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ABSTRACT 20 
Iron is an essential micronutrient for all eukaryotic organisms. However, 21 the low solubility of ferric iron has tremendously increased the prevalence of iron 22 deficiency anemia, especially in women and children, with dramatic consequences. 23 Baker’s yeast Saccharomyces cerevisiae is used as a model eukaryotic organism, a 24 fermentative microorganism and a feed supplement. In this report, we explore the 25 genetic diversity of 123 wild and domestic strains of S. cerevisiae isolated from 26 different geographical origins and sources to characterize how yeast cells respond 27 to elevated iron concentrations in the environment. By using two different forms of 28 iron, we selected and characterized both iron-sensitive and iron-resistant yeast 29 strains. We observed that when the iron concentration in the medium increases, 30 iron-sensitive strains accumulate iron more rapidly than iron-resistant isolates. 31 Consistently with excess iron leading to oxidative stress, we observed that the 32 redox state of iron-sensitive strains was more oxidized than that of iron-resistant 33 strains. Growth assays in the presence of different oxidative reagents ruled out 34 that this phenotype was due to alterations in the general oxidative stress 35 protection machinery. It was noteworthy that iron-resistant strains were more 36 sensitive to iron-deficiency conditions than iron-sensitive strains, which suggests 37 that adaptation to either high or low iron is detrimental for the opposite condition. 38 An initial gene expression analysis suggested that alterations in iron homeostasis 39 genes could contribute to the different response of distant iron-sensitive and iron-40 resistant yeast strains to elevated environmental iron levels. 41 

42 
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INTRODUCTION 43  44 Iron is an essential micronutrient for all eukaryotic organisms because it 45 participates as a redox active cofactor in the biogenesis of important cellular 46 macromolecules, such as DNA, proteins, lipids and various vitamins and cofactors. 47 Iron is also indispensable for generating energy through respiration. Despite iron 48 being abundant in the Earth’s crust, its availability to living organisms is restricted 49 as a result of low solubility of ferric iron at a physiological pH. Thus iron deficiency 50 has become the most widespread nutritional disorder in the world. In humans, 51 iron deficiency anemia leads to reduced physical capacity, learning problems and 52 increased morbidity, especially in women and children. Multiple approaches, 53 including iron supplementation and food fortification with iron, are currently used 54 to prevent and treat iron deficiency. The budding yeast Saccharomyces cerevisiae, 55 which is responsible for the generation of multiple fermentative foods and 56 beverages, is also utilized as a feed supplement because it is rich in essential amino 57 acids, fiber and B-type vitamins. Interestingly, iron-enriched yeasts are currently 58 being evaluated as promising sources of iron to prevent and palliate iron 59 deficiency in humans and animals [23]. In fact, recent reports have indicated that 60 iron-enriched baker’s yeasts are efficient for helping animals recover from iron 61 deficiency, while maintaining their fermentative and bakery properties [6, 12]. 62 
Over the last two decades, the response of S. cerevisiae to fluctuating 63 environmental levels of iron has been studied at the molecular level [24, 26]. This 64 yeast has served as a model eukaryotic organism to identify and decipher the 65 functioning of multiple components required for the acquisition, distribution, 66 utilization and storage of iron. Under iron-sufficient conditions, iron enters yeast 67 
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cells mainly through low-affinity iron transporters Fet4 and Smf1 located at the 68 plasma membrane [1, 4, 5]. Yeast cells activate sophisticated regulatory 69 mechanisms in response to imbalances in environmental iron levels (reviewed in 70 [11]). Upon iron scarcity, transcriptional factor Aft1 activates the expression of a 71 group of genes known as the iron regulon [28], which includes cuproferroxidase 72 Fet3, required for high-affinity iron uptake [29], and Cth2, an RNA-binding protein 73 that remodels cellular iron metabolism [25]. When present in excess, iron engages 74 in Fenton redox reactions that accelerate the formation of reactive oxygen species 75 (ROS), such as hydroxyl radicals, that damage cells at membranes, proteins and 76 nucleic acids levels. A recent report has suggested that elevated iron 77 concentrations also cause toxicity to yeast cells by activating sphingolipid signaling 78 and synthesis [14]. When environmental iron levels rise, the yeast Yap5 79 transcription factor activates specific genes that protect cells from the potential 80 danger of high iron [15]. The most relevant transcriptional activation by Yap5 is 81 exerted on CCC1, which encodes a protein that protects cells from excess iron by 82 transporting the metal from the cytoplasm to the vacuole, where it is stored [16, 83 18]. Recent studies have demonstrated that S. cerevisiae does not directly sense 84 extracellular or cytosolic iron concentrations. Instead, the mitochondrial iron-85 sulfur synthesis rate is transduced through a currently unknown signal to 86 transcription factors Aft1 and Yap5 (reviewed in [17, 21]). 87 
Iron homeostasis has primarily been studied in a few laboratory strains, 88 whereas very little is currently known about the response of S. cerevisiae strains 89 isolated in other sources and environments to alterations in iron bioavailability. 90 The completion of the genome sequence of many wild and domestic S. cerevisiae 91 strains isolated from different geographical locations has uncovered extensive 92 
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differences in genomic and phenotypic variations that could allow genetic 93 determinants to be identified [19]. A recent population genomics study has been 94 performed with yeast strains obtained from the nectar of flowers of bertam palm 95 trees in a Malaysian rainforest, a reproductively isolated environment [3, 13, 32]. 96 This work revealed that Malaysian yeast isolates have diverged from the canonical 97 iron homeostasis network, probably as a result of a change in selective pressure 98 [13]. In particular, these yeast strains partially activate the molecular response to 99 elevated iron when cultivated under standard conditions, and are sensitive to high 100 iron concentrations. Further molecular analyses have revealed that the sensitivity 101 of Malaysian strains to toxic levels of iron is a recessive trait that is attributed to 102 loss of function of the iron resistance YAP5 gene and especially to their defective 103 
CCC1 allele. Malaysian strains also activate the iron deficiency response during 104 growth under iron-sufficient conditions, which is consistent with an AFT1 gain-of-105 function allele [13]. These results suggest that Malaysian strains adapt to a low-106 iron environment, probably by lowering the range of iron concentrations at which 107 they respond. Their short exposure to high iron conditions could relax the strength 108 of the selection of the iron toxicity response, which would allow mutations to 109 accumulate. In this report, we took advantage of the genetic diversity of more than 110 100 yeast strains isolated in different environments to explore how yeast cells 111 respond to excess iron. For this purpose, we selected both iron-resistant and iron-112 sensitive strains, and we characterized their growth rate and viability, their 113 endogenous iron levels and the expression of iron homeostasis genes. 114 

