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 34 
Abstract 35 

Most laboratory evolution studies that characterize evolutionary adaptation genomically 36 

focus on genetically simple traits that can be altered by one or few mutations. Such 37 

traits are important, but they are few compared to complex, polygenic traits influenced 38 

by many genes. We know much less about complex traits, and about the changes that 39 

occur in the genome and in gene expression during their evolutionary adaptation. Salt 40 

stress tolerance is such a trait. It is especially attractive for evolutionary studies, 41 

because the physiological response to salt stress is well-characterized on the molecular 42 

and transcriptome level. This provides a unique opportunity to compare evolutionary 43 

adaptation and physiological adaptation to salt stress. The yeast Saccharomyces 44 
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cerevisiae is a good model system to study salt stress tolerance, because it contains 45 

several highly conserved pathways that mediate the salt stress response. We evolved 46 

three replicate lines of yeast under continuous salt (NaCl) stress for 300 generations. All 47 

three lines evolved faster growth rate in high salt conditions than their ancestor. In these 48 

lines, we studied gene expression changes through microarray analysis, and genetic 49 

changes through next generation population sequencing. We found two principal kinds 50 

of gene expression changes, changes in basal expression (82 genes), and changes in  51 

regulation (62 genes). The genes that change their expression involve several well-52 

known physiological stress response genes, including CTT1, MSN4, HLR1. Next 53 

generation sequencing revealed only one high frequency single nucleotide change, in 54 

the gene MOT2, that caused increased fitness when introduced into the ancestral strain. 55 

Analysis of DNA content per cell revealed ploidy increases in all the three lines. Our 56 

observations suggest that evolutionary adaptation of yeast to salt stress is associated 57 

with genome size increase and modest expression changes in several genes. 58 
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 68 

Introduction 69 

The ability to characterize the changes that occur during evolutionary adaptation on a 70 

genome-wide scale has been a boon for the field of laboratory evolution. Most published 71 

studies focus on traits with a simple basis, where changes of major effects in one or few 72 

changes can alter a trait during laboratory evolution experiments (Ferea et al., 1999; 73 

Blanc & Adams, 2003; Velicer et al., 2006; Stanek et al., 2009). Such traits are 74 

important, but they are in the minority. The vast majority of traits have a complex, 75 

polygenic basis (refs. Benfey, Genomics textbook). We know much less about how 76 

genomic change and change in gene expression occurs in such polygenic traits. Our 77 

study is a step towards answering this question. We here focus on a prototypical 78 

polygenic trait, an organism’s response to high concentrations of salt in its environment. 79 

The physiological response of an organism to such salt stress is well-studied on the 80 

molecular and the transcriptome levels (Posas et al., 2000; Rep et al., 2000; Causton et 81 

al., 2001; Yale & Bohnert, 2001). This fact provides another important motivation to 82 

study the salt stress response in an evolutionary context. It allows us to ask whether 83 

evolutionary adaptation to salt stress is similar to physiological adaptation, using a 84 

genome-scale approach that relies on transcriptome changes in response to salt stress.  85 

Environmental fluctuations and stressors constantly challenge organisms in 86 

the wild. Organisms thus use cellular mechanisms to adapt to and to survive 87 

environmental fluctuations. Hyperosmotic stress is one prominent environmental 88 
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stressor, where a cell experiences higher solute concentration outside the cell than 89 

inside. This causes water loss from the cell, resulting in a higher intracellular 90 

concentration of ions and metabolites, and eventual arrest of cellular activity. 91 

Hyperosmotic stress is caused by high concentrations of sugar or salt, e.g., sodium 92 

chloride (NaCl). High salt stress is a special case of hyperosmotic stress and has similar 93 

effects on a cell as high concentration of sugars (Gasch et al., 2000; Causton et al., 94 

2001). In addition, it causes hyperionic stress due to high extracellular concentrations of 95 

Na+ and Cl- ions, which are imported into the cell and can disrupt cellular ionic 96 

equilibrium. Tolerance to Na+ stress thus needs additional ion transport and 97 

detoxification mechanisms along with those required for the hyperosmotic stress 98 

response (Serrano, 1996; Apse et al., 1999; Gaxiola et al., 1999; Maathuis & Amtmann, 99 

1999; Serrano et al., 1999; Zhu, 2001). The hyperosmotic stress response in yeast is 100 

mediated by the high osmolarity glycerol (HOG) pathway, which is a MAPK pathway 101 

(Brewster et al.,1993; Dihazi et al., 2004, Saito & Tatebayashi, 2004; reviewed in 102 

Hohmann 2002).Two cell membrane-bound sensors Sho1p and Sln1p detect osmotic 103 

change, which results in activation of Hog pathway genes, which, in turn, leads to the 104 

activation of the  downstream genes associated with salt tolerance and adaptation 105 

(Martinez-Pastor et al., 1996; Schmitt & McEntee, 1996; Gorner et al., 1998; Ostrander 106 

& Gorman, 1999; Rep et al., 1999; Reiser et al., 2000; Rep et al., 2000). Whole 107 

transcriptome studies by Gasch et al, Posas et al, Yale and Bonhart, Causton et al., and 108 

Rep et al. (Gasch et al., 2000; Posas et al., 2000; Rep et al., 2000; Causton et al., 2001; 109 

Yale & Bohnert, 2001) have identified hundreds of genes  whose expression levels are 110 

affected by hyperosmotic stress. The genes induced during osmotic stress response 111 

include the genes involved in synthesis and regulation of the cellular osmolytes glycerol 112 

and trehalose. Another group of genes, specifically activated under saline stress, are 113 

associated with ion homeostasis. Some of the genes affected by osmotic stress show 114 

transient expression changes. whereas others show expression changes that are stable 115 

in time. In addition to genome wide approaches, many studies have characterized the 116 

roles of individual genes in the osmotic stress response of yeast (Haro et al., 1991; 117 

Garciadeblas et al., 1993; Mai & Breeden, 1997; Ganster et al., 1998; Mendizabal et 118 
al.,1998; Tsujimoto et al., 2000; Betz et al., 2002; Goossens et al., 2002; Hirata et al., 119 

2003; Heath et al., 2004; ). 120 

 Yeast is a good model system for studying osmo-adaptation in eukaryotes, 121 

since other fungi and plants share many of the stress response pathways and proteins 122 

involved in osmo-adaptation in yeast. First, the mitogen-activated protein kinase (MAP 123 

kinase) cascade, central to the stress response in yeast, is a conserved eukaryotic 124 

signal transduction pathway present from fungi to plants (Pelech & Sanghera, 1992; 125 

Errede & Levin, 1993; Nishida & Gotoh, 1993; Neiman, 1993; Neiman et al., 1993; 126 

Kosako et al., 1993; Tsuda et al., 1993; Yashar et al., 1993; Cooper, 1994; Zamanillo et 127 

al., 1994; Sanchez et al., 1994; Yan et al., 1994; Galcheva-Gargova et al., 1994; Han et 128 

al., 1994; Waskiewicz & Cooper, 1995; Hirt, 1997; Jonak et al.,1999; Kovtun et al., 129 

2000; Kyriakis & Avruch, 2001). Stress signaling in plants is also carried out by MAPK 130 

pathways, which are activated by cold, drought, salt, heat, and oxidative stress (Jonak 131 

et al., 1996; Kovtun et al., 2000; Teige et al., 2004). Second, yeast and plants have 132 
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highly similar genes required for stress tolerance (Mendoza et al., 1994; Bressan et al., 133 

1998; Pardo et al., 1998; Lee et al., 1999; Sanders, 2000; Hasegawa & Bressan, 2000; 134 

