yeast Nitrogen 208 

Base with amino acids and ammonium sulfate (YNB, Difco™) and 2% glucose). To 209 

study the effect of having proline or arginine as a nitrogen sources SC-pro or SC-arg 210 

media were prepared (1.7% Yeast Nitrogen Base without amino acids and without 211 

ammonium sulfate, 2% glucose and 0.1% proline/arginine) and they were sterilized by 212 

filtration (0.2 μm). Yeast growth was carried out in microtiter plates on a reader model 213 

POLARstar Optima (BGM Labtech, Offenburg, Germany). The wells were filled with 214 

the appropriate inoculum and 0.50 ml of YNB medium (with or without proline), 215 

reaching an initial OD of approximately 0.2 (corresponding to a starting cell number of 216 

∼106 cells/ml). Uninoculated wells for each experimental series were also included in 217 

the microplate to determine, and consequently subtract, the noise signal. Growth was 218 

monitored by optical density (OD) changes at a wavelength of 600 nm. Measurements 219 

were done every 30 min for 72 h at 28 °C (until yeast cells reached the stationary 220 

phase), after a pre-shaking of 20s. All experiments were carried out in triplicate. A total 221 

of 42 growth curves (2 mediums × 7 yeast strains × 3 replicates) were obtained and 222 

analyzed. The μmax from each growth curve was determined as described in Arroyo-223 

Lopez et al. (2009). 224 

 225 

3. Results 226 

3.1. Strain diversity and genome variability 227 
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A total of 7 S. cerevisiae strains isolated from different sources and the reference 228 

laboratory strain S288c were analysed by aCGH in this study (Table 1). These yeast 229 

strains were isolated from very different environments, including different traditional 230 

fermentation processes. We selected a traditional wine strain, T73, that has been used as 231 

a classic wine yeast model (Gómez-Pastor et al., 2010; Querol et al., 1992b); sake strain  232 

Kyokai nº 7; strain PE35M, isolated from Masato fermentation a traditional drink from 233 

the Peruvian Amazonia obtained from the fermentation of cassava (Manihot esculenta 234 

Crantz) root juice,; strain CPE7 isolated from sugarcane juice fermentation used for 235 

cachaça distillation in Brazil; strain Temohaya-26 isolated from maguey plant (Agave 236 

sp.) juice fermentation used for Mezcal production; strain GB-FlorC isolated from the 237 

biofilm (flor) developed on the surface of fortified sherry wines during their biological 238 

aging; and a strain, CECT10131, isolated from flowers in the wild.  239 

Before the aCGH analysis, we performed sporulation and spore viability analyses for 240 

the strains, as well as their homo/heterothallism (Table 1). Strains CECT10131, PE35M, 241 

T73 and Temohaya-26 produced abundant tetraspored asci after 7-10 days of incubation 242 

on acetate agar plates, and strains CPE7, Kyokai nº7 and GB-FlorC did not sporulate at 243 

all. For those strains capable to sporulate, ascospores were manually dissected using a 244 

micromanipulator and deposited on GPY agar plates to measure spore viabibility. They 245 

exhibited a high variability in the spore viability which ranged from null viability (0%) 246 

in the CECT 10131 to a high viability (84%) of the wine strain T73. There are several 247 

possible causes that can explain absence of sporulation and spore inviability, the most 248 

important are haploidy, autopolyploidy, alloploidy (interspecies hybridization), the 249 

presence of aneuploidies, and heterozygosity for translocations. Alloploidy was 250 

discarded because these strains were previously characterized by multilocus sequencing 251 

and they corresponded to pure S. cerevisiae strains (Arias, 2008). Therefore, we decided 252 
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to evaluate the ploidy of all the isolates by flow cytometry. Moreover, ploidy estimates 253 

also are very important to interpret aCGH data because hybridization signals are 254 

normalized with respect to those of the reference haploid strain S288c.  255 

The ploidy estimates (Table 1) indicate that the four strains capable to sporulate 256 

(CECT10131, PE35M, Temohaya-26 and T73) were diploids or almost diploids (from 257 

2,00 + 0,05 to 2,15 + 0,10), two strains (CPE7 and Kyokai nº7) were very close to the 258 

haploidy (~1.5x), and the flor yeast GB-FlorC appeared as more than triploid (~3.5x). 259 

The possible presence of aneuploidies or chromosomal rearrangements was 260 

qualitatively determined by pulsed-field gel electrophoresis (PFGE). This technique 261 

allowed us to genotype the different strains based on their chromosomal pattern (Fig.  262 

S1). No clear differences that could be associated to gross chromosomal rearrangements 263 

