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Introduction

The ability to characterize the changes that occur during

evolutionary adaptation on a genome-wide scale has

been a boon for the field of laboratory evolution. Most

published studies focus on traits with a simple basis,

where changes of major effects in one or few genes can

alter a trait during laboratory evolution experiments

(Ferea et al., 1999; Blanc & Adams, 2003; Velicer et al.,

2006; Stanek et al., 2009). Such traits are important, but

they are in the minority. The vast majority of traits have

a complex, polygenic basis (Benfey & Protopapas, 2005).

We know much less about how genomic change and

change in gene expression occurs in such polygenic traits.

Our study is a step towards answering this question. We

here focus on a prototypical polygenic trait, an organ-

ism’s response to high concentrations of salt in its

environment. The physiological response of an organism

to such salt stress is well studied on the molecular and on
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Abstract

Most laboratory evolution studies that characterize evolutionary adaptation

genomically focus on genetically simple traits that can be altered by one or

few mutations. Such traits are important, but they are few compared with

complex, polygenic traits influenced by many genes. We know much less

about complex traits, and about the changes that occur in the genome and in

gene expression during their evolutionary adaptation. Salt stress tolerance is

such a trait. It is especially attractive for evolutionary studies, because the

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

transcriptome level. This provides a unique opportunity to compare evolu-

tionary adaptation and physiological adaptation to salt stress. The yeast

Saccharomyces cerevisiae is a good model system to study salt stress tolerance,

because it contains several highly conserved pathways that mediate the salt

stress response. We evolved three replicate lines of yeast under continuous salt

(NaCl) stress for 300 generations. All three lines evolved faster growth rate in

high salt conditions than their ancestor. In these lines, we studied gene

expression changes through microarray analysis and genetic changes through

next generation population sequencing. We found two principal kinds of gene

expression changes, changes in basal expression (82 genes) and changes in

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

well-known physiological stress-response genes, including CTT1, MSN4 and

HLR1. Next generation sequencing revealed only one high-frequency single-

nucleotide change, in the gene MOT2, that caused increased fitness when

introduced into the ancestral strain. Analysis of DNA content per cell revealed

ploidy increases in all the three lines. Our observations suggest that

evolutionary adaptation of yeast to salt stress is associated with genome size

increase and modest expression changes in several genes.
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the transcriptome levels (Posas et al., 2000; Rep et al.,

2000; Causton et al., 2001; Yale & Bohnert, 2001). This

fact provides another important motivation to study the

salt stress response in an evolutionary context. It allows

us to ask whether evolutionary adaptation to salt stress

is similar to physiological adaptation, using a genome-

scale approach that relies on transcriptome changes in

response to salt stress.

Environmental fluctuations and stressors constantly

challenge organisms in the wild. Organisms thus use

cellular mechanisms to adapt to and to survive environ-

mental fluctuations. Hyperosmotic stress is one promi-

nent environmental stressor, where a cell experiences

higher solute concentration outside the cell than inside.

This causes water loss from the cell, resulting in a higher

intracellular concentration of ions and metabolites, and

eventual arrest of cellular activity. Hyperosmotic stress

is caused by high concentrations of sugar or salt, e.g.

sodium chloride (NaCl). High salt stress is a special case of

hyperosmotic stress and has similar effects on a cell as

high concentration of sugars (Gasch et al., 2000; Causton

et al., 2001). In addition, it causes hyperionic stress

because of high extracellular concentrations of Na+ and

Cl) ions, which are imported into the cell and can disrupt

cellular ionic equilibrium. Tolerance to Na+ stress thus

needs additional ion transport and detoxification mech-

anisms along with those required for the hyperosmotic

stress response (Serrano, 1996; Apse et al., 1999; Gaxiola

et al., 1999; Maathuis & Amtmann, 1999; Serrano et al.,

1999; Zhu, 2001). The hyperosmotic stress response in

yeast is mediated by the high osmolarity glycerol (HOG)

pathway, which is a MAPK pathway (Brewster et al.,

1993; Dihazi et al., 2004; Saito & Tatebayashi, 2004;