115 
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MATERIALS AND METHODS 116 
Yeast strains and growth conditions. All the yeast strains used in this 117 study are listed in Table 1. Yeasts were cultivated at 30ºC in rich YPD (Figure 5B) 118 or in synthetic complete SC (rest of Figures) media. Iron was added to SC from 119 either a 250 mM FeCl3 (Sigma) or a 100 mM Fe(NH4)2(SO4)2 (FAS, Sigma) stock 120 solution. Both stock solutions were prepared in 0.1M HCl to facilitate iron 121 solubility and were used fresh. Iron solutions were added to the autoclaved 122 medium at the desired final concentration. A control with the equivalent HCl 123 concentration was always prepared. Fe2+-specific chelator bathophenanthroline 124 disulfonic acid (BPS, Sigma) was added to SC plates from a 100 mM stock solution 125 prepared in water. For the oxidative stress experiments, methylene blue (Sigma) 126 was added to SC or SC with FeCl3 plates from a 1% stock solution, whereas H2O2, 127 tert-butyl hydroperoxide (t-BOOH) and menadione were added to YPD plates from 128 the 9.7 mM, 7.0 M and 50 mM stocks, respectively. To grow yeast cells in liquid 129 media, overnight SC precultures were reinoculated at OD600nm = 0.2, and then 130 incubated for 24 h at 30ºC and 190 rpm in 50 mL flasks that contained 5 mL of SC 131 supplemented with the corresponding iron concentration. Depending on the 132 experiment, these cultures were used to determine OD600nm, cells/mL, cellular 133 volume, dry weight and endogenous iron. To perform growth assays in solid 134 media, cells from overnight precultures were diluted at OD600nm = 0.1 and then 135 spotted directly and after 1:10 and 1:100 dilutions in sterile water. Plates were 136 incubated at 30ºC for 3-6 days and were then photographed. 137 
Endogenous iron measurements. Yeast cells that corresponded to a total 138 OD600nm of 5.0 were collected by centrifugation, washed twice with 1 mM EDTA 139 
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and once with milli-Q water. Cells were dissolved in 500 μL of 3% HNO3 and 140 incubated at 98 ºC for 16 h with agitation. After digestion extracts were used to 141 determine iron levels. For the yeast cells grown in SC, iron levels were determined 142 by ICP-MS at the Universitat Jaume I (Castelló, Spain). A previously described 143 colorimetric assay [30] was run for the other samples. Both methods provided 144 similar results.  145 
RNA analyses. To determine the expression levels of specific mRNAs, total 146 RNA was extracted and quantitative PCR was performed as previously described 147 [27]. For each gene analyzed, a standard curve was made with serial dilutions of 148 the cDNA sample. The ACT1 mRNA values were used to normalize data. Data and 149 error bars represent the average and standard deviation of at least three 150 independent biological samples. All the primers used in this study are listed in 151 Table 2. 152 
Miscellaneous. The yeast cells incubated in liquid cultures were properly 153 diluted and sonicated before determining their concentration (cells/mL) and 154 average volume in a Beckman Coulter Counter Z. To determine yeast dry weight, 155 the cells that corresponded to a total OD600nm of 30 were collected by 156 centrifugation and washed with distilled water. Then cells were transferred to a 157 previously weighed Eppendorf tube and were dried at 50ºC for 3 days. Finally, 158 yeast dry weight was obtained by subtracting the total weight to the Eppendorf 159 tube weight. At least three independent biological samples were used to determine 160 yeast cellular concentration, volume and dry weight. 161 