Quintero  et al., 2002; Zhu, 2002). Third, yeast and plants have similar membrane ion 135 

transport and detoxification systems (Gaxiola et al., 1999; Quinteroa et al., 2000). For 136 

example, HAL family genes are important for ion homeostasis in yeast as well as in 137 

plants (Haro et al., 1991; Gaxiola at al., 1992; Ferrando et al., 1995; Murguía et al., 138 

1996; Rios et al., 1997; Mulet et al., 1999; Espinosa-Ruiz et al., 1999; Gisbert et al., 139 

2000; Yang et al., 2001).  140 

  With one exception (Samani & Bell, 2010), all previous studies of salt stress 141 

adaptation in yeast focused on physiological adaptation. Such adaptation occurs on 142 

time scales up to a few hours. The mechanisms of longer term evolutionary adaptation 143 

to salt stress are not known. Such adaptations occur on time scales of hundred 144 

generations or more. One aim of this study is to compare a population’s evolutionary 145 

response to salt stress with its physiological response on the transcriptome level. Does 146 

evolutionary adaptation mirror physiological adaptation? Does it affect largely the same 147 

genes as the physiological response? 148 

A second aim is to investigate the genetic basis of evolutionary adaptation of 149 

yeast to high saline stress, as far as this is possible for a complex trait. Does the 150 

adaptation come about through accumulation of identifiable beneficial point mutations? 151 

Does it involve chromosomal rearrangements as observed in evolution of yeast in 152 

glucose-limited or phosphate-limited media? Or does it take place through genetic and 153 

epigenetic changes altering expression of genes that help cells adapt to high salt? 154 

These are some of the questions we ask.  155 

 Understanding of evolutionary principles of salt tolerance could also be 156 

important for biotechnological applications. Firstly, yeast cells experience high salt 157 

concentration in many industrial fermentation processes, and improvement in 158 

performance of yeast in such conditions would benefit the industry immensely (Attfield, 159 

1997; Trainotti & Stambuk, 2001; Zheng et al., 2011). Secondly, the principles of salt 160 

tolerance in yeast might be useful for engineering fungi and crop plants for salt 161 

tolerance, as both classes of organisms share many components of their stress 162 

response systems.  163 

In this contribution, we exposed yeast to high salt concentrations for 300 164 

generations in the laboratory in medium containing sodium chloride (NaCl). We 165 

compared the fitness and viability of the evolved lines with the starting yeast strain 166 

(ancestral strain), followed by characterization of gene expression changes and genetic 167 

changes such as mutations, copy number variations and chromosomal alterations.  168 

 169 

Results 170 

To test for evolutionary adaptation of yeast cells to osmotic stress, we carried out 171 

laboratory evolution experiments through 30 serial transfers in batch cultures, 172 

comprising approximately 300 cell generations (see Methods). This number of 173 

generations is sufficient to show evolutionary adaptations in yeast (Adams & Oeller, 174 

1986; Adams et al., 1992; Dunham et al., 2002; Gresham et al., 2008). For our 175 

experiments, we used haploid populations to avoid any potential masking of adaptively 176 
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significant alleles in the diploid stage (Zeyl et al., 2003). We carried out three parallel 177 

replicate evolution lines in which yeast cells grew and divided in yeast peptone medium 178 

supplemented with galactose as the sole carbon source and with 0.5M NaCl (YPGN), 179 

which is a high salt medium that exposes cells to high osmolarity stress. We refer to 180 

these lines as S lines (S1, S2 and S3). As a control, we also carried out three replicates 181 

where the growth medium did not contain NaCl (lines C1,C2 and C3).  182 

 183 
Evolutionary adaptation to NaCl 184 

Before embarking on our experiments, we asked whether NaCl affects the fitness of our 185 

ancestral strain. Only in this case would we expect that NaCl exerts a selection 186 

pressure to which the strain can adapt. Fitness has two main components in our 187 

experiments. These are viability on the one hand, and growth or cell division rate on the 188 

other hand.  We found that osmotic stress does not affect viability of the ancestral strain 189 

significantly (Figure 1a). Not surprisingly then, viability does not increase over the 190 

course of our experiment for lines evolved on NaCl (Figure 1b) and for lines evolved 191 

without NaCl (Figure 1c). 192 

In contrast to viability, population growth rate is affected by salt stress, as 193 

shown in supplementary figure 1. The figure indicates that the ancestral strain grows 194 

significantly more slowly in medium containing NaCl. Thus, the fitness of the ancestral 195 

strain is lower in salt compared to that of the ancestral strain in medium without any salt. 196 

Having established that NaCl does affect the fitness of the ancestral strain through its 197 

growth rate, we asked if the growth rate and thus, relative fitness w (see Methods) of 198 

three salt evolved lines have increased after 300 generations of evolution (Figure 2a). 199 

Fitness increased significantly relative to the ancestral strain, such that the final evolved 200 

lines had a relative population mean fitness between w=1.11 and w=1.17, which 201 

corresponds to a decrease in the average cell doubling time between 8.2% and 12.3% 202 

relative to the ancestral strain (see Methods). 203 

Since our high salt medium is a complex medium, it is likely that part of the 204 

evolutionary response we observe also reflects adaptation to medium components 205 

different from NaCl. To ask whether this is the case, we also measured the relative 206 

fitness of the three S lines in the control medium (without NaCl). Not surprisingly, the 207 

fitness in this medium had also increased (Figure 2b) relative to the ancestral strain, 208 

which suggests that at least part of the evolutionary adaptation we see is not specific to 209 

NaCl as a stressor. However, two lines of evidence show that a substantial fraction of 210 

the fitness increase is specific to NaCl. The first is that the fitness increase, when 211 

measured in the absence of NaCl, appears much lower than when measured in the 212 

presence of NaCl (Figures 2a and 2b)(t-test, p<0.0001 for S1, S2 and S3). The second 213 

line of evidence is provided by our three control lines that had evolved without the 214 

addition of NaCl to the medium. Figure 2a shows that in every single line the fitness 215 

increase, when measured in medium with NaCl, is consistently and significantly lower 216 

than for the lines that had evolved in NaCl (t-test, p<0.0001 for comparisons between 217 

S1 & C1, S2 & C2 and S3 & C3). Specifically, the increase in relative fitness w was at 218 

least 54 percent higher in the lines evolved in NaCl compared to the lines evolved 219 

without NaCl. In sum, a significant and substantial part of the evolutionary adaptation 220 
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we observe is due to the selection pressure provided by NaCl.  221 

 222 
Gene Expression analysis of the evolved lines 223 

To compare the expression levels of genes in the evolved lines and in the ancestral 224 

strain, we performed whole gene transcriptome analysis using yeast microarrays 225 

(Affymetrix). Because previous experiments had shown that many yeast genes change 226 

expression in response to salt and to other stressors (Gasch et al., 2000; Posas et al., 227 

2000; Rep et al., 2000; Causton et al., 2001; Yale & Bohnert, 2001), we expected that 228 

this would also hold for our lines. Thus, we first asked which genes respond to salt in a 229 

similar manner in the ancestral strain and in all evolved lines. We will refer to such 230 

genes for brevity as shared genes. For all the analyses presented hereon we used all 231 

the replicates (see methods).  232 

 In all, we observed 581 shared genes that were induced in salt and 580 233 

shared genes that were repressed in salt with 2-fold expression change (|log2(fold 234 

change)|≥1, t-test, p-value<0.05, False Discovery Rate <10%). Figure 3a shows a 235 

“volcano plot” (-log10(p-value) vs log2(fold change)) for all the yeast genes in response 236 

to NaCl in the S lines and the ancestral strain. Figure 3b shows the extent of expression 237 

change in the evolved lines (vertical axis) and in the ancestral strain (horizontal axis) for 238 

all genes with similar response to NaCl in the evolved lines and the ancestral strain 239 