reviewed in Hohmann, 2002).Two cell membrane–

bound sensors, Sho1p and Sln1p, detect osmotic change,

which results in activation of Hog pathway genes, which,

in turn, leads to the activation of the downstream genes

associated with salt tolerance and adaptation (Martinez-

Pastor et al., 1996; Schmitt & McEntee, 1996; Gorner

et al., 1998; Ostrander & Gorman, 1999; Rep et al., 1999,

2000; Reiser et al., 2000). Whole transcriptome studies by

Gasch et al. (2000), Posas et al. (2000), Rep et al. (2000),

Causton et al. (2001) and Yale & Bohnert (2001) have

identified hundreds of genes whose expression levels are

affected by hyperosmotic stress. The genes induced

during osmotic stress response include the genes in-

volved in synthesis and regulation of the cellular osm-

olytes glycerol and trehalose. Another group of genes,

specifically activated under saline stress, are associated

with ion homeostasis. Some of the genes affected by

osmotic stress show transient expression changes,

whereas others show expression changes that are stable

in time. In addition to genome-wide approaches, many

studies have characterized the roles of individual genes in

the osmotic stress response of yeast (Haro et al., 1991;

Garciadeblas et al., 1993; Mai & Breeden, 1997; Ganster

et al., 1998; Mendizabal et al., 1998; Tsujimoto et al.,

2000; Betz et al., 2002; Goossens et al., 2002; Hirata et al.,

2003; Heath et al., 2004).

Yeast is a good model system for studying osmoadap-

tation in eukaryotes, as other fungi and plants share

many of the stress response pathways and proteins

involved in osmoadaptation in yeast. First, the mito-

gen-activated protein kinase (MAP kinase) cascade,

central to the stress response in yeast, is a conserved

eukaryotic signal transduction pathway present from

fungi to plants (Kosako et al., 1993; Neiman, 1993;

Galcheva-Gargova et al., 1994; Han et al., 1994; Was-

kiewicz & Cooper, 1995; Jonak et al., 1999; Kyriakis &

Avruch, 2001). Stress signalling in plants is also carried

out by MAPK pathways, which are activated by cold,

drought, salt, heat and oxidative stress (Jonak et al.,

1996; Kovtun et al., 2000; Teige et al., 2004). Second,

yeast and plants have highly similar genes required for

stress tolerance (Mendoza et al., 1994; Bressan et al.,

1998; Pardo et al., 1998; Lee et al., 1999; Hasegawa &

Bressan, 2000; Sanders, 2000; Quintero et al., 2002; Zhu,

2002). Third, yeast and plants have similar membrane

ion transport and detoxification systems (Gaxiola et al.,

1999; Quinteroa et al., 2000). For example, HAL family

genes are important for ion homeostasis in yeast as well

as in plants (Haro et al., 1991; Gaxiola et al., 1992;

Ferrando et al., 1995; Murguı́a et al., 1996; Rios et al.,

1997; Espinosa-Ruiz et al., 1999; Mulet et al., 1999;

Gisbert et al., 2000; Yang et al., 2001).

With one exception (Samani & Bell, 2010), all previous

studies of salt stress adaptation in yeast focused on

physiological adaptation. Such adaptation occurs on time

scales up to a few hours. The mechanisms of longer-term

evolutionary adaptation to salt stress are not known. Such

adaptations occur on time scales of hundred generations

or more. One aim of this study is to compare a

population’s evolutionary response to salt stress with its

physiological response on the transcriptome level. Does

evolutionary adaptation mirror physiological adaptation?

Does it affect largely the same genes as the physiological

response?

A second aim is to investigate the genetic basis of

evolutionary adaptation of yeast to high saline stress, as far

as this is possible for a complex trait. Does the adaptation

come about through accumulation of identifiable bene-

ficial point mutations? Does it involve chromosomal

rearrangements, as observed in evolution of yeast in

glucose-limited or phosphate-limited media? Or does it

take place through genetic and epigenetic changes

altering expression of genes that help cells adapt to high

salt? These are some of the questions we ask.

Understanding of evolutionary principles of salt toler-

ance could also be important for biotechnological

applications. First, yeast cells experience high salt

concentration in many industrial fermentation pro-

cesses, and improvement in performance of yeast in

such conditions would benefit the industry immensely

(Attfield, 1997; Trainotti & Stambuk, 2001; Zheng et al.,
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2011). Second, the principles of salt tolerance in yeast

might be useful for engineering fungi and crop plants for

salt tolerance, as both classes of organisms share many

components of their stress response systems.