162 
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RESULTS 163 
Selection of Saccharomyces cerevisiae strains resistant or sensitive to 164 
elevated iron concentrations. 165 
 The response of laboratory S. cerevisiae strains to excess iron has been 166 studied at the molecular level [11, 24, 26]. However, very little is currently known 167 about how yeast strains of different geographical origins and isolation sources 168 behave when challenged with elevated extracellular iron concentrations. To 169 explore the genetic diversity of S. cerevisiae for this trait, the growth of 123 yeast 170 strains isolated from different environments was compared. In addition to 171 laboratory strain BY4741, we herein included 67 strains obtained from different 172 types of fermentations (23 wine, 9 beer, 5 cider, 6 sake and 24 from other 173 fermentative sources), 33 strains found in wild environments, 12 clinical strains, 174 seven dietetic strains and three baking yeasts (see Table 1 for details). Two 175 independent colonies of each strain were incubated overnight in synthetic 176 complete (SC) liquid medium, and were then assayed for growth in solid SC media. 177 We performed spot assays that consist in 10-fold dilutions of yeast drops by 178 starting at an OD600nm of 0.1. We used laboratory strain BY4741 as a reference for 179 these assays. To challenge yeast cells with iron, we added increasing FeCl3 180 concentrations to the solid SC medium, starting at 3 mM and reaching 7 mM. To 181 keep FeCl3 soluble, we freshly prepared 250 mM FeCl3 stock solutions in 0.1M HCl. 182 We always performed an additional spot assay with the equivalent HCl used to 183 prepare the plate with the maximum iron concentration, but HCl did not alter yeast 184 growth at these concentrations (Supplemental Figures S1-S5, Figure 1). Reference 185 strain BY4741 grew properly on SC plates supplemented with 3 mM FeCl3, but 186 
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displayed a marked growth defect at 4 mM FeCl3 (Figure 1, Supplemental Figures 187 S1-S5). At 5 mM FeCl3, the laboratory strain barely grew and did not tolerate 188 higher FeCl3 concentrations (Figure 1, Supplemental Figures S1-S5). As for the 189 remaining 122 strains, 56 strains (46%) grew better than the reference strain in 190 media with high iron concentrations, 29 (24%) exhibited growth defects, and the 191 remaining 37 strains (30%) did not substantially differ from the laboratory strain 192 (Table 1, Supplemental Figures S1-S5). Then we compared resistance to iron-193 containing media with the isolation source or geographic origin of the S. cerevisiae 194 strains. We only observed a correlation for the strains isolated from wild 195 environments, which were more prone to exhibit increased sensitivity to high iron 196 levels. Whereas 24% (8 out of 33) of wild strains were more resistant to high iron 197 than the laboratory strain, 55% (18 out of 33) were more sensitive (Table 1, 198 Supplemental Figures S1-S5). These results suggest that the yeast cells isolated in 199 wild environments may be more prone to display iron sensitivity rather than iron 200 resistance.  201 
A selection of yeast strains resistant to FeCl3, including four strains isolated 202 from fermentation sources (Kyokai 6, NCAIM Y.00678, L-246 and Sc 97), two 203 strains isolated from wild environments (CECT 10131 and No. 308), and two 204 clinical yeast strains (YJM978 and 273614N), was studied in more detail. We 205 observed that all the selected strains, except for NCAIM Y.00678, grew when 6 mM 206 FeCl3 was added to the SC plates (Figure 1A). We also noticed that sake strain 207 Kyokai 6 was extremely resistant to excess iron since it was able to grow at 7 mM 208 FeCl3 in the solid medium (Figure 1A). Such adaptation to high iron concentrations 209 was specific of Kyokai 6 strain, as it was not shared by other S. cerevisiae sake 210 strains (Supplemental Figure S2). To further ascertain whether these phenotypes 211 
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were due to the high iron concentrations and were not unique of FeCl3, we assayed 212 growth in the liquid SC medium that contained increasing concentrations of an 213 alternative iron source: Fe(NH4)2(SO4)2 (ferrous ammonium sulfate or FAS). 214 Overnight precultures from at least three independent colonies were diluted to 2.5 215 x 106 cells/mL (OD600nm of approximately 0.2) and culture growth was determined 216 after 24 h of incubation at 30ºC and 190 rpm. Despite our initial selection of iron-217 resistant strains also including fermentation strain BAY1 (Supplemental Figure 218 S1), the growth assays performed in liquid media did not corroborate its iron 219 resistance in solid conditions. This strain was, therefore, ruled out (data not 220 shown). We observed that all the selected strains displayed reduced fitness in 221 liquid SC medium as compared to BY4741 (Figure 1B). This result is probably due 222 to the different cellular volume of each strain (data not shown) since in most cases 223 the differences in liquid SC growth disappeared when we represented OD600nm 224 (Supplemental Figure S6). As observed, when growth per strain is referred to its 225 value under the SC conditions (Supplemental Figure S7A), the interpretation of the 226 results represented in Figure 1B is not biased by the differences observed among 227 the strains under the aforementioned conditions. The addition of 100 μM FAS to 228 liquid SC did not considerably affect the growth of any of the strains, whereas the 229 FAS concentrations of 6 mM, or higher, limited the growth of all the strains (Figure 230 1B). Reference strain BY4741 grew to 8 mM FAS, whereas no growth was observed 231 at higher iron concentrations (Figure 1B). The additional five strains included in 232 this experiment still grew at 10 mM FAS, which confirms their greater resistance to 233 the high iron concentrations obtained in solid media (Figure 1). Strain L-246 234 displayed even more resistance to excess iron when grown in liquid than it 235 displayed in solid media (Figure 1). Sake strain Kyokai 6 was the most resistant 236 
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strain to excess iron, with either FeCl3 or FAS, and also under both liquid and solid 237 conditions. Therefore by using two different iron sources, we were able to isolate 238 iron-resistant strains among many other yeast strains.  239 
For further studies, we also selected four strains isolated from wild 240 environments (Sc 9, YPS128, CECT 10120 and CBS 5287) and two strains obtained 241 from fermentations (AQ 2348 and CBS 2992) as being representative of iron-242 sensitive yeast strains. In addition to laboratory strain BY4741, we used as a 243 control strain for these assays Malaysian strain UWOPS03-461.4, which has been 244 previously shown to be sensitive to iron, mostly due to defects in the iron 245 transporter to the vacuole known as Ccc1 [13]. All the selected strains, except for 246 CBS 2992, were more sensitive to FeCl3 than the laboratory and Malaysian strains, 247 which were unable to grow at 4 mM FeCl3 (Figure 2A). The selected iron-sensitive 248 strains were also assayed for growth in liquid medium. These strains exhibited 249 slower growth than the laboratory strain in liquid SC medium (Figure 2B). Once 250 again, the different cellular volume of each strain may account for the growth 251 differences (data not shown), which disappeared when we represented the 252 OD600nm, with the exception of the wild CECT 10120 strain (Supplemental Figure 253 S6). The laboratory strain, but none of the iron-sensitive strains was able to grow 254 at 8 mM FAS in liquid SC (Figure 2B). This finding supports our data on solid 255 medium. In order to directly compare the sensitivity of all the strains, we also 256 represented the growth for each culture in relation to its SC condition 257 (Supplemental Figure S7B). With this relative representation, we observed that 258 wild strain YPS128 showed more sensitivity to iron than BY4741 only at 7 mM FAS 259 or higher, whereas the other strains exhibited iron sensitivity at 4 mM FAS. These 260 
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data demonstrate that the yeast strains selected herein are sensitive to elevated 261 iron concentrations. 262 
 263 
Yeast accumulation of iron in high iron-containing media inversely 264 
correlates with growth. 265 
 With the aim of characterizing the bases of S. cerevisiae response to elevated 266 extracellular iron levels, we determined the endogenous iron content of both the 267 iron-resistant and iron-sensitive strains. For this purpose, at least three 268 independent colonies of each chosen strain were cultivated overnight in liquid SC 269 medium, and were then reinoculated at 2.5 x 106 cells/mL in fresh liquid SC media 270 with different FAS concentrations. After 24 h, an aliquot of cells was collected and 271 digested with HNO3. Its iron content was determined by either a colorimetric assay 272 or ICP-MS (see Materials and Methods). A second aliquot was used to normalize 273 the data by determining the dry weight of every yeast strain at each iron-274 containing medium (see Materials and Methods). Thus yeast iron content was 275 displayed as the weight of iron per yeast dry weight (g Fe/g DW). Our study 276 showed that the iron content of all the analyzed yeast strains gradually increased 277 as the environmental FAS concentration rose (Figures 3 and 4). We observed that 278 laboratory strain BY4741 accumulated around 70 μg Fe/g DW in SC, and reached 5 279 mg Fe/g DW when grown for 1 day in an 8 mM FAS medium (Figures 3 and 4). By 280 determining the cellular volume of each strain after a 1-day incubation in each 281 iron-containing medium, we were able to calculate the yeast cellular iron 282 concentration in molar units. We thus noted that the laboratory strain 283 accumulated approximately 440 μM iron when incubated in SC, and around 50 mM 284 
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when grown in the SC supplemented with 8 mM FAS for 1 day (Supplemental 285 Figure S8).  These endogenous iron levels fell within a similar range to those 286 previously reported [6, 10, 12, 22, 23]. 287 
When we looked at the five iron-resistant strains selected for this 288 experiment, the most general remarkable feature was that their endogenous iron 289 levels were below those of the laboratory reference strain in most cases (Figure 3). 290 For instance, at 8 mM FAS, the endogenous iron levels of all the resistant strains 291 were lower than those of the laboratory strain, which suggests that iron-resistant 292 strains limit iron accumulation (Figure 3A). Similar results were obtained when 293 the molar iron concentration was compared (Supplemental Figure S8). At 10 mM 294 FAS, the laboratory strain was unable to grow, but the iron content of the resistant 295 strains further increased to similar levels to those reached by the laboratory strain 296 at 8 mM FAS (Figure 3A, Supplemental Figure S8A). These results suggest that the 297 iron-resistant yeast strains selected herein tolerate elevated exogenous iron 298 concentrations by limiting its accumulation, and die when endogenous iron levels 299 reach a common threshold. 300 
In order to determine iron accumulation in iron-sensitive yeasts, we 301 included the Malaysian UWOPS03-461.4 strain as an additional control. We 302 observed that the Malaysian strain accumulated similar or slightly higher amounts 303 of iron than the laboratory strain (Figure 4). However, growth of the Malaysian 304 strain ceased at 3 mg Fe/g DW when grown in 7 mM FAS, whereas the laboratory 305 strain accumulated up to 5 mg Fe/g DW when grown in 8 mM FAS (Figure 4). 306 These results indicate that the Malaysian strain tolerates lower endogenous iron 307 concentrations than the laboratory strain, probably due to its defect in iron 308 
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accumulation in the vacuole [13]. When we analyzed the iron-sensitive strains 309 selected in this study, we observed that they all accumulated more endogenous 310 iron (around 5 mg Fe/g DW) than the laboratory and Malaysian strains (3 mg Fe/g 311 DW) when grown in 7 mM FAS (Figure 4). Furthermore, the iron-sensitive strains 312 accumulated even more iron at 7 mM FAS than the iron-resistant strains at 8 mM 313 FAS (from 3 to 4 mg Fe/g DW; Figure 3). Wild yeast strain Sc 9, which was even 314 more sensitive to iron in liquid media than the other strains (it was unable to grow 315 at 7 mM FAS), accumulated more endogenous iron when grown at 6 mM FAS (up 316 to 6 mg Fe/g DW; Figure 4). Taken together, these results suggest that the 317 analyzed iron-sensitive yeast strains reached the maximum tolerable threshold of 318 endogenous iron at lower exogenous iron concentrations than other more 319 resistant strains, probably due to defects in inhibiting iron accumulation. 320 
 321 
Iron-sensitive strains display an altered cellular redox state in the presence 322 
of excess iron that is not due to exacerbated sensitivity to oxidative stress. 323 