(|log2(fold change)|≥1, t-test, p-value<0.05, False Discovery Rate <10%). The genes we 240 

labeled by name in the figure include some known stress response genes (e.g., GPD1, 241 

SIP18), some genes whose expression changed  substantially (e.g., FMP48, NOG1), 242 

and genes in both categories (e.g., GRE1). Many of these shared genes are directly 243 

associated with saline stress, hyperosmotic stress, or the general stress response, and 244 

were shown to be affected by hyper-osmolarity and salt stress in previous studies of the 245 

physiological and osmotic stress response (Gasch et al., 2000; Posas et al., 2000; Rep 246 

et al., 2000; Causton et al., 2001; Yale & Bohnert, 2001). Among the 581 shared 247 

induced genes, 192 genes were shown to be affected by stress in previous studies; 248 

among the 580 shared repressed genes, 56 were affected by stress in previous studies.  249 

 Next, we classified shared genes using the Comprehensive Yeast Genome 250 

Database (CYGD) classification from the Munich Information Center for Protein 251 

Sequences (MIPS) (Güldener et al., 2005). A detailed analysis is given in the 252 

supplementary material (supplementary figure 2 and supplementary text). Here, we only 253 

discuss two gene classes in more detail. First, genes associated with 'cell rescue, 254 

defense and virulence' contain many general stress response genes, as well as genes 255 

that respond specifically to saline stress. One would expect that such genes are 256 

induced in response to salt stress, and our data show that induced genes in this 257 

category are overrepresented, and repressed genes in this category are 258 

underrepresented (supplementary figure 2 and supplementary text). This group of 259 

genes was also found to be significantly overrepresented among genes whose deletion 260 

reduced the growth rate of yeast in salt (Warringer et al., 2003). A second class of 261 

genes are genes involved in protein synthesis. The physiological response to stress can 262 

cause repression of protein synthesis (Gasch et al., 2000). In support of this 263 

observation, our data show that significantly fewer genes associated with protein 264 
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synthesis are induced, and significantly more genes than expected are repressed 265 

(supplementary figure 2 and supplementary text). Again, this group of genes was 266 

significantly overrepresented among genes whose deletion increased salt-resistance 267 

(Warringer et al., 2003).  268 
  269 

Differentially Expressed Genes 270 

 While an analysis of genes regulated similarly in ancestral and evolved 271 

strains is instructive, we were more interested in genes that are expressed differently. 272 

These are genes whose expression adapted evolutionarily to salt stress. They can be 273 

subdivided into two main categories. The first comprises genes whose regulation has 274 

changed in the evolved lines. Figure 4a and b show two hypothetical examples of genes 275 

in this category. The second category comprises genes whose basal level of expression 276 

changed in the evolved lines, even in the absence of salt stress (Figure 4c and d). This 277 

second category of genes may be especially important, because our selection 278 

conditions imposed continuous salt stress. It is thus conceivable that cells whose 279 

expression is ancestrally regulated in response to salt stress simply increase or 280 

decrease their basal expression to the level of regulated expression in the ancestral 281 

strain in the absence of salt. We note that these two categories have multiple 282 

subcategories, and there can be genes where both the basal expression and regulation 283 

can change. Supplementary figure 3 shows an overview of all possibilities. 284 

We distinguished genes in the main categories by calculating two different Z-285 

scores for each gene, a Z-score for change in basal expression (Zb) and a Z-score for 286 

change in regulation (Zr) (see Methods) (Mukhopadhyay et al., 2006). In this analysis, 287 

we considered genes with |Z-score|≥1.5 as differentially expressed.  288 

 289 
Genes whose regulation changes 290 

 In all, there are 62 genes whose regulation changes during our experiment 291 

(Figure 5a). As we mentioned above, multiple types of such change are possible. 292 

Firstly, a gene’s induction in salt can increase. This will occur if the gene is induced 293 

more strongly in the evolved lines than the ancestral strain (supplementary figure 3b). 294 

Secondly, a gene’s induction in salt can become reduced (supplementary figure 3c). 295 

Thirdly, a gene’s repression in salt can be increased, i.e., the gene becomes repressed 296 

to a greater extent in the evolved lines (supplementary figure 3d). Fourth, a gene’s 297 

repression in salt can be reduced (supplementary figure 3e). Finally, a gene that was 298 

not regulated in the ancestral strain can become regulated in response to salt 299 

(supplementary figure 3f and g). Figure 5a plots the extent to which genes changed in 300 

their regulation against their Zr scores. Some of the genes with significant changes in 301 

the regulation are labeled. Figure 6a and b show the five genes whose induction or 302 

repression changed most significantly (based on Zr). We will discuss some of them 303 

further below.  304 

 There are only four genes in total which showed increased induction in the 305 

evolved lines. Among these four genes, two of them (PUT4 and PCL5) also showed 306 

decrease in basal expression in the evolved lines. Four further genes showed new 307 

induction in the evolved lines. One of them, CUP1-1 (Figure 5a), has previously been 308 
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observed to be up-regulated in response to osmotic stress (Yale & Bohnert, 2001). Five 309 

genes showed reduced induction in our experiment. One of the genes, HSP30, encodes 310 

a stress-responsive protein that negatively regulates the H(+)-ATPase Pma1p. It is 311 

induced by heat shock, treatment with organic acid and ethanol, and glucose starvation 312 

(Panaretou & Piper, 1992; Piper et al., 1994; Piper et al., 1997).  313 

 In contrast to the few genes which showed increased induction, a total of 37 314 

genes showed increased repression. Out of these 37 genes, one gene (HLR1) is 315 

directly involved in the stress response. This gene encodes a protein involved in 316 

regulation of cell wall composition, as well as in the osmotic stress response (Alonso-317 

Monge et al., 2001). 12 genes showed new repression in our experiment. Among these 318 

12 genes, the genes GCV2 and GCV1 were previously found to be up-regulated in 319 

osmotic stress (Yale & Bohnert, 2001). We did not find any gene with reduced 320 

repression. 321 

 We next classified genes whose regulation changed in any of these ways 322 

according to their functions, using the CYGD classification of yeast genes (Güldener et 323 

al., 2005) (Figure 7), and compared their distribution among functional categories with 324 

the proportions of the yeast genome in each category. The distribution of the number of 325 

genes among different classes is non-random for genes whose repression changes (49 326 

genes in total; Chi-square test, p-value<0.001, df=17), whereas the distribution is not 327 

significantly different from random for the genes whose induction changes (13 genes; p-328 

value>0.1,df=17). We then asked whether genes whose regulation changes occur 329 

preferentially in specific functional categories. Interestingly, for genes with change in 330 

induction level, such genes are (marginally) enriched only in the functional class of cell 331 

rescue, defense and virulence (p=0.0444). Genes whose repression changes are 332 

enriched in the functional classes transcription (p=0.0006), protein synthesis 333 

(p=0.0008), and proteins with binding or catalytic function (p=0.0003). The classes 334 

protein fate (folding, modification, destination; p=0.0232), cellular transport (p=0.0048), 335 

cell cycle/DNA processing (p=0.0134) and cell rescue, defense and virulence 336 

(p=0.0230) contain fewer genes whose repression chages  than expected by chance 337 

alone (all p-values based on an exact binomial test).  338 

 339 
Genes with basal level expression change 340 

 Next we turn to genes that show a change in basal expression. There are 82 341 

such genes. Thirty eight of them increased their basal expression, whereas 44 genes 342 

reduced their basal expression. Figure 5b plots the extent of change in basal expression 343 