(translocations) were observed among the different strains. However, some chromosome 264 

number variations, that could explain the aneuploid values obtained by flow cytometry, 265 

as well as chromosomal length variations were evident. In general, S. cerevisiae exhibits 266 

a rich chromosomal length polymorphism, observed predominantly in the smaller 267 

chromosomes. This is mostly due to variations in telomeric repeats, to changes in copy 268 

numbers of the ribosomal genes located in chromosome XII, and, in a lesser extent, to 269 

changes in the copy numbers of genes in gene families mainly located in subtelomeric 270 

regions (Barrio et al., 2006). Accordingly, we decided to perform comparative genome 271 

hybridization assays, a powerful technique that permits to infer genomic differences due 272 

to GCN changes that cannot be clearly identified with the CHEF technique. 273 

 274 

3.2. Shared genomic differences with the laboratory strain S288c 275 

For aCGH analysis, genomic DNA from each strain was fluorescently labelled and 276 

hybridized with genomic DNA from the reference strain S288c, with duplicate 277 
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experiments in reverse Cy-dye labelling (dye-swap) design (see Methods). Significant 278 

data are presented in Fig. 1 where we observed a genomic distribution of the gene copy 279 

number (GCN) changes. Among the total of 632 genes exhibiting GCN changes at least 280 

in one strain (Table S3), we observed that most of them correspond to subtelomeric 281 

regions (25.9 %) and to transposons (3.7 %). When we determined the molecular 282 

function ontology of the ORFs, most of these genes are described as encoding 283 

hypothetical proteins (20.4 %), homologous or similar to another protein (25.2 %), of 284 

unknown function (6.6 %), putative protein (6.0%) or questionable ORFs (7.1 %). Also, 285 

with respect to their biological process ontology, a significant number of genes have 286 

been classified as unknown biological process (45.5 %). GO term analysis confirmed 287 

the high frequency of GCN changes in genes related to transposition process 288 

(transposition, GO:0032196, p-value<0.0038) and also to sugar transport and 289 

fermentation functions (carbohydrate transmembrane transporter activity, GO:0015144, 290 

p-value<0.0051; aryl-alcohol dehydrogenase (NAD+) activity, GO:0018456, p-291 

value<0.0030). When we focused on genes with altered copy number respect to control 292 

lab strain S288c we observed three groups of depleted genes in all the experimental 293 

strains, two located in subtelomeric regions (YFL050-68, and YOL162-164) and one 294 

(ASP3) near the ribosomal cluster in chromosome XII. In addition, HXT12, HXT15, 295 

HXT16, MPH2, MPH3, CUP1-1 and CUP1-2 are depleted in most of the strains. Thus, 296 

the common genomic differences among all the experimental strains in comparison to 297 

the reference strain correspond to genes, involved in sugar and amino acid metabolism 298 

pathways, mainly transporters. To validate these microarrays results, the copy numbers 299 

of four representative genes were determined by quantitative real-time PCR (qRT-PCR) 300 

in some of the experimental strains. Generally, the copy number determination by both 301 
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methods showed similar values (Table S2 and S3), confirming the robustness of the data 302 

obtained in the aCGH analysis. 303 

We performed a hierarchical clustering to observe the similarities among the different 304 

strain analysed in this study (Fig. 2A). Interestingly, the wine yeasts T73, CECT10131 305 

and GB-FlorC, did not form a specific cluster. In fact, T73 clusters with PE35M, strain 306 

isolated in Masato (traditional fermentation), a different environment compared to 307 

vineyards. We also compared the aCGH results from our strains with those from other 308 

clinical and wine strains analysed by Carreto et al. (2008). This comparison (Fig. 2B) 309 

showed that our strains formed two clusters (T73, CECT10131, PE35M, Temohaya-26 310 

in one cluster and GB-FlorC, CPE7, Temohaya-26 in the other one) separated from the 311 

clusters including clinical strains and other wine strains. Interestingly, wine strain T73 312 

did not cluster with other wine strains from Carreto et al. (2008). All these results 313 

suggest that the global genomic fingerprint is not clearly correlated with the origin of 314 

the strains. To go into depth in specific genomic differences among the fermentative 315 

yeast strains, we studied variability of specific group of genes related to fermentative 316 

metabolism. 317 

 318 

3.3. Genomic differences between fermentative yeast strains. 319 

The flocculin gene family “Flo” responsible for flocculation is of great importance in 320 

the wine industry since it is necessary to form the velum in biological aged wines (Zara 321 

et al., 2005). In the GB-FlorC strain there is no decreased copy numbers for Flo genes 322 

as observed in T73 wine strain for FLO9 or in strain CECT10131 for FLO10. On the 323 

other hand FLO1 showed decreased GCN in all the strains. Other “Flo” related genes 324 

such as YAL065C, YAR061W, YAR062W, YFL051C and YHR213W also showed 325 

variability in GCN among the studied strains. Other interesting genes are those 326 
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encoding maltose transporters because they are important for maltose assimilation and 327 