Iron is a redox active metal that generates cytotoxic ROS when present in 324 excess. Therefore, we decided to determine how the high iron concentrations used 325 in this study affected the cellular redox state of both iron-sensitive and iron-326 resistant strains. For this purpose, we assayed yeast growth in the plates that 327 contained biocompatible redox indicator methylene blue, which loses its blue color 328 when reduced [20]. We observed that iron-sensitive strains YPS128, CBS 5287 and 329 Sc 9 acquired a blue color, which is characteristic of methylene blue oxidation, 330 when grown in SC medium (Figure 5A).  No significant coloration was observed for 331 the laboratory and iron-resistant strains. Then we ascertained colony staining in 332 
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the presence of 3 mM FeCl3, which did not alter the growth of any strain (Figure 1). 333 It was noteworthy that when FeCl3 was added to the methylene blue medium, iron-334 resistant strains No. 308, L-246 and Kyokai 6 displayed a faint blue tone compared 335 to the dark blue color associated with iron-sensitive strains (Figure 5A). The 336 laboratory strain exhibited an intermediate blue tone (Figure 5A). These results 337 indicate that when environmental iron levels increase, the redox state of iron-338 sensitive strains becomes more oxidized than that of iron-resistant strains, 339 probably due to greater iron accumulation. 340 
The different behavior of iron-sensitive and iron-resistant strains in iron-341 containing media could be attributed to their respective general sensitivity to the 342 oxidative stress caused by accumulated iron levels. To discriminate between 343 sensitivity to oxidative stress and specific iron homeostasis alterations, we decided 344 to determine growth when challenging these cells with different oxidative agents, 345 including peroxides H2O2 and tert-butyl hydroperoxide (t-BOOH), and menadione 346 which induces superoxide anion production. As shown in Figure 5B, the behavior 347 of the assayed yeast strains was dissimilar. Laboratory strain BY4741 was the 348 most sensitive strain to all the different sources of oxidative stress (Figure 5B). 349 The growth of iron-sensitive strains CBS 5287 and Sc 9, and iron-resistant No. 308 350 cells, was affected by H2O2 (Figure 5B). Iron-resistant strains L-246 and Kyokai 6 351 were more sensitive to menadione than the rest of the strains. These results rule 352 out iron-resistant strains tolerating higher exogenous iron concentrations than 353 iron-sensitive strains because they possess more efficient mechanisms to protect 354 them from general oxidative stress. Instead, we suggest that the observed 355 differences are the result of alterations in iron accumulation (Figures 3 and 4). 356 
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Yeast strains resistant to high iron are sensitive to iron-deficient conditions. 357 
It has been previously proposed that adaptation of Malaysian yeast strains 358 to a constant wild iron-deficient environment and their rare exposure to high iron 359 levels could have led to the accumulation of detrimental mutations in yeast iron 360 detoxification machinery [13]. To explore whether the iron-sensitive strains 361 selected in this study gained fitness under low iron conditions, we decided to grow 362 them under iron-deficient conditions, which we achieved by adding the Fe2+-363 specific chelator bathophenantholine disulfonic acid (BPS). We observed that 364 when iron was scarce, iron-sensitive strains, except for CECT 10120, grew slightly 365 better than reference strain BY4741, and similarly to Malaysian strain UWOPS03-366 461.4 (Figure 5C). We also explored how iron-resistant strains No. 308, L-246 and 367 Kyokai 6 behaved when iron availability was limited. In this case, we observed that 368 all three iron-resistant strains were very sensitive to low iron conditions (Figure 369 5C), which indicates that adaptation to elevated iron concentrations could have 370 detrimental effects on the iron deficiency response. Taken together, these results 371 suggest that yeast strains that adapt to either high or low iron conditions 372 frequently lose fitness under the opposite condition, that is, low and high iron, 373 respectively. 374 

 375 
The expression of iron-related genes is altered in iron-sensitive strains. 376 

The molecular basis of the different performance displayed by the iron-377 sensitive and iron-resistant yeast strains selected in this study could be due to 378 multiple factors, which could differ among strains. Despite this complexity, we 379 
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decided to perform a first approach to analyze iron homeostasis in these strains at 380 the molecular level. For this purpose, we cultivated yeast cells in liquid SC medium 381 to reach the exponential growth phase and used qPCR to determine the mRNA 382 levels of four genes that are crucial for iron uptake, distribution and utilization: 383 
CTH2, which optimizes iron utilization within cells by regulating multiple iron-384 dependent metabolic pathways [25]; FET3, a copper-dependent ferroxidase 385 essential for high-affinity iron uptake [29]; FET4, a low-affinity iron transporter 386 located at the plasma membrane [4, 5]; and CCC1, responsible for iron transport 387 and storage in the vacuole [16, 18]. It is worth highlighting that transcriptional 388 activator Aft1 up-regulates the expression of genes CTH2, FET3 and FET4 when 389 yeast cells sense low iron [25, 31], whereas Yap5 transcription factor increases 390 
CCC1 mRNA levels upon iron excess [15]. Our results showed that iron-sensitive 391 strains YPS128, CBS 5287 and Sc 9 up-regulate CTH2 and FET4 expression (Figure 392 6). FET3 expression for YPS128 cells also increased (Figure 6). These results 393 suggest that these strains perceive less iron than the laboratory BY4741 strain 394 and, consequently, they activate the iron-regulon, which makes cells more prone to 395 accumulate iron. However, this was not the case of iron-sensitive strain CECT 396 10120, which showed only a marked increase in the mRNA levels of the CTH2 gene 397 compared to the laboratory strain (Figure 6). Iron-resistant strains L246 and 398 Kyokai 6 exhibited similar CTH2, FET3 and FET4 mRNA levels to those of the 399 laboratory strain. Surprisingly, iron-resistant strain No. 308 activated the 400 expression of genes CTH2 and FET4, a pattern that resembled more the iron-401 sensitive than the iron-resistant strains (Figure 6). Finally, CCC1 expression was 402 only markedly up-regulated in iron-resistant strain Kyokai 6 and was down-403 regulated in iron-sensitive strain CBS 5287 (Figure 6). This is consistent with the 404 
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greater resistance of the sake strain, and suggests that changes in the capacity of 405 iron accumulation in the vacuole could contribute to different strain sensitivity to 406 excess iron. Altogether, these results suggest that alterations in the expression of 407 the iron-related genes could contribute to the different response of these strains to 408 elevated environmental iron levels. 409 
410 
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DISCUSSION 411 
Cultivation in elevated iron concentrations leads to iron-enriched yeasts. 412 