(log2-transformed) of all the genes against their corresponding Zb values. Some of the 344 

genes with significant changes in the basal expression level are labeled. Figure 6c and 345 

d lists the top five genes (based on Zb) with increased and decreased basal expression, 346 

respectively. The distribution of genes among different functional classes (Figure 7) is 347 

significantly different from what would be expected by chance alone for the genes with 348 

increase in basal expression (p<0.05,df=17, Chi-square test), and also for the genes 349 

with a decrease in basal expression (p<0.001,df=17). For genes with an increase in 350 

basal expression, the class ‘cell rescue and defense’ (stress response) shows 351 

significantly more genes than expected (p=0.0059, exact binomial test), and the class 352 
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protein fate (p=0.0409) shows significantly fewer genes than expected by chance alone. 353 

For genes with a decrease in basal expression, the class ‘cell type differentiation’ (cell 354 

wall, sporulation, spore wall etc.) (p=0.0165) shows more genes than expected, and the 355 

classes ‘transcription’ (p=0.0125) as well as ‘protein fate’ (folding, modification, 356 

destination) (p=0.0014) contain fewer genes than expected.  357 

  Two well-established stress response genes showed an increase in basal 358 

expression in the evolved lines. One of them is CTT1, whose basal expression 359 

increased by ~1.6 fold compared to the ancestral strain. This gene was found to be 360 

induced in four previous genome-wide studies of physiological stress adaptation in 361 

yeast (Gasch et al., 2000; Rep et al., 2000; Causton et al., 2001; Yale & Bonhert, 2001). 362 

The second known stress response genes is the transcription factor MSN4, whose 363 

expression was increased by approximately 1.5 fold. A more detailed analysis of 364 

individual genes can be found in the supplementary material (supplementary text). 365 

 366 
Whole Genome (Re)Sequencing Analysis 367 

 Some laboratory evolution studies have identified few beneficial mutations of 368 

large fitness effects in evolving populations (Blanc & Adams, 2003; Velicer et al., 2006; 369 

Stanek et al., 2009). To find out if there are any such mutations, we subjected the 370 

ancestral strain and population samples from two of our evolved lines (S1 and S2) to 371 

deep sequencing at about ~10X coverage and the third line (S3) to ~50X coverage, 372 

using the Roche 454 Genome Sequencer. In our analysis of this sequence data, we 373 

aimed to identify only changes that may have swept to high frequency or fixation and 374 

10X coverage is sufficient for that purpose. We chose candidate SNPs based on the  375 

criteria for the changed (derived) nucleotide described in supplementary methods  and  376 

our approach is deliberately conservative. We identified 56 candidate SNPs and 7 377 

deletions in total from all the three evolved (S) lines. 378 

We sequenced all 56 candidate SNPs and 7 candidate deletions, but only 379 

one of them turned out to be a true change. This change was a SNP unique to line S2, 380 

and occurred at a frequency exceeding 50 percent, based both on next generation 381 

sequencing data and PCR sequencing data. This SNP is a non-synonymous G to A 382 

mutation (amino acid change: G230D) in the MOT2 (YER068W) gene. The gene MOT2 383 

is a subunit of the CCR4-NOT complex which has roles in transcription regulation, 384 

mRNA degradation, and post-transcriptional modifications (Cade & Errede, 1994; Liu et 385 

al., 1998; Badarinarayana et al., 2000; Denis et al., 2001; Panasenko et al., 2006; 386 

Mersman et al., 2009), with no known role in salt tolerance. To test whether the MOT2 387 

SNP alone provided any fitness benefit to yeast in salt, we replaced the wild-type 388 

variant of MOT2 in the genome of the ancestral strain with the mutant (see Methods). 389 

Three replicate competition assays using FACS (see Methods) showed a relative 390 

population fitness w=1.043±0.008 for the mutant MOT2 allele (Figure 8a) in medium 391 

with NaCl, compared to w=0.999±0.014 for the wildtype MOT2 allele. However, the 392 

fitness increase of the mutant MOT2 could only explain 25.3 percent of the total amount 393 

of fitness increase in line S2, whose relative fitness was w=1.17, indicating that there 394 

are other factors that contribute to the fitness increase of the line S2. In addition, we 395 

note that the MOT2 mutation also conferred a substantial fitness increase in the 396 
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absence of NaCl (Figure 8b), indicating that this mutation is not specifically adaptive to 397 

salt stress. 398 

 399 
Duplication and PFGE 400 

 We next turned to copy number variations as sources of evolutionary 401 

adaptation. Since large-scale chromosomal rearrangements and aneuploidies are 402 

frequent in yeast laboratory evolution (Adams et al., 1992; Dunham et al., 2002; Rancati 403 

et al., 2008), and are also observed in yeast gene knock-out strains (Hughes et al., 404 

2000), we first wanted to know whether such rearrangements were numerous in our 405 

evolved lines. To this end, we first performed pulsed field gel electrophoresis (PFGE) 406 

analysis of whole chromosomes for two clones of the ancestral strain, as well as for two 407 

clones from each of the evolved lines. This experiment revealed no changes in any of 408 

the lines, except for one additional band (at ~500kb) that occurred exclusively in line S3 409 

(Figure 9a). PFGE for chromosomes digested with the NotI restriction enzyme also 410 

revealed a single novel band (~180kb), which was again unique to line S3 (Figure 9b). 411 

Taken together, these observations suggest that high frequency copy number changes 412 

on a chromosomal scale are not rampant in our evolved lines, and the same 413 

arrangements do not occur across lines. All other distinguishable fragments in the gel, 414 

apart from the novel band of size ~180kb in line S3, were as predicted for a haploid 415 

yeast genome from a computational restriction digest of the genome with NotI. 416 

Additionally, chromosome-wide read coverage data from next generation sequencing 417 

(see below) supports the notion that there are no copy number changes involving large 418 

chromosome fragments (supplementary figure 4).  However, a change in ploidy in the 419 

evolved lines that would affect entire chromosomes is not detectable by any of these 420 

two methods. 421 

 422 
Gene Amplifications and Deletions from Next Generation Sequencing data 423 

 We next turned to smaller scale copy number changes that we could detect 424 

in our next generation sequencing data. To detect gene duplication and deletions, a 425 

segmentation algorithm (see supplementary methods) was used along with analysis of 426 

DNA breakpoints from the reads (see supplementary Methods). The results of both 427 

analyses are described in detail in the supplementary text. 428 

  We did not observe any large amplification or deletion in the genomes of any 429 

of the lines (and specifically in line S3) which could explain the appearance of novel 430 

bands in the pulsed field electrophoresis data from Figure 9. This observation, together 431 

with read coverage data of individual chromosomes (Supplementary figure 4) suggests 432 

that these novel bands were results of a non-duplicative translocation event in the line 433 

S3. However, for a haploid genome, a translocation event would displace one of the 434 

original bands in the PFGE, which we did not observe . Thus, such a translocation event 435 

is only consistent with the PFGE data if the affected chromosome occurs in more than 436 

one copy. In other words, it would be consistent with a ploidy change in line S3.  437 

 438 
Ploidy of the Evolved Yeast Lines 439 

 Changes in ploidy of haploid yeast strains under salt stress have been 440 
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observed before (Gerstein et al., 2006). Neither PFGE nor chromosome wide read 441 

coverage data would be able to detect such changes. To estimate the ploidy level of 442 

evolved lines in comparison to the ancestral strain, we grew ancestral strain and 443 

population samples of the evolved lines for 24hours at 30oC and estimated  the cell 444 

densities. We then isolated genomic DNA from a defined number of cells and quantified 445 

the DNA amount, which allowed us to calculate the DNA content per yeast cell for all 446 

the lines. We found that the DNA content per cell of  lines S1 and S2 had increased by 447 