In this contribution, we exposed yeast to high salt

concentrations for 300 generations in the laboratory in

medium containing sodium chloride (NaCl). We com-

pared the fitness and viability of the evolved lines with

the starting yeast strain (ancestral strain), followed by

characterization of gene expression changes and genetic

changes such as mutations, copy number variations and

chromosomal alterations.

Results

To test for evolutionary adaptation of yeast cells to

osmotic stress, we carried out laboratory evolution

experiments through 30 serial transfers in batch cultures,

comprising approximately 300 cell generations (see

Methods). This number of generations is sufficient to

show evolutionary adaptations in yeast (Adams & Oeller,

1986; Adams et al., 1992; Dunham et al., 2002; Gresham

et al., 2008). For our experiments, we used haploid

populations to avoid any potential masking of adaptively

significant alleles in the diploid stage (Zeyl et al., 2003).

We carried out three parallel replicate evolution lines in

which yeast cells grew and divided in yeast peptone

medium supplemented with galactose as the sole carbon

source and with 0.5 MM NaCl (YPGN), which is a high salt

medium that exposes cells to high osmolarity stress. We

refer to these lines as S lines (S1, S2 and S3). As a control,

we also carried out three replicates where the growth

medium did not contain NaCl (lines C1, C2 and C3).

Evolutionary adaptation to NaCl

Before embarking on our experiments, we asked

whether NaCl affects the fitness of our ancestral strain.

Only in this case would we expect that NaCl exerts a

selection pressure to which the strain can adapt. Fitness

has two main components in our experiments. These are

viability on the one hand and growth or cell division rate

on the other hand. We found that osmotic stress does

not affect viability of the ancestral strain significantly

(a) (b)

(c)

Fig. 1 (a–c) Viability of the ancestral strain and the evolved lines in medium containing 0.5 MM NaCl. Cells from the ancestral strain and

the evolved lines from overnight cultures were transferred into YPG medium. Cell samples from these cultures were withdrawn after 16 h

(during exponential growth phase), as well as after 24 h (stationary phase), and then diluted and plated. The plates were incubated at 30 �C
for 5 days, and the number of colonies was counted. The relative viability of both the ancestral strain and the evolved lines was estimated

from the ratio of colonies formed on agar plates with YPGN medium to that of plates with YPG medium. Relative viabilities were

measured for (a) the ancestral strain, (b) lines evolved in YPGN medium (S lines) and (c) lines evolved in YPG medium (C lines). From

the figures, it is clear that NaCl does not affect the viability of the ancestral strain. The viabilities of the evolved lines S1, S2 and S3 do not

increase during the course of adaptation.

Adaptation of S. cerevisiae to saline stress 1137
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(Fig. 1a). Not surprisingly then, viability does not increase

in the course of our experiment for lines evolved on NaCl

(Fig. 1b) and for lines evolved without NaCl (Fig. 1c).

In contrast to viability, population growth rate is

affected by salt stress, as shown in Fig. S1 (Appendix S3).

The figure indicates that the ancestral strain grows

significantly more slowly in medium containing NaCl.

Thus, the fitness of the ancestral strain is lower in salt

compared with that of the ancestral strain in medium

without any salt. Having established that NaCl does affect

the fitness of the ancestral strain through its growth rate,

we asked if the growth rate and thus, relative fitness w

(see Methods) of three salt evolved lines increase after

300 generations of evolution (Fig. 2a). Fitness increased

significantly relative to the ancestral strain, such that the

final evolved lines had a relative population mean fitness

between w = 1.11 and w = 1.17, which corresponds to a

decrease in the average cell doubling time between 8.2

and 12.3% relative to the ancestral strain (see Methods).

As our high salt medium is a complex medium, it is

likely that part of the evolutionary response we observe

also reflects adaptation to medium components different

from NaCl. To ask whether this is the case, we also

measured the relative fitness of the three S lines in the

control medium (without NaCl). Not surprisingly, the

fitness in this medium had also increased (Fig. 2b)

relative to the ancestral strain, which suggests that at

least part of the evolutionary adaptation we see is not

specific to NaCl as a stressor. However, two lines of

evidence show that a substantial fraction of the fitness

increase is specific to NaCl. The first is that the fitness

increase, when measured in the absence of NaCl, appears

substantially and significantly lower than when mea-

sured in the presence of NaCl (Fig. 2a,b; Mann–Whitney

U-test, P < 0.0001). The second line of evidence is

provided by our three control lines that had evolved

without the addition of NaCl to the medium. Figure 2a

shows that in every single line, the fitness increase, when

measured in medium with NaCl, is consistently and

significantly lower than for the lines that had evolved

in NaCl (Mann–Whitney U-test, P < 0.0001). Specifi-

cally, the increase in relative fitness w was at least 54 per

cent higher in the lines evolved in NaCl compared with

the lines evolved without NaCl. In sum, a significant and

substantial part of the evolutionary adaptation we

observe is because of the selection pressure provided by

NaCl.