The utilization of biophysical spectroscopies has recently allowed the 413 detailed examination of yeast iron contents in terms of growth phase, chemical 414 form and distribution within organelles [2, 10, 22]. In the exponential growth 415 phase the intracellular yeast iron level remains roughly constant due to a balance 416 between iron import and cellular division [22]. This equilibrium is lost when the 417 growth rate slows down toward the end of the exponential phase because iron 418 continues to be imported into the cell, and accumulates as Fe3+ nanoparticles and 419 vacuolar species [22]. In this work, we cultivated yeast for 24 h in synthetic 420 medium supplemented with different iron concentrations. We observed that when 421 grown in synthetic medium with no additional iron, all the cell cultures depleted 422 glucose and shifted to the diauxic phase, in which they utilized ethanol as a carbon 423 source, and the growth rate lowered (data not shown). It has been previously 424 demonstrated that yeast cells partially activate the expression of iron acquisition 425 machinery at the diauxic shift, probably due to iron requirements during 426 respiration [9]. Lack of synchronization between growth and iron uptake, 427 accumulation of iron in nanoparticles, which may not be perceived by the cellular 428 iron sensing system [22], and the activation of the high-affinity iron uptake system 429 upon diauxic shift contribute to iron accumulation in this stage. Here we observe 430 that laboratory strain BY4741 accumulated approximately 440 μM iron (∼70 μg 431 Fe/g DW) after 1 day of incubation in synthetic medium (Figure 3, Supplemental 432 Figure S8). Other groups have obtained similar results, with around 100 μg Fe/g 433 DW when a yeast strain was incubated for 20 h in rich medium [7]. We also 434 
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observed that iron accumulation gradually increased when the iron concentration 435 in the medium rose (Figure 3 and 4). For instance, when 100 μM FAS was added to 436 SC, iron accumulation duplicated and reached around 950 μM iron; that is, ∼155 μg 437 Fe/g DW (Figure 3, Supplemental Figure S8). Other studies have reported similar 438 results, with 1.5 mM iron accumulation after 24 h of cultivation in minimal 439 medium supplemented with 40 μM ferric citrate [22]. In this last case, the authors 440 showed that endogenous iron can reach 5 mM when incubation is extended to 120 441 h [22]. This indicates that iron accumulation depends on both the iron 442 concentrations in the medium and on incubation time. We show herein that 443 laboratory strain BY4741 reached a maximum of 5 mg Fe/g DW (around 50 mM) 444 when incubated in 8 mM FAS, which is a more than 100-fold higher iron 445 accumulation than when iron is not added to the medium. These intracellular iron 446 concentrations fell within a similar range to a recent report in which a yeast strain 447 grown in rich medium accumulated 3 or 8 mg Fe/g DW when incubated for either 448 20 h in 500 μM FeSO4 or 12 h in 1.8 mM FeSO4, respectively [6, 7]. We also 449 observed that after 24 h of incubation in the same medium, iron-sensitive strains 450 accumulated more iron than iron-resistant isolates (discussed below). Thus for 451 iron-sensitive strains, the maximum endogenous iron levels were obtained after 452 cultivation in SC with 6 or 7 mM FAS, whereas iron-resistant strains required 10 to 453 12 mM FAS (Figures 3 and 4). Considering our data and other reports [6, 12], we 454 conclude that an efficient way to obtain iron-enriched yeasts would be to cultivate 455 yeasts for a considerable time (24 h or more) in a medium with iron 456 concentrations that fell within the mM range. These iron-enriched yeasts could be 457 used as a dietary iron supplement to help animals recover from dietary iron 458 deficiency [12]. Furthermore, iron-enriched baker’s yeasts, which maintain their 459 
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biotechnological properties, could be potentially used to enrich bread with iron 460 [6]. 461 
Differences between iron-sensitive and iron-resistant strains of 462 
Sacharomyces cerevisiae. 463 