78.7 percent and 85.4 percent, respectively, from that of the ancestral strain. For the 448 

line S3, the DNA content per cell was more than double that of the ancestral strain 449 

(119.91 percent increase from the ancestral strain)(Figure 10). These observations 450 

suggest that all the evolved lines have become massively aneuploid.  451 

 452 
A consistent cell size increase during our experiment 453 

Increases in ploidy are often associated with cell size increases. Our lines are no 454 

exception, as exemplified by the histogram of Figure 11a, which shows the distribution 455 

of cell diameters of the ancestral strain and the evolved line S2. This increase is also 456 

microscopically visible (Figure 11b). The mean cell diameter increased from 2.35μm 457 

(±0.70μm) to 6.73μm (±2.34μm). Along with a significant increase in the mean cell 458 

diameter (t-test, p-value <2.2x10-16), the coefficient of variation (Cv), as defined by the 459 

ratio of standard deviation and mean, also increased significantly (t-test for distributions 460 

of Cv for samples drawn from two distributions, p-value<10-6). In other words, not only 461 

did cells become larger during laboratory evolution, they also became more variable in 462 

size. Cell size changes in laboratory evolution experiments are not unprecedented. 463 

They have been observed in evolving E. coli populations (Lenski & Travisano, 1994; 464 

Lenski & Mongold, 2000; Philippe et al., 2009), as well as in Staphylococcus aureus 465 

populations in NaCl medium (Vijaranakul et al., 1995). However, effect of cell size on 466 

the survival and fitness are poorly understood. 467 

 468 

Discussion 469 

 To investigate evolutionary adaptation to long-term osmotic stress, we 470 

evolved yeast cells in the laboratory for 300 generations in high salt (NaCl) medium. We 471 

observed that salt reduces the growth rate of our ancestral strain by 11 percent. 472 

Consequently, the final cell density after 24 hours of growth is approximately 3 times 473 

lower compared to cells grown in the same medium but without salt. Our three replicate 474 

evolved lines grow approximately 8 to 12 percent faster than the ancestral strain in high 475 

salt medium, and part of this increase reflects adaptation specific to salt. 476 

 We analyzed the gene expression levels in all the evolved lines as well as in 477 

the ancestral strain. Although there were many shared genes between the evolved lines 478 

and the ancestral strain that respond to salt in similar manner, we also observed 479 

multiple differentially expressed genes in the evolved lines compared to the ancestral 480 

strain. These differentially expressed genes can be divided into two categories. The first 481 

category comprises genes with changes in their basal expression level in the evolved 482 

lines compared to the ancestor (i.e., even in the absence of salt). The second category 483 

comprises genes regulated differently in response to salt in the evolved lines. 484 
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 Multiple genes whose expression shows an evolutionary response in our 485 

experiments were also affected by hyperosmotic stress or salt stress in previous studies 486 

of the physiological stress response. Changed expression of many genes in the 487 

physiological stress response in general, and in the hyperosmotic stress response in 488 

particular is transient (Gasch et al., 2000; Causton et al., 2001), and may depend on the 489 

time and conditions in which it is measured. It is thus to be expected that different 490 

studies show limited comparability with respect to the identity of these genes.  491 

 Some of the genes whose expression evolved are known to be associated 492 

with the stress response. For example, two genes, CTT1 and GAC1, showed an 493 

increase in basal expression in the evolved lines compared with the ancestral strain. 494 

Both these genes were also up-regulated in response to salt in our ancestral strain. 495 

CTT1 encodes for a cytosolic catalase and protects the cell from oxidative damage by 496 

reactive oxygen species (Jamieson, 1998; Lushchak & Gospodaryov, 2005; Herrero et 497 

al., 2008). This gene has been shown to be up-regulated in four previous studies of 498 

physiological stress response and salt stress response (Gasch et al., 2000; Rep et al., 499 

2000; Causton et al., 2001; Yale & Bohnert, 2001). The gene GAC1 is associated with 500 

glycogen synthesis (Wu et al., 2001) and is also induced during osmo-adaptation 501 

(Posas et al., 2000). Both these genes contain stress responsive elements (STRE) in 502 

their promoters (Schuller et al., 1994; Moskvina et al., 1998) and are known to be 503 

activated under various stress conditions. A third gene, CUP1-1, showed increased 504 

induction in the evolved lines and also was up-regulated in response to NaCl in our 505 

ancestral strain. This gene was also shown to be up-regulated in one previous study of 506 

physiological stress response (Yale & Bohnert, 2001). Yet another gene, HLR1, showed 507 

increased repression in the evolved lines, and was down-regulated in the ancestral 508 

strain in NaCl medium. This gene encodes a protein involved in maintaining cell wall 509 

composition and is also involved in response to osmotic stress (Alonso-Monge et al., 510 

2001).  511 

 There are three main physiological components of the salt stress response. 512 

They affect adaptation time to salt, growth rate in salt, and efficiency of growth in salt 513 

(Warringer et al., 2003). In our experiments, evolutionary adaptation to salt must affect 514 

one or more of these three component, because the viability itself of yeast cells does 515 

not change between the ancestral strain and the evolved lines. There are various ways 516 

in which these components could change during evolution. Firstly, some of the genes 517 

whose basal expression changes might be directly involved in the initial adaptation to 518 

salt. Increasing or decreasing the basal expression of those genes to the level needed 519 

for salt adaptation, might enable the cells respond to salt much more quickly as 520 

opposed to changing their expression state. For example, some ion transporter genes 521 

(e.g. FRE5) have an increased basal expression in the evolved lines in our experiment. 522 

Higher levels of these transporter proteins at the initial stages of the salt stress 523 

response would help cells achieve ion homeostasis much more quickly. Secondly, some 524 

of the differentially expressed genes might not be directly related to the salt stress 525 

response but encode transcription factors that controls salt stress response genes. For 526 

example, the transcription factor MSN4, that controls many stress response genes, has 527 

increased basal expression levels in our evolved yeast lines. Higher levels of this 528 
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transcription factor during the initial adaptation phase could ensure faster induction of 529 

the genes required for salt stress response. Thirdly, there are genes that show 530 

evolutionary change in regulation in the evolved lines. Higher level of induction or 531 

repression of these genes might increase the growth rate and/or efficiency of growth in 532 

salt medium.  533 

We found 16 genes that gained regulation (new induction and new 534 

repression) in the evolution experiment, suggesting that new ways of salt stress 535 

adaptation could also arise during evolution. However, we also observed loss of 536 

regulation, at least to some extent, for five genes (genes with reduced induction and 537 

reduced repression) in the evolved lines. Because we performed our evolution 538 

experiment under constant environmental stress, losing regulation might be 539 

advantageous for evolutionary adaptation to salt stress. If the affected genes are 540 

involved in adaptation to multiple stresses, losing regulation could actually be beneficial 541 

both under constant or fluctuating environmental stressors. However, if the affected 542 

genes are specific for that particular stress, a loss in regulation may also have a cost, 543 

because cells would become physiologically less flexible under fluctuating 544 

environmental stresses. Among the five genes with loss of regulation, one gene, 545 

HSP30, can be induced by several stresses (Piper et al., 1997). However, the mRNA 546 

level of this gene was shown to be diminished in NaCl medium by Rep et al (Rep et al., 547 

2000).  548 

The hyperosmotic and salt stress responses are complex and influenced by 549 

many genes. It is an open question whether a small number of genetic changes with 550 

large effects could dramatically increase salt stress resistance, and thus explain the 551 

fitness increase in our evolved lines. To find out, we also sequenced the ancestral strain 552 

and population samples of the evolved lines using deep sequencing with genome 553 

coverages between 10- and 50-fold to identify whether any high frequency 554 

polymorphisms arose in the evolved lines during our evolution experiment. For two 555 

reasons, we chose deep population sequencing over clone sequencing. First, 556 

population sequencing gives a comprehensive view of polymorphisms in a population. 557 