Gene expression analysis of the evolved lines

To compare the expression levels of genes in the evolved

lines and in the ancestral strain, we performed whole

gene transcriptome analysis using yeast microarrays

(Affymetrix, High Wycombe, UK). Because previous

experiments had shown that many yeast genes change

expression in response to salt and to other stressors

(Gasch et al., 2000; Posas et al., 2000; Rep et al., 2000;

Causton et al., 2001; Yale & Bohnert, 2001), we expected

that this would also hold for our lines. Thus, we first asked

which genes respond to salt in a similar manner in the

ancestral strain and in all evolved lines. We will refer to

such genes for brevity as shared genes. For all the analyses

presented below, we used all the replicate lines, as well as

replicate microarray experiments (see Methods).

In total, we observed 581 shared genes that were

induced in salt and 580 shared genes that were repressed

in salt with two-fold expression change (|log2(fold

change)| ‡ 1, t-test, P < 0.05, false discovery rate

(a) (b)

Fig. 2 Fitness assay of the evolved yeast lines. Fitness assays were performed by inoculating equal numbers of cells from an evolved line

and from the GFP-tagged reference yeast strain in the same vessel. The cells were grown for 24 h, and the percentage of non-GFP-tagged cells

was counted using FACS. The ratio of the cell numbers of the evolved lines to that of the ancestral strain gives the relative fitness of the

evolved lines. (a) Relative fitness of the three replicate yeast lines evolved in medium with salt (S1, S2 and S3) in YPGN medium, and the three

replicate yeast lines evolved without NaCl (C1, C2 and C3) measured in YPGN medium. (b) Relative fitness of the lines S1, S2 and S3 in

medium without NaCl. The lines evolved in salt show an increase in growth rate by 8–12% in NaCl medium compared with the ancestral

strain. These lines also show a growth rate increase in medium without NaCl. However, this increase in growth rate is consistently lower

than the increase in NaCl medium. In addition, the lines evolved in medium without NaCl show lower fitness in NaCl medium. Taken together,

it can be concluded that part of the adaptation in the salt evolved lines is specific to NaCl.
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< 10%). Figure 3a shows a ‘volcano plot’ ()log10

(P-value) vs. log2(fold change)) for the expression of all

yeast genes in response to NaCl in the S lines and the

ancestral strain. Figure 3b shows the extent of expression

change in the evolved lines (vertical axis) and in the

ancestral strain (horizontal axis) for all genes with similar

response to NaCl in the evolved lines and the ancestral

strain (|log2(fold change)| ‡ 1, t-test, P < 0.05, false

discovery rate < 10%). The genes we labelled by name

in the figure include some known stress response genes

(e.g. GPD1, SIP18), some genes whose expression

changed substantially (e.g. FMP48, NOG1), and genes in

both categories (e.g. GRE1). Many of these shared genes

are directly associated with saline stress, hyperosmotic

stress or the general stress response, and were shown to

be affected by hyperosmolarity and salt stress in previous

studies of the physiological and osmotic stress response

(Gasch et al., 2000; Posas et al., 2000; Rep et al., 2000;

Causton et al., 2001; Yale & Bohnert, 2001). Among the

581 shared induced genes, 192 genes were shown to be

affected by stress in previous studies; among the 580

shared repressed genes, 56 were affected by stress in

previous studies.

Next, we classified shared genes using the Compre-

hensive Yeast Genome Database (CYGD) classification

from the Munich Information Center for Protein

Sequences (MIPS) (Güldener et al., 2005). A detailed

analysis is given in the Supporting Information (Appen-

dices S1 and S3, Fig. S2). Here, we only discuss two gene

classes in more detail. First, genes associated with ‘cell

rescue, defence and virulence’ contain many general

stress response genes, as well as genes that respond

specifically to saline stress. One would expect that such

genes are induced in response to salt stress, and our data

show that induced genes in this category are over-

represented, and repressed genes in this category are

underrepresented (Appendices S1 and S3, Fig. S2). This

group of genes was also found to be significantly

(b)
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Fig. 3 The genes showing similar (t-test,

P-value < 0.05, false discovery rate < 10%)

induction or repression by NaCl in the

ancestral strain and in the evolved S lines.