The analysis of the genes of the S. cerevisiae strains isolated from different 464 sources and, more recently, their whole genome comparison, have revealed wide 465 genomic and phenotypic variations [19]. Although the forces and mechanisms that 466 drive the evolution of yeast populations are not fully understood, we can assume 467 that adaptation to wild environments or human domestication account for the 468 majority of phenotypic differences. Therefore, this genetic variety could be 469 exploited to characterize the major determinants of yeast response to 470 environmental stresses, such as alterations in iron bioavailability. In fact, a recent 471 study has shown how yeast strains isolated in a wild Malaysian niche have 472 diverged to become markedly sensitive to elevated iron concentrations, which is 473 mostly due to a partial loss-of-function of vacuolar iron transporter Ccc1 [13]. In 474 this work, we found that wild Malaysian strains are more sensitive to excess iron 475 than laboratory strain BY4741, which we used as a reference (Figure 2, 476 Supplemental Figure S3). Interestingly, the fitness of Malaysian strains in high iron 477 diminished despite them accumulating roughly the same endogenous iron levels 478 than the laboratory strain (Figure 4). As mentioned above, we believe that this is 479 due to the specific defect in the iron detoxification system by the Malaysian CCC1 480 vacuolar transporter allele [13], which would mean that similar endogenous iron 481 concentrations would lead to more deleterious damage. 482 
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After analyzing more than 100 different strains, we concluded that yeasts 483 isolated in wild environments are more prone to display iron sensitivity than 484 strains of other origins. The iron-sensitive strains that we selected in this study 485 were even more sensitive to excess iron than the Malaysian strains (Figure 2, 486 Supplemental Figure S3). If we look at cellular iron content, we observe that the 487 maximum endogenous iron levels reached by our iron-sensitive strains were 488 similar to those of the laboratory strain (5 mg Fe/g DW), but were markedly 489 higher than those accumulated in the Malaysian strain (3 mg Fe/g DW) (Figure 4). 490 These results suggest that, unlike the Malaysian strains, the iron-sensitive yeasts 491 selected herein may possess a functional iron detoxification mechanism that 492 allows them to accumulate similar intracellular iron concentrations to those of the 493 reference strain. However, our iron-sensitive yeasts reached their maximum 494 endogenous iron levels at lower experimental iron concentrations than the 495 laboratory strain. As yeast cells do not possess specialized iron export 496 mechanisms, these results suggest that the iron-sensitive strains studied herein 497 probably have a higher iron accumulation rate than that of the laboratory strain 498 and, consequently, die at lower extracellular iron concentrations. 499 
We also selected yeast strains that are more resistant to elevated iron levels 500 in the environment than the reference strain (Figure 1). This was especially 501 remarkable for sake strain Kyokai 6 (Figure 1). However, we were unable to 502 establish a direct correlation between the origin of the yeast isolates and their 503 resistance to excess iron. In fact, none of the other sake yeast strains analyzed 504 herein displayed such strong resistance to excess iron (Supplemental Figure S2). 505 Unlike iron-deficient environments, which are very common in wild niches, 506 conditions with excessive iron concentrations are not associated with wild or 507 
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domestic locations; they are rather linked to the specific conditions encountered 508 by particular niches. Notwithstanding, we attempted to decipher common features 509 among these iron-resistant strains. When we looked at the maximum endogenous 510 iron accumulated by our five iron-resistant strains, we observed that three of them 511 (YJM978, No. 308 and Kyokai 6) reached similar intracellular iron concentrations 512 to those of the reference strain, between 4-5 mg Fe/g DW, whereas two of the 513 strains (Sc-97 and L-246) only took up 3 mg Fe/g DW (Figure 3A). These data 514 indicate that sensitivity to endogenous iron differed among these strains. It is 515 important to note that at any given extracellular iron concentration, laboratory 516 strain BY4741 always accumulated more iron than iron-resistant strains (Figure 517 3). These results suggest that a common mechanism to tolerate high iron 518 concentrations, which these yeast strains share, consists in limiting iron 519 accumulation.  520 
The redox-active properties of iron can be deleterious to cells if excess iron 521 is present as it participates in Fenton reactions, which generate hydroxyl radicals 522 and other ROS that damage most cellular macromolecules. Therefore, we 523 determined whether the yeast redox state correlated with iron accumulation 524 within strains. Consistently with iron generating oxidative stress, biocompatible 525 redox indicator methylene blue indicated that iron-sensitive strains, which 526 accumulated more iron, were more oxidized than iron-resistant strains and had 527 less endogenous iron (Figure 5A). Seeing that our results could be due to 528 alterations in the oxidative stress protection mechanisms that these strains 529 possess, we also examined the sensitivity of these strains to different oxidative 530 agents. However, no correlation was observed between iron and oxidative stress 531 sensitivity (Figure 5B). Therefore, we conclude that the diverse sensitivity of these 532 
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yeast isolates to deleterious iron concentrations is not due to the efficiency of their 533 oxidative stress protection machinery, but to differences in their iron 534 accumulation rates.  535 
It has been proposed that Malaysian strains adapted to a wild iron-deficient 536 niche, but lost fitness in environments with toxic iron levels, which are rarely 537 encountered [13]. Therefore, we wondered how the iron-sensitive and iron-538 resistant yeast strains isolated herein would behave under low iron conditions. We 539 observed that three of the four assayed wild iron-sensitive strains (YPS128, CBS 540 5287, Sc 9) grew slightly better than the reference strain under iron-deficient 541 conditions (Figure 5C). Given that these isolates displayed increased iron 542 accumulation, we suggest that these strains may have adapted to an iron-deficient 543 wild environment by increasing iron uptake. However, this potential increase in 544 iron acquisition became detrimental when the environmental iron levels rose. 545 What is even more striking is the parallel behavior of the three iron-resistant 546 strains assayed (No. 308, L-246, Kyokai 6). In addition to being more resistant to 547 toxic iron levels, these strains exhibited a major growth defect under iron-deficient 548 conditions (Figure 5C). We propose that these strains have decreased iron 549 acquisition efficiency, which could be an advantage when elevated environmental 550 iron levels occur, but could be detrimental under iron-limiting conditions. Iron 551 transport assays would be necessary to demonstrate this hypothesis. We also 552 observed herein that the yeast strains isolated from different geographical origins 553 and isolation sources had adapted to either low iron or high iron conditions by 554 altering iron accumulation, which simultaneously diminished their fitness for the 555 opposite condition. The molecular bases that underlie these phenotypes could be 556 complex and diverse. However, a preliminary gene expression analysis of iron 557 
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homeostasis genes showed alterations in the expression pattern of the genes 558 involved in iron acquisition (FET3, FET4), iron utilization (CTH2) or iron storage 559 (CCC1), which suggests that the iron-sensing machinery or transcriptional 560 regulators of these strains could have diverged (Figure 6). Another possibility is 561 that the same transcription factor regulates adaptation to both iron excess and 562 iron deficiency as previously described in the fungus Aspergillus fumigatus [8]. 563 Further studies are necessary to dissect the molecular basis that underlies these 564 changes in iron accumulation and which lead to either sensitivity or resistance to 565 elevated iron levels. 566 
In this report, we have uncovered that yeast strains sensitive to elevated 567 iron concentrations in the environment accumulate more iron that iron-resistant 568 isolates. These results suggest that the commonest difference between these two 569 groups of strains relies on their iron accumulation pattern. Interestingly, we also 570 observed that adaptation to low iron conditions happens to be detrimental for 571 growth under high iron conditions, whereas iron-resistant strains display marked 572 growth defects under iron-deficient conditions. Further studies are needed to 573 elucidate the specific genetic variations that determine the molecular mechanism 574 that has evolved in iron-sensitive and iron-resistant yeast strains. 575 

 576 577 
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FIGURE LEGENDS 698 
 699 
Figure 1. Growth of a selection of yeast strains resistant to iron in media with 700 
high iron concentrations. (A) The indicated S. cerevisiae strains were grown 701 overnight in liquid SC medium and then spotted in 1:10 dilutions, starting at 702 OD600nm = 0.1 on SC solid plates that contained increasing FeCl3 concentrations. 703 Given that HCl was used to prepare iron stock solutions, a control with the 704 equivalent final HCl concentration was always used. Plates were incubated at 30ºC 705 for 3 days and then photographed. (B) After overnight growth in the liquid SC 706 medium, yeast cells were reinoculated at OD600nm = 0.2 and incubated at 30ºC with 707 agitation in liquid SC supplemented with the indicated FAS concentrations. The 708 number of cells per mL after 24 h of incubation is represented. Data and error bars 709 represent the average and standard deviation of at least three independent 710 biological samples. 711 
 712 
Figure 2. Growth of a selection of yeast strains sensitive to iron in media with 713 
high iron concentrations. (A) The indicated S. cerevisiae strains were grown 714 overnight in liquid SC medium and then spotted in 1:10 dilutions, starting at 715 OD600nm = 0.1 on SC solid plates that contained increasing FeCl3 concentrations. 716 Given that HCl was used to prepare iron stock solutions, a control with the 717 equivalent final HCl concentration was always used. Plates were incubated at 30ºC 718 for 3 days and then photographed. (B) After overnight growth in liquid SC 719 medium, yeast cells were reinoculated at OD600nm = 0.2 and incubated at 30ºC with 720 
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agitation in the liquid SC supplemented with the indicated FAS concentrations. The 721 number of cells per mL after 24 h of incubation is represented. Data and error bars 722 represent the average and standard deviation of at least three independent 723 biological samples. 724 
 725 
Figure 3. Iron accumulation in a selection of iron-resistant yeast strains in 726 
media with high iron concentrations. (A) The indicated S. cerevisiae strains 727 were grown as detailed in Figure 1B. Then cells were collected and digested, and 728 endogenous iron was determined as indicated in the Materials and Methods. (B) 729 Iron accumulation is shown in more detail for the cells grown in SC or SC with 0.1 730 mM FAS. Data and error bars represent the average and standard deviation of at 731 least three independent biological samples. 732 
 733 
Figure 4. Iron accumulation in a selection of iron-sensitive yeast strains in 734 
media with high iron concentrations. (A) The indicated S. cerevisiae strains 735 were grown as detailed in Figure 2B. Then cells were collected and digested, and 736 endogenous iron was determined as indicated in the Materials and Methods. (B) 737 Iron accumulation is shown in more detail for the cells grown in SC or SC with 0.1 738 mM FAS. Data and error bars represent the average and standard deviation of at 739 least three independent biological samples. 740 
 741 
Figure 5. Growth of iron-resistant and -sensitive strains under different 742 
conditions. The indicated yeast strains were grown overnight in the liquid SC 743 
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medium and then assayed for growth under different conditions. (A) Methylene 744 blue was added at the 1 mM concentration to SC to elucidate the redox state of 745 yeast cells growth at different iron concentrations. (B) Yeast cells were grown in 746 YPD plates which contained different reagents that induce oxidative stress, 747 including 9 mM H2O2, 1.5 mM t-BOOH, 125 μM and 150 μM menadione. (C) Growth 748 under the iron-deficient conditions was achieved by the addition of 100 μM or 125 749 
μM BPS, a specific iron chelator. Plates were incubated at 30ºC for 3 days and 750 photographed.  751 
 752 
Figure 6. Expression of iron homeostasis genes in iron-resistant and iron-753 
sensitive yeast strains. The yeast strains indicated in the figure were collected 754 during exponential growth in the liquid SC medium. Total RNA was extracted and 755 the CTH2, FET3, FET4, CCC1 and ACT1 mRNAs levels were determined by 756 quantitative PCR. ACT1 was used to normalize the mRNA values. The average and 757 standard deviation of at least three independent biological experiments are 758 represented. 759 
 760 