Second, it can also permit estimation of polymorphism frequencies, although any such 558 

estimate would be more qualitative than quantitative at our sequence coverage. At the 559 

very least, population sequencing can detect high frequency polymorphisms. Such 560 

polymorphisms are of the greatest interest to us, because they would correspond to 561 

adaptive mutations with strong fitness effects that rose to high frequencies. We note 562 

that the population sizes in our experiment are so large that no neutral polymorphisms 563 

would be expected to rise to high frequencies during the experiment’s short duration 564 

except through hitchhiking with an advantageous mutation (effective population size in 565 

our experiment is >2x106). (Clone sequencing can detect low frequency polymorphisms, 566 

but for a heterogeneous population, this method requires sequencing of many clones, 567 

and is thus currently prohibitively costly.)  568 

Only one of our evolved lines (S2) contained a high frequency single 569 

nucleotide polymorphism (SNP). This SNP occurs in more than 50 percent of the 570 

population, and causes an amino acid substitution in the protein encoded by the MOT2 571 

gene. When introduced into the ancestral strain, this mutation causes a fitness increase 572 
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that explains 25.3 percent of the  increase in fitness w in the evolved strain. However, 573 

the mutation causes a fitness increase also in the absence of salt, which means that its 574 

effects do not reflect a specific adaptation to salt.  575 

Multiple genetic changes of low population frequency could be present in our 576 

evolved lines, and these changes might explain a part of the fitness increase we see. 577 

Such low frequency SNPs might be present for several reasons. First, individual 578 

mutations may confer only modest fitness benefits and thus increase in frequency 579 

slowly. Second, some mutations with very strong fitness effects may have occurred, but 580 

late in the experiment, and thus might simply not have had enough time to rise to high 581 

frequency..Third, the fitness effect of alleles might be determined by epistatic 582 

interactions with other mutations elsewhere in the genome (Elena & Lenski, 1997; Elena 583 

& Lenski, 2001; Morgan & Feldman, 2001). Eventually genotypes with such alleles 584 

might rise to high frequency, but at time scales much longer than those of our 585 

experiment, because multiple mutations might have to occur before any one epistatic 586 

combination with strong benefits arises. Finally, and perhaps most importantly, there 587 

could be clonal interference between multiple beneficial polymorphisms in the 588 

population and this might prevent any particular polymorphism from rising to high 589 

frequency in the population (Kao & Sherlock, 2008). 590 

 Similar to our analysis on SNPs, our analysis on copy number variations, 591 

both based on PFGE and next generation sequencing, did not reveal any large scale 592 

copy number changes shared across strains. However, we observed ploidy increases in 593 

all the evolved lines, and this could be the reason behind increase in cell size of these 594 

lines.  595 

 Evidence from plants suggests that an increase in ploidy and the resultant 596 

increase in cell size can be advantageous under salt-stressed conditions. For example, 597 

within a species, plants with higher ploidy can cope with salt stress better than plants 598 

with lower ploidy (Saleh et al., 2008). Polyploid plants have higher water content and 599 

lower osmotic pressure than diploid plant (Noggle, 1946). Their increased water content 600 

is due to a decrease in the surface-to-volume ratio of cells (Stebbins, 1950). In addition, 601 

any water content decrease due to high salinity is smaller in polyploid plants than that in 602 

diploid plants (Tal & Gardi, 1976). Gerstein et al. observed that initially haploid yeast 603 

lines increased genome size significantly faster under salt stress than in unstressed 604 

condition, suggesting an advantage for higher ploidy or increased cell size also in yeast 605 

(Gerstein et al., 2006). 606 

 Changes in ploidy could help yeast cells adapt faster physiologically, for 607 

example by affecting expression of genes important for salt stress tolerance. Could all 608 

the changes in gene expression that we observed in our experiment be caused solely 609 

by ploidy changes or by the concomitant increase in cell size? To find out, we compared 610 

the set of genes that changed expression in our evolved lines with the set of genes that 611 

are known to change expression after cell size increases (Wu et al., 2010) and ploidy 612 

changes (Galitski et al., 1999). Remarkably, only three genes that evolve changed 613 

expression in our experiment (out of 144 differentially expressed genes in our dataset) 614 

are among the genes affected by cell size increase or ploidy changes. Two of these 615 

genes showed increased basal expression in our experiment. One of them, YIL169C, 616 
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was also observed to be induced with increase in cell size (Wu et al., 2010). The other 617 

gene, COS8, was observed to change expression with a change in ploidy level (Galitski 618 

et al., 1999). The third gene, YLR042C, showed a basal decrease in expression in our 619 

evolved lines. It was also observed to be repressed in cells with increased size (Wu et 620 

al., 2010). 621 

 Overall, the vast majority of changes that we observe in gene expression 622 

cannot be caused by changed ploidy or cell size. Because our whole genome 623 

sequencing analysis revealed no small genetic changes of strong phenotypic effects, 624 

the gene expression changes we observe could be caused by multiple genetic changes 625 

of modest individual effects. Some of these changes might affect a gene’s expression in 626 

cis, others in trans, for example through changes in the amino acid sequence of 627 

transcriptional regulators (Wittkopp et al., 2004; Emerson & Li, 2010). In addition, some 628 

expression changes may be caused by epigenetic change (e.g., changes in DNA 629 

methylation) or alterations in cellular memory (Turner, 2002; Ringrose & Paro, 2004; 630 

Zhang et al., 2005; Zacharioudakis et al., 2007). 631 

 We found several genes with modest changes in expression level in our 632 

evolved lines, and no gene with very strong expression change. Our observations stand 633 

in contrast to the only laboratory evolution study we know of that investigated 634 

evolutionary adaptation to a stressor. The study asked how E. coli cells adapt to heat 635 

stress. It observed very high level of evolutionary expression change in two proteins, 636 

GroEL and GroES, that are known heat shock genes (Rudolph et al., 2010). The reason 637 

for this difference to our work is probably that adaptation to salt stress requires several 638 

molecular functions simultaneously, namely ionic detoxification to achieve ionic 639 

equilibrium, maintaining cellular water activity, and osmolyte synthesis. Each of the 640 

evolutionarily altered genes in our experiment may perform or control some of these 641 

functions and thus, may have only a modest individual fitness contribution when 642 

differentially expressed. In addition, gene interactions (Phillips 2008; He et al., 2010) 643 

could also contribute towards fitness increase. This scenario resembles recent 644 

observations in genome wide association studies (GWAS) for complex human traits and 645 

diseases, where researchers have observed many genetic variants with modest effects 646 

on a phenotype (Frayling,  2007; Barrett et al., 2008; Cooper et al., 2008; Visscher, 647 

2008; Zeggini et al., 2008; Hindorff et al., 2009; Manolio et al., 2009; Visscher & 648 

Montgomery, 2009; Park et al., 2010; Yang et al., 2010). 649 

 Taken together, adaptation to salt stress is associated with DNA content 650 

increase and gene expression change in all the three lines, one high frequency mutation 651 

in one of the evolved lines, and one chromosomal rearrangement in another. The 652 

increase in DNA content in all the lines is massive and previous studies suggest that the 653 

change in ploidy might be beneficial for the lines in salt. In contrast, there are 144 genes 654 

in our study that show modest change in their expression levels. This observation 655 

suggests that tinkering with expression levels of several genes might be a useful 656 

mechanism to respond to a complex, polygenic trait rather than altering expression of 657 

few genes to very high levels. Such tinkering might also reflect cellular constraints on 658 

evolution. For example, changing expression of a gene to very high levels or 659 

suppressing a gene completely might increase fitness of the yeast cells in salt medium. 660 
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However, changing expression of a gene to very high levels or suppressing a gene 661 

completely might affect the capability of the cells to grow in other media. Since we do 662 

not find high frequency genetic changes that can explain expression changes of the 663 

genes, it is possible that these are caused by multiple genetic changes of low frequency 664 