MAL13 is non-functional in the laboratory S288c strain (Charron et al., 1986). 328 

Surprisingly, the genes MAL13, MAL11 and YGR290W (partially overlaps 329 

MAL11/YGR289C, a high-affinity maltose transporter) are depleted in GB-FlorC, 330 

PE35M and Temohaya-26 suggesting that these strains are not capable of fermenting 331 

maltose. Also MAL31 exhibited lower GCN in CECT10131, CPE7, GB-FlorC and 332 

Kyokai nº7.  333 

Genes such as MPH2, which codes for a sugar transporter, and SDL1, an L-serine 334 

ammonia-lyase, were depleted in the genome of CECT10131. Also ORFs YER187W 335 

and YKR104W (an oxidoreductase), were depleted in several strains. The absence of 336 

SOR1, SOR2, AGP3 and AYT1 genes, was observed in traditional fermentative strains 337 

(CPE7, GB-FlorC, Kyokai nº7, PE35M and Temohaya-26) but it is present in the wine 338 

strain T73. We thus believe that these genes are a part of the “wine strain signature”. 339 

Also a decreased GCN of CAR2, involved in arginine catabolism, was observed in the 340 

CPE7 strain. 341 

 342 

3.4. Differential adaptation to different amino acids availability. 343 

A high variability in GCN among strains was observed for PUT1, which encodes a 344 

proline oxidase, the first step of the pathway for the assimilation of this amino acid. 345 

This way, PUT1 showed increased GCN in T73, PE35M and CECT10131 whereas no 346 

change was observed in Temohaya-26, CPE7, GB-FlorC or Kyokai nº7. As explained 347 

above, copy numbers of this gene were confirmed by qRT-PCR in most of these strains 348 

(Table S2). These results prompted us to investigate the ability of this yeast to grow in 349 

media with proline as nitrogen source. We evaluated the maximum growth rate in 350 

standard minimal media and in a minimal media with proline as a unique nitrogen 351 
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source. The results (Fig. 3A) showed a fine correlation with the GCN changes of PUT1. 352 

The two strains with the highest ability to grow using proline as a nitrogen source were 353 

PE35M and T73, two strains with increased PUT1 GCN. Strains with similar PUT1 354 

GCN to the reference strain showed intermediate levels of relative growth in proline. 355 

The strain with the worst relative growth rate was Kyokai nº7. The only exception was 356 

the strain CECT10131 since it showed increased GCN for PUT1 but intermediate levels 357 

of relative growth in proline. We also observed high variability in GCN among strains 358 

for CAR2, which encodes a L-ornithine transaminase, the second step of arginine 359 

degradation pathway. CAR2 showed decreased GCN in CPE7 and increased GCN in 360 

GB-FlorC whereas no changes were observed in T73, CECT10131, Temohaya-26, 361 

PE35M or Kyokai nº7. We determined the maximum growth rate in standard minimal 362 

media and in a minimal media with arginine as a unique nitrogen source. The results 363 

(Fig. 3B) fitted with the GCN changes of CAR2. The strain with the highest ability to 364 

grow using arginine as a nitrogen source was Temohaya-26 and the strain with the 365 

lowest relative growth rate was CPE7. 366 

 367 

4. Discussion 368 

In this work we have studied strains isolated in different traditional fermentations from 369 

different regions of the world. Molecular and genetic approaches were performed to 370 

elucidate their characteristics and search for common features that define this group of 371 

yeasts.  372 

We have found a high degree of variability in the GCN among the strains consistent 373 

with the adaptation to different environments. Our aCGH data showed that 374 

rearrangements in subtelomeric regions and Ty elements insertion (duplication and 375 

deletion) are the main common genomic diversity features as observed in previous 376 
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studies (Carreto et al., 2008; Dunn et al., 2012).  Most of the genes showing GCN 377 

changes corresponded to subtelomeric (MAL, FLO, HXT and SOR), and 378 

intrachromosomal (ASP, ENA and CUP) gene families involved in metabolic functions 379 

related to cellular homeostasis, cell-to-cell interactions, or transport of solutes such as 380 

ions, sugars and metals. It is well known that subtelomeres are highly unstable showing 381 

high levels of strain variability (Winzeler et al., 2003). Many of these genes are not 382 

essential but they can play an important role in the adaptation to new environmental 383 

conditions (Barrio et al., 2006). This way, recent studies on quantitative trait mapping in 384 