761 
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TABLES 762 
 763 
Table 1. List of Saccharomyces cerevisiae strains used in this work. Yeast 764 strain designation, geographic origin, isolation source and growth in iron-765 containing media for laboratory strain BY4741 are indicated. Compared to 766 BY4741, “+” means better growth, “-” means worse growth and “=” means similar 767 growth. The strains labeled as “++” and “--" were selected for further studies as 768 being representative of iron-resistant and iron-sensitive strains, respectively. 769 CECT: Colección Española de Cultivos Tipo; CBS: CBS-KNAW Cultrure Collection. 770 

Strain 

designation 

Geographic origin Isolation source Growth in 

high iron BY4741  Laboratory Strain =Gb-FlorC Europe (Spain) Fermentation (Flor wine) --T73 Europe (Spain) Fermentation (Red wine) =CBS 2992 Asia (Pakistan) Fermentation (Palm wine) --G1 Europe (Belgium) Fermentation (Beer) --CBS 8857 Africa (Burkina Faso) Fermentation (Sorghum beer) -BAY1 Europe (Ireland) Fermentation (Cider) +MERTY Europe (Ireland) Fermentation (Cider) =Kyokai 6 (CECT 10711) Asia (Japan) Fermentation (Sake) ++
MI 26 America (Mexico) Fermentation (Agave) -Cinta Roja Oceania (Australia) Baking -
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D4 Unknown Dietetic (Altana Pharma tablet, beer) -
D7 Unknown Dietetic (Levadiet Dietisa tablet, beer) -
D8 Unknown Dietetic (Terra Verda tablet, beer) -
Ultra-Levura Europe (Spain) Dietetic (UPSA, Biocodex) +D14 Unknown Dietetic (Phytodepur Intersa tablet) =
D24 Unknown Dietetic (L’hirondelle, Lasafre, bread) -
D20 Unknown Dietetic (Phytonorm Intersa tablet) =
60 Europe (Spain) Clinical (Vagina) -102 Europe (Spain) Clinical (Bronchial aspirated) +Sc 9 Europe (Hungary) Wild (soil) --YPS128 America Wild --NCAIM Y.00925 Europe (Hungary) Wild (Apricot pulp) -
CBS 400 Africa (Ivory Coast) Fermentation (Palm wine) -CBS 405 Africa (West Africa) Fermentation ("Bili" wine) -CBS 1544 Europe (Netherlands) Wild (Fruit juice) +CBS 1460 Asia (Indonesia) Wild (Fermenting fruit) +CBS 1591 Asia (Indonesia) Wild (Fermenting cacao) -
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CBS 2421 Asia (Japan) Fermentation (Kefir grains) =CECT 10120 Europe (Spain) Wild (Fruit of Arbutus Unedo) --CECT 10109 Europe (Spain) Wild (Prickly pear) =AQ 909 America (Mexico) Fermentation (Sotol) =AQ 2431 America (Peru) Wild (Skin seed) -AQ 2908 America (Mexico) Fermentation (Raicilla) =CECT 10131 Europe (Spain) Wild (Flower of Centaurea alba) ++CBS 7764 Europe (Sweden) Wild (Rainbow trout intestine) +AQ 2458 (B2) America (Peru) Wild (Wasp) =CBS 7993 America (Brazil) Wild (Fresh water) =CBS 8292 Europe (Sweden) Wild (See water) +AQ 1559 Europe (Spain) Wild (Olive) +AQ 1560 Europe (Spain) Wild (Olive) -AQ 1561 Europe (Spain) Wild (Olive) -AQ 931 (LB 1M) America (Peru) Fermentation (Masato) -
AQ 2348 (PE 1M) America (Peru) Fermentation (Masato) --
AQ 885 (1LM) America (Peru) Fermentation (Chicha de Jora) +AQ 898 America (Peru) Fermentation (Chicha de Jora) =AQ 2470 (V3) America (Peru) Fermentation (Chicha de Jora) =CBS 436 Asia (Japan) Fermentation (Sake-moto) =Kyokai  7 Asia (Japan) Fermentation (Sakeye Moromi) --A35 Asia (Japan) Fermentation (Sakeye) =
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CBS 1198 Asia (Japan) Fermentation (Sake) =CBS 1199 Asia (Japan) Fermentation (Sake Moromi) +CLIB215 New Zeland Baking -Plus Vital Unknown Baking =F27 Europe (Spain) Clinical (Blood) --YJM975 Europe Clinical +YJM978 Europe Clinical ++YJM981 Europe Clinical =YJM320 America Clinical (Blood) =YJM326 America Clinical -SSI4 Europe (Denmark) Clinical =273614N Europe Clinical ++F3 Europe (Spain) Clinical (Blood) =Chr 98.2 Europe (Spain) Wild (Oak) -DBVPG 6765 Europe Fermentation (Wine) =CBS 2087 Asia (China) Wild (Flower de Lychee) -NCAIM Y.00678 Europe (Hungary) Fermentation (Drink) ++
CBS 1201 Asia (Japan) Fermentation (Sorghum brandy) -Y12 Africa (Ivory Coast) Fermentation -Gb49 Europe (Spain) Fermentation (Flor wine) -EC-1118 Europe (France) Fermentation (Champagne wine) =ALG804 Europe (France) Fermentation (Champagne wine) =FT134L PE-2 America (Brasil) Wild (Sugar cane) =
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FT280L CAT-1 America (Brasil) Wild (Sugar cane) =FT013L America (Brasil) Wild (Sugar cane) =FT119L BG-1 America (Brasil) Wild (Sugar cane) -UWOPS03-461.4 Asia (Malaysia) Wild --
UWOPS03-217.3 Asia (Malaysia) Wild -
UWOPS03-227.2 Asia (Malaysia) Wild -
CECT 1384 Europe (UK) Fermentation (Beer) +CECT 1387 Europe (UK) Fermentation (Beer) =CECT 11001 Europe (Belgium) Fermentation (Beer) -CBS 8858 Africa (Burkina Faso) Fermentation (Sorghum beer) -CBS 8855 Africa (Ghana) Fermentation (Sorghum beer) -CBS 4455 Africa (South Africa) Fermentation (Kaffir beer) -CBS 4454 Africa (South Africa Fermentation (Kaffir beer) -C10 Europe (Ireland) Fermentation (Clonmel cider) -Sc 42 Europe (Ireland) Fermentation (Clonmel cider) =Sc 97 Europe (Ireland) Fermentation (Clonmel cider) ++AQ 902 America (Mexico) Fermentation (Tequila) =AQ 903 America (Mexico) Fermentation (Mezcal) =AQ 904 America (Mexico) Fermentation (Tequila) -AQ 905 America (Mexico) Fermentation (Tequila) -AQ 1887 America (Mexico) Fermentation (Temohaya -
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Mezquital)AQ 1850 America (Mexico) Fermentation (Temohaya Mezquital) -
No. 308 (CECT 11032) Europe (Italy) Wild (Grape must) ++
CECT 10233 South Africa Wild (Grape must) -ZIM 2139 Slovenia Wild (Grape must) +CECT 12681 Europe (Spain) Wild (Grape must) -CBS 5287 Europe (Russia) Wild (Grape) --AQ 2281 Europe (Spain) Wild (Grape) =YJM 269 Europe (Portugal) Wild (Grape) -322134S Europe Clinical =RM11 1A America  Fermentation (Wine) =YIIc17 E5 Europe Fermentation (Wine) +BC187 America  Fermentation (Wine) -L-1374 America  Fermentation (Wine) +Tokai 9 Europe (Hungary) Fermentation (Wine) -CECT 1477 Europe (France) Fermentation (Wine) +CECT 1882 Europe (Spain) Fermentation (Wine) -YJM332 America Fermentation (Wine) +ZA9 Africa Fermentation (Wine) +ZA26 Africa Fermentation (Wine) -ZA4 Africa Fermentation (Wine) -L-1334 Europe (France) Fermentation (Wine) +
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L-1338 Europe (France) Fermentation (Wine) +L-246 America (Chile) Fermentation (Wine) ++L-720 America (Chile) Fermentation (Wine) =L-958 America (Argentina) Fermentation (Wine) =L-1528 America Fermentation (Wine) =CBS 423 Europe (Switzerland) Fermentation (Wine) +Y-9 Asia (Japan) Fermentation (Wine) -HA 1931 Europe (Austria) Fermentation (Wine) = 771 
Table 2. Oligonucleotides used in this work.  772 
 773 