(that might vary from one subpopulation to other) or by epigenetic changes. These 665 

results also suggest that cells in our populations perhaps employ several strategies in 666 

combination for adaptation to salt stress rather than following a single path to 667 

adaptation. It is possible that such genetic heterogeneity might render the populations to 668 

be more robust in the long term. If some of the genetic factors contributing to the salt 669 

stress adaptation are lost, the fitness of the population would not fall drastically. Also, 670 

such diverse populations might be less vulnerable against other environmental 671 

fluctuations which might co-occur with saline stress in natural environment. Although 672 

individual contributions of each of these genetic mechanisms to adaptation remain 673 

unclear, our study provides a stepping stone for asking further questions on 674 

evolutionary adaptation of yeast to salt stress. 675 

   676 

Methods 677 

Strains and media. 678 

All laboratory evolution experiments started from the same clone of haploid yeast strain 679 

BY4741, which is referred to as the ancestral strain. The 3 replicate yeast lines evolved 680 

in NaCl are referred to as lines S1, S2 and S3. The growth rates of the evolved lines as 681 

well as the ancestral strain were measured relative to a BY4741 strain in which the 682 

CWP2 gene was GFP-tagged (termed as the reference strain). For serial transfers, cells 683 

were cultured in YP and 2% galactose (YPG) and YPG supplemented with 0.5 M NaCl 684 

(YPGN).  685 

 686 
Serial transfer 687 

Six parallel serial transfer experiments were started from  one single clone of the 688 

ancestral strain. In each parallel experiment, 50 ml yeast culture was grown for at 30oC. 689 

Every 24 hours, 50μl of grown culture was transferred into fresh culture medium; 30 690 

such transfer cycles were carried out for a total of approximately 300 generations (Each 691 

transfer cycle involved approximately log21000≈10 cell generations). In three of the 692 

parallel experiments, the culture medium was YPG , whereas in the other three parallel 693 

experiments, the medium was YPGN. 694 

 695 
Viability assays 696 

To estimate cell viabilities,  cultures of growing yeast cells were sampled after 16 hours 697 

(during exponential growth phase), as well as after 24 hours (during stationary phase), 698 

diluted and plated. The plates were incubated at 30oC for 5 days and the number of 699 

colonies were counted. The relative viabilities of both the ancestral strain and the 700 

evolved lines were estimated from the ratio of colonies forming on agar plates 701 

containing YPG+ 0.5M NaCl to that of plates containing only YPG. All the 702 

measurements were carried out in three biological replicates. 703 

 704 
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Competition assays 705 

 To compare growth rates of the evolved lines with that of the ancestral strain, 706 

competition assays were carried out in triplicates using fluorescence activated cell 707 

sorting (FACS). Cells from frozen glycerol stocks were grown overnight in 4ml YPD 708 

medium (30oC, 220rpm) until late logarithmic phase (<1.5x108 cells/ml). For the 709 

competition assay, approximately equal cell numbers of the reference strain and of the 710 

competing strain were mixed and grown for 24 hours at 30oC. The relative cell numbers 711 

at the beginning and at the end of the competition experiment  were  determined using 712 

FACS (supplementary methods) and growth rate differences were estimated as 713 

described in supplementary methods. For calculation of fitness, the relative cell 714 

numbers at the beginning of the assay were taken into consideration.  715 

 716 
Whole genome transcriptome analysis  717 

The mRNA expression levels in the ancestral strain and in the evolved lines were 718 

analyzed using a GeneChip Yeast Genome 2.0 Array (Affymetrix). Equal number of 719 

cells from the ancestral strain and the  evolved lines were grown in YPG medium for 16 720 

hours.  The cells were then either induced with 0.5M NaCl or grown uninduced for 20 721 

further minutes. The microarray analysis was carried out for 2 replicates each for the 722 

ancestral strain in YPG and YPGN (4 in total) and for 4 replicate population samples (1 723 

for S1,2 for S2 and 1 for S3) each in YPG and YPGN for the S lines (8 in total). 724 

“Shared” genes, genes that respond to NaCl in a similar manner between the ancestral 725 

strain and the evolved lines,  with significant up-regulation or down-regulation were 726 

identified using a t-test at p=0.05, False Discovery Rate(FDR)<10% and |log2(fold 727 

change)|≥1. 728 

                Genes with changes in basal expression or change in regulation were 729 

identified based on two Z scores Zr and Zb (see supplementary methods). Genes whose 730 

absolute Z-scores exceeded a value of 1.5 were considered to be differentially 731 

expressed. The differentially expressed genes were then grouped into different classes 732 

using the CYGD functional classification for yeast genes (Güldener et al., 2005).  733 

 734 
Whole Genome Sequencing and SNP identification 735 

The ancestral strain, as well as population samples of the NaCl evolved lines at 736 

generation 300 were sequenced at approximately 10X coverage using next generation 737 

pyrosequencing (Margulies et al., 2005) (genome sequencer FLX LR system, Roche). 738 

The line S3 was further sequenced to a total of ~50X coverage. Candidate SNPs and 739 

indels were identified using blastn (Altschul et al., 1990) followed by MUSCLE (Edgar, 740 

2004) based on the criteria described in supplementary methods. PCR sequencing was 741 

done to confirm candidate SNPs and indels. 742 

 743 
Pulsed-field gel electrophoresis (PFGE) 744 

To identify large scale chromosomal rearrangements, two clones from each of the 745 

evolved lines (S1, S2 and S3) and the ancestral strain were analyzed by PFGE. 746 

Agarose plugs were prepared with the CHEF Yeast Genomic DNA Plug Kit (Bio-Rad) 747 

according to the manufacturer’s protocol. For restriction enzyme digestion, agarose 748 
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plugs were incubated with NotI restriction enzyme for 16hrs at 37oC mixture in an 749 

appropriate restriction buffer. The digested or undigested plugs were then loaded into 750 

the wells of 1% agarose gels. Electrophoresis was carried out in a CHEF-DRIII system 751 

(Bio-Rad). The gels were stained using ethidium bromide (EtBr) and photographed.  752 

 753 
Gene Amplification and Deletions from Next Generation Sequencing data 754 

 In addition to identifying very short indels within individual reads, larger gene 755 

duplications and deletions in the evolved lines, compared to the ancestral strain, were 756 

identified using read coverage information from the sequencing data. Furthermore, DNA 757 

breakpoint analysis was performed to confirm those candidate copy number changes.  758 
 759 

Ploidy determination of the evolved lines 760 

 To estimate the ploidy level of the evolved lines in comparison to the 761 

ancestral strain, the ancestral strain and population samples of the evolved lines were 762 

grown for 24 hours at 30oC. Genomic DNA was isolated from a defined number of cells 763 

following the protocol described in (Sambrook & Russell, 2001, Chapter 6). 764 

 765 
Cell size measurement 766 

Population samples of ancestral and evolved cells  were grown in YPG medium up to 767 

mid-log phase. The cell density was adjusted to be the same for all the samples 768 

(~1x107cells/ml). 20ul of cells were then loaded onto disposable counting chambers and 769 

the cell sizes, were measured using a Cellometer M10 (Nexcelom Biosciences), 770 

following the manufacturer's protocol. 771 
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 1289 