S. cerevisiae yeasts showed that a third of the QTLs detected mapped to subtelomeric 385 

regions, which support their importance in adaptive evolution (Cubillos et al., 2011).  386 

Saccharomyces yeasts have recently re-emerged as a prime model organism for genetics 387 

and evolutionary biology in general (Hittinger, 2013; Scannell et al., 2011) and for the 388 

analysis of complex quantitative traits in particular (Liti and Louis, 2012). Since the 389 

first aCGH studies, researchers have been looking for specific genomic patterns of the 390 

strains belonging to the different S. cerevisiae types. This interesting idea would provide 391 

the locus or group of genes that matters to adapt to a specific environment. But this idea 392 

has been only demonstrated for a specific type of strains, the bioethanol producing 393 

strains (Stambuk et al., 2009). Some effort was done to find “commercial wine yeast 394 

signatures” (Dunn et al., 2005), and AGP3 and DAK2 among other genes were 395 

suggested as the most important genes present in wine yeast respect to laboratory strains 396 

(Dunn et al., 2012). However, our data shows that these are genes with a high degree of 397 

variability in their copy numbers. AGP3 was present in sake strain Kyokai nº7 but 398 

showed lower GCN in sherry wine strain GB-FlorC and DAK2 showed decreased GCN 399 

in all strains but CPE7 and GB-FlorC. Other studies pointed out that wine strains have 400 

specific higher number of copies for IMD and PHO genes and lower for MAL genes 401 
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(Carreto et al., 2008). However, we observed lower GCN of MAL genes in all strains, 402 

not only wine, and IMD or PHO genes did not show important GCN changes. Although 403 

there are some groups of genes that seem to be altered in fermentative strains, our data 404 

suggest that GCN patterns are very variable and is difficult to find a specific feature for 405 

yeasts of the same type. This conclusion is not surprising since gene 406 

deletion/duplication is one of the most common forms to produce genetic variability, 407 

being five times more frequent than point mutations (Lynch et al., 2008).  408 

An interesting depletion, observed in strains GB-FlorC and PE35M, is the AYT1 gene, 409 

which encodes an acetyltransferase that was first characterized in Fusarium and 410 

subsequently identified in S. cerevisiae by homology. It plays a role in detoxifying 411 

endotoxins of the tricothecene family in Fusarium, but its presence in a non-412 

trichothecene producer organism, which needs no self-protection against endogenic 413 

trichothecenes is really striking. Although it has been shown that the S. cerevisiae AYT1 414 

gene product can acetylate tricothecene in vivo, cells that are deficient for this gene 415 

show no clear phenotypic effect (Dunn et al., 2005). 416 

Nitrogen is the main growth-limiting factor in wine fermentations, since its deprivation 417 

produces a nutritional stress on metabolic activities (Pretorius, 2000). Depletion of the 418 

AGP3 gene which play an essential role in amino acid transport suggest that this 419 

nitrogen source is not important in natural niches from where the traditional 420 

fermentative strains were isolated. However, we have observed a strong adaptation to 421 

nitrogen sources, illustrated by the GCN changes observed for PUT1, the main player in 422 

the assimilation of proline as a nitrogen source. Proline is the major amino acid in grape 423 

must. However, this amino acid is hardly used by wine yeast during the anaerobic 424 

conditions exerted during wine fermentation (Salmon and Barre, 1998). In spite of this 425 

contradiction between abundance of this amino acid in grape-must and poor adaptation 426 



‐ 

of wine yeast to utilize proline, the T73 strain, adapted to grape must fermentation, 427 

showed a PUT1 GCN increase. PUT1 GCN also increased in PE35M, a strain adapted 428 

to cassava (Manihot esculenta) juice fermentation, and both strains showed a direct 429 

correlation between their higher GCN and their ability to grow with proline as a 430 

nitrogen source. Interestingly, the proline is also an important nitrogen source in cassava 431 

(Bradbury and Holloway, 1988). On the contrary, the strain Kyokai nº7, showing the 432 

worst capacity to grow with proline as a nitrogen source, is adapted to sake mash 433 

fermentation where proline is absent (Iemura et al., 1999). Another interesting piece of 434 

evidence is the lower GCN of CAR2 gene, involved in arginine catabolism, in the CPE7 435 

strain. This strain was isolated from sugarcane juice fermentation, in which arginine is a 436 

rare amino acid (Wiggins and Williams, 1955). All these GCN data are nice examples of 437 

yeast genomic variation involved in the adaptation to the diverse nitrogen sources found 438 

in the different environments, suggesting that nitrogen metabolism has played an 439 

important role in the adaptive evolution of S. cerevisiae. 440 
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Figure legends 581 