Name Sequence (from 5’ to 3’)CTH2-qPCR-F GCAGTTTCATTCTCTCCACCTH2-qPCR-R TAGGTGCCGTGCTATTCAGGFET3-qPCR-F TGACCGTTTTGTCTTCAGGTFET3-qPCR-R CTCCACGATTTCATCCTTCTCFET4-qPCR-F GGAGAACTGCCTGTGGAAAAFET4-qPCR-R ATAGCACCGCAACCAATCCCCC1-qPCR-F TAACCGTCCCCTTTGCTCTCCC1qPCR-R CCCATAGAAATCGCACCTGAACT1-qPCR-F TCGTTCCAATTTACGCTGGTTACT1-qPCR-R CGGCCAAATCGATTCTCAA 774 



Figure 1. Growth of a selection of yeast strains resistant to iron in media with high iron concentrations. (A) The 

indicated S. cerevisiae strains were grown overnight in liquid SC medium and then spotted in 1:10 dilutions starting at 

OD600nm = 0.1 on SC solid plates containing increasing concentrations of FeCl3. Given that HCl was used to prepare iron stock 

solutions, a control with the equivalent final concentration of HCl was always used. Plates were incubated at 30ºC for 3 days 

and then photographed. (B) After overnight growth in liquid SC medium, yeast cells were reinoculated at OD600nm = 0.2 and 

incubated at 30ºC with agitation in liquid SC supplemented with the indicated concentrations of FAS. The number of cells 

per mL after 24 hours incubation is represented. Data and error bars represent the average and standard deviation of at 

least three independent biological samples. 



Figure 2. Growth of a selection of yeast strains sensitive to iron in media with high iron concentrations. 

(A) The indicated S. cerevisiae strains were grown overnight in liquid SC medium and then spotted in 1:10 

dilutions starting at OD600nm = 0.1 on SC solid plates containing increasing concentrations of FeCl3. Given that 

HCl was used to prepare iron stock solutions, a control with the equivalent final concentration of HCl was 

always used. Plates were incubated at 30ºC for 3 days and then photographed. (B) After overnight growth in 

liquid SC medium, yeast cells were reinoculated at OD600nm = 0.2 and incubated at 30ºC with agitation in liquid 

SC supplemented with the indicated concentrations of FAS. The number of cells per mL after 24 hours 

incubation is represented. Data and error bars represent the average and standard deviation of at least three 

independent biological samples. 
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Figure 3. Iron accumulation in a selection of iron-resistant yeast strains in media with 

high iron concentrations. (A) The indicated S. cerevisiae strains were grown as detailed in 

Figure 1B. Then, cells were collected, digested and endogenous iron determined as indicated in 

Materials and Methods. (B) Iron accumulation is shown with more detail for cells grown in SC 

or SC with 0.1 mM FAS. Data and error bars represent the average and standard deviation of at 

least three independent biological samples. 



Figure 4. Iron accumulation in a selection of iron-sensitive yeast strains in media with 

high iron concentrations. (A) The indicated S. cerevisiae strains were grown as detailed in 

Figure 2B. Then, cells were collected, digested and endogenous iron determined as indicated 

in Materials and Methods. (B) Iron accumulation is shown with more detail for cells grown in 

SC or SC with 0.1 mM FAS. Data and error bars represent the average and standard deviation 

of at least three independent biological samples. 



Figure 5. Growth of iron resistant and sensitive strains in different conditions. The indicated yeast 

strains were grown overnight in liquid SC medium and then assayed for growth in different conditions. 

(A) Methylene blue was added at 1 mM concentration to SC to elucidate the redox state of yeast cells 

growth at different concentrations of iron. (B) Yeast cells were grown in YPD plates containing different 

reagents that induce oxidative stress, including 9 mM H2O2, 1.5 mM t-BOOH, 125 M and 150 M 

menadione. (C) Growth in iron-deficient conditions achieved by the addition of 100 M or 125 M BPS, a 

specific iron chelator. Plates were incubated at 30ºC for 3 days and photographed.  



Figure 6. Expression of iron homeostasis genes in iron-resistant and iron-sensitive yeast 

strains. The yeast strains indicated in the figure were collected during exponential growth in 

liquid SC medium. Total RNA was extracted and the levels of CTH2, FET3, FET4, CCC1 and ACT1 

mRNAs was determined by quantitative PCR. ACT1 was used to normalize mRNA values. The 

average and standard deviation of at least three independent biological experiments is 

represented. 
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