Figures 1290 

Figure 1 - (a-c) Viability of the ancestral strain and the evolved lines in medium 1291 

containing 0.5M NaCl. Cells from the ancestral strain and the evolved lines from 1292 

overnight cultures were transferred into YPG medium. Cell samples from these cultures 1293 

were withdrawn after 16 hours (during exponential growth phase) as well as after 24 1294 

hours (stationary phase), and then diluted and plated. The plates were incubated at 1295 

30ºC for five days and the number of colonies were counted. The relative viability of 1296 

both the ancestral strain and the evolved lines were estimated from the ratio of colonies 1297 

formed on agar plates with YPGN medium to that of plates with YPG medium. Relative 1298 

viabilities were measured for (a) the ancestral strain, (b) lines evolved in YPGN medium 1299 

(S lines), and (c) lines evolved in YPG medium (C lines). From the figures, it is clear that 1300 

NaCl does not affect the viability of the ancestral strain. The viabilities of the evolved 1301 

lines S1, S2 and S3 do not increase during the course of adaptation.  1302 

 1303 
Figure 2 - Fitness Assay of the evolved yeast lines. Fitness assays were performed 1304 

by inoculating equal numbers of cells from an evolved line and from the GFP-tagged 1305 

reference yeast strain in the same vessel. The cells were grown for 24hrs, and the 1306 

percentage of non-GFP-tagged cells was counted using FACS. The ratio of the cell 1307 

numbers of the evolved lines to that of the ancestral strain gives the relative fitness of 1308 

the evolved lines. (a)  Relative fitness of the three replicate yeast lines evolved in 1309 

medium with salt (S1,S2 and S3) in YPGN medium, and the three replicate yeast lines 1310 

evolved without NaCl (C1,C2,C3) measured in YPGN medium.  (b) Relative fitness of 1311 

the lines S1, S2 and S3 in medium without NaCl.  The lines evolved in salt show an 1312 

increase in growth rate by 8% to 12% in NaCl medium compared to the ancestral strain. 1313 

These lines also show a growth rate increase in medium without NaCl. However, this 1314 

increase in growth rate is consistently lower than the increase in NaCl medium. In 1315 

addition, the lines evolved in medium without NaCl show lower fitness in NaCl medium. 1316 

Taken together, it can be concluded that part of the adaptation in the salt evolved lines 1317 

is specific to NaCl. 1318 

 1319 



31 

Figure 3 - The genes showing similar (t-test, p-value<0.05, False Discovery 1320 

Rate<10%) induction or repression by NaCl in the ancestral strain and in the 1321 

evolved S lines (a) Volcano plot, showing the p-values on the Y axis, and the fold 1322 

expression change for these genes on the X axis. The labeled genes include genes 1323 

associated  with the stress response (e.g., GPD1, SIP18), genes with high level of 1324 

expression change (e.g., FMP48, NOG1), and genes in both categories (e.g., GRE1). 1325 

(b) Scatter plot for the fold-change of the common genes in the ancestral strain (X-axis) 1326 

and in the evolved S lines (Y-axis). Although most of the common genes change 1327 

expression to a similar extent in the ancestral strain and the S lines, a small number of 1328 

genes change expression to a different extent. 1329 

 1330 
Figure 4 - Schematic diagram for the type of expression change that can occur as 1331 

a result of evolutionary adaptation in the evolved S lines compared to the 1332 

ancestral strain. Each bar chart reflects the expression level of a hypothetical gene in 1333 

the ancestral and evolved strain, in the absence and presence of salt. The scenarios 1334 

that are depicted are as follows (a) No basal change, increased regulation (b) No basal 1335 

change, increased repression (c) Basal increase in expression but no change in 1336 

regulation (d) Basal decrease in expression but no change in regulation. 1337 

 1338 
Figure 5 - Genes with differential expression in the S lines compared to the 1339 

ancestral strain (|Z-score|≥1.5). The plots show the level of expression change 1340 

(vertical axis) and the Z-score (horizontal axis) for genes with (a) changed regulation, 1341 

and (b) changed basal expression in the evolved lines. One should note that the basal 1342 

change in expression is represented in terms of fold change, where the expression 1343 

change is calculated as the ratio of the expressions in the evolved lines and the 1344 

ancestral strain. The calculation of regulated expression change involves an additional 1345 

subtraction of basal expression change and thus, can not be represented as fold 1346 

change.  1347 

 1348 
Figure 6 - The five genes with the highest Z-score in each of four categories of 1349 

expression change in the evolved lines. Categories are (a) change in the level of 1350 

induction, (b) change in the level of repression, (c) increase in basal expression, and (d) 1351 

decrease in basal expression. The columns show, from left to right, the systematic gene 1352 

name, the extent of expression change, the Z-score, the gene’s common name, the 1353 

type of expression change (in (a) and b) only), and a reference, if the gene had 1354 

responded physiologically to hyperosmotic stress or saline stress in previous studies.  1355 

 1356 
Figure 7 - Different functional gene classes (Güldener et al., 2005) are enriched or 1357 

impoverished for genes that change expression in the salt evolved yeast lines (S 1358 

lines), compared to the ancestral strain. The vertical axis shows the functional 1359 

classes of genes we consider, and the horizontal axis shows the fraction of genes in 1360 

each category listed on the bottom of the figure. Asterisks (‘*’) indicate classes where 1361 

the number of genes differs significantly from that expected  by chance alone, as 1362 

indicated by an exact binomial test.    1363 
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 1364 
Figure 8 - Fitness analysis (using FACS) of the ancestral strain into which the 1365 

mutant MOT2 gene of line S2 was introduced, and the corresponding wild-type 1366 

MOT2 gene as a control. (a) Fitness in medium with NaCl (b) Fitness in medium 1367 

without NaCl. The data show that the mutant MOT2 gene increases the fitness in salt 1368 

medium as well as in medium without salt, and to similar extents.  1369 

 1370 
Figure 9 - Pulsed field gel electrophoresis (PFGE) analysis of the three replicate 1371 

salt evolved lines S1,S2 & S3 and the ancestral strain. Two clones from each of the 1372 

lines S1,S2 and S3 were subjected to PFGE analysis along with the ancestral strain. (a) 1373 

The PFGE for the yeast chromosomes from the evolved lines S1, S2 and S3 and the 1374 

ancestral strain. The chromosomes are shown on the left side. M represents the yeast 1375 

chromosome PFG marker (NEB Catalog# N0345S). Only line S3 shows a new band 1376 

(red arrow) of size approximately 500kb. (b) PFGE analysis of the NotI digested 1377 

chromosomes from the lines S1,S2,S3 and the ancestral strain. M represents the Mid-1378 

range PFG marker I from NEB (Catalog# N3551S), whose fragments range between 15 1379 

kb and 291 kb. Again, only line S3 shows a new band (red arrow) in the gel, which has 1380 

a size of approximately 180kb.  1381 

 1382 
Figure 10 - DNA content per yeast cell of the ancestral strain and the evolved 1383 

lines.  1384 

The ancestral strain and population samples of the evolved lines were grown for 24 1385 

hours at 30oC. For each of the cultures, the cell density was estimated. Genomic DNA 1386 

was isolated from a defined number of cells and DNA quantification was carried out with 1387 

a NanoDrop ND-1000 spectrophotometer. The DNA content per cell was then 1388 

calculated for each line. The figure suggests that all the evolved lines have become 1389 

massively aneuploid. 1390 

 1391 
Figure 11 - Cell size comparison between ancestral strain and one evolved line. 1392 

(a) Histogram of cell diameters of the ancestral strain and the S2 line, showing that the 1393 

salt evolved cells are bigger than the ancestral cells. (b) Microphotograph of cell 1394 

samples from the ancestral strain and the salt evolved lines. 1395 
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