(a) Volcano plot, showing the P-values on

the Y-axis and the fold expression change for

these genes on the X-axis. The labelled genes

include genes associated with the stress

response (e.g. GPD1, SIP18), genes with high

level of expression change (e.g. FMP48,

NOG1) and genes in both categories (e.g.

GRE1). (b) Scatter plot for the fold change

of the common genes in the ancestral strain

(X-axis) and in the evolved S lines (Y-axis).

Although most of the common genes change

expression to a similar extent in the ancestral

strain and the S lines, a small number of

genes change expression to a different

extent.
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overrepresented among genes whose deletion reduced

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

second class of genes are genes involved in protein

synthesis. The physiological response to stress can cause

repression of protein synthesis (Gasch et al., 2000). In

support of this observation, our data show that signifi-

cantly fewer genes associated with protein synthesis are

induced, and significantly more genes than expected are

repressed (Appendices S1 and S3, Fig. S2). Again, this

group of genes was significantly overrepresented among

genes whose deletion increased salt resistance (Warringer

et al., 2003).

Differentially expressed genes

While an analysis of genes regulated similarly in ancestral

and evolved strains is instructive, we were more inter-

ested in genes that are expressed differently. These are

genes whose expression adapted evolutionarily to salt

stress. They can be subdivided into two main categories.

The first comprises genes whose regulation has changed

in the evolved lines. Figure 4a,b shows two hypothetical

examples of genes in this category. The second category

comprises genes whose basal level of expression changed

in the evolved lines, even in the absence of salt stress

(Fig. 4c,d). This second category of genes may be espe-

cially important, because our selection conditions

imposed continuous salt stress. It is thus conceivable

that cells whose expression is ancestrally regulated in

response to salt stress simply increase or decrease their

basal expression to the level of regulated expression in

the ancestral strain in the absence of salt. We note that

these two categories have multiple subcategories, and

there can be genes where both the basal expression and

regulation can change. Figure S3 (Appendix S3) shows

an overview of all possibilities.

We distinguished genes in the main categories by

calculating two different Z-scores for each gene, a Z-score

for change in basal expression (Zb) and a Z-score for change

in regulation (Zr) (see Methods) (Mukhopadhyay et al.,

2006). In this analysis, we considered genes with

|Z-score| ‡ 1.5 as differentially expressed.

Genes whose regulation changes

In all, there are 62 genes whose regulation changes

during our experiment. As we mentioned earlier, multi-

ple types of such change are possible. First, a gene’s

induction in salt can increase. This will occur if the gene

is induced more strongly in the evolved lines than the

ancestral strain (Fig. S3b, Appendix S3). Second, a gene’s

induction in salt can be reduced (Fig. S3c, Appendix S3).

(a) (b)

(c) (d)

Fig. 4 Schematic diagram for the type of expression change that can occur as a result of evolutionary adaptation in the evolved S lines compared

with the ancestral strain. Each bar chart reflects the expression level of a hypothetical gene in the ancestral strain and the evolved line, in the

absence and presence of salt. The scenarios that are depicted are as follows: (a) no basal change, increased regulation. (b) no basal change,

increased repression. (c) basal increase in expression but no change in regulation. (d) basal decrease in expression but no change in regulation.
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Third, a gene’s repression in salt can be increased, i.e. the

gene becomes repressed to a greater extent in the evolved

lines (Fig. S3d, Appendix S3). Fourth, a gene’s repression

in salt can be reduced (Fig. S3e, Appendix S3). Finally, a

gene that was not regulated in the ancestral strain

can become regulated in response to salt (Fig. S3f,g).

Figure 5a plots the extent to which genes changed in

their regulation against their Zr scores. Some of the genes

with significant changes in the regulation are labelled.

Figure 6a,b shows the five genes whose induction or

repression changed most significantly (based on Zr). We

next discuss some of these genes.

There are only four genes in total which showed

increased induction in the evolved lines