Fig. 1. Genomic profiles of the S. cerevisiae strains obtained after CGH assay 582 

comparing gene copy number (GCN) variation in every chromosome with S288c strain. 583 

Vertical boxes highlight gene clusters with altered GCN in most of the strains analysed. 584 

Specific GCN are indicated with arrows. 585 

 586 

Fig. 2. Hierarchical clustering of CGH profiles. A) The strains used were grouped 587 

according to their CGH profiles. For this, a hierarchical clustering analysis using 588 

Genesis program was performed. These clusters identify strains that shared similar ORF 589 

copy number changes. B) Comparison with Carreto et al. (2008) CGH dataset. 590 

 591 

Fig. 3. Capability of S. cerevisiae strains isolated from different traditional 592 

fermentations to grow with different nitrogen sources. A) Capability to grow with 593 

proline. Strains were inoculated in minimal media with YNB (SC) or proline as nitrogen 594 

source (SC-pro) and grow was followed in microtiter plates. Maximum growth rate in 595 

proline was calculated and normalized (SC-pro/SC). B) Capability to grow with 596 

arginine. Strains were inoculated in minimal media with YNB (SC) or arginine as 597 

nitrogen source (SC-pro) and grow was followed in microtiter plates. Maximum growth 598 

rate in proline was calculated and normalized (SC-arg/SC). Error bars represent the 599 

standard deviation of the mean reduction of at least 3 independent experiments. 600 

 601 

 602 
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 603 

Table 1. Genetic analysis of the yeast strains examined. 604 

Strain designation Source/origin Genotype 
Spore 

viability (%) 

Segregants 
genotype 

Thallism* Ploidy a 

CECT10131 
 Centaurea alba; CECT,  

Spain 
MAT a/α 0     2,00 + 0,05c 

PE35M 
Masato; Greater San 

Marcos University, Lima, 
Peru 

MAT a/α 20.45 MAT a/α HOM 2.15 + 0.10c d 

CPE7 
Cachaça; Federal 

University of Minas 
Gerais. Brazil 

MAT a 0    HET 1.59 + 0.1b 

Temohaya-26 
Agave juice; 

Technological Institute of 
Durango. Mexico 

MAT a/α 80.77 MAT a/α HOM 2.00 + 0.12c 

Kyokai nº 7 Sake; Japan MAT a 0   HET 1.43 + 0.3ª b 

T73 Wine; Alicante. Spain MAT a/α 83.93 MAT a/α HOM 2.08 + 0.06c d 

GB-FlorC 
Jerez wine; González-
Byass wineries. Jerez. 

Spain 
MAT a/α 0     3.28 + 0.04e 

 605 

-: sporulation not observed.*HOM: homothallic. HET: heterothallic. 606 

aValues expressed as mean ± standard deviation. Values not shearing the same superscript letter are significantly different (ANOVA 607 

and Tukey HSD test. α=0.05. n=2). 608 

Culture collection abbreviations: CECT (Spanish Type Culture Collection. University of Valencia).  609 
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Table S1. Primer used for quantitative PCR. 610 
 611 

Gene Forward 5' > 3' Reverse 5' > 3' 

HAP3 GCGCGACTCATGAAGAATAC TCTTTCTTTTGTCAGCAGCG 

SNF4 CGTTGCTTTAAATTGCAGGG GAATGACGTCTATGACCGGA 

VMA5 TATTGTCAAGCCCGAAGACT ATGCTGGTACAACGTTCTTG 

PUT1 TGGTTTCCACTATTGACGCT CCCTTAGGTACAACTGCCAA 

 612 

 613 

Table S2. Validation of microarray data by qPCR to determine GCN* 614 

Gene CECT10131 T73 Temohaya-26 PE35M 

HAP3 5.03 ± 0.22 3.39 ± 0.24 1.64 ± 0.05 0,81 ± 0,02 

PUT1 6.59 ± 0.40 4.96 ± 0.09 1.94 ± 0.03 1,77 ± 0,008  

SNF4 4.97 ± 0.40 3.34 ± 0.03 0.88 ± 0.13 0,54 ± 0,09 

VMA5 2.87 ± 0.15 5.66 ± 0.30 1.08 ± 0.12 0,5 ± 0,04 

 *Gene copy number. Average ± standard deviation is shown 615 

 616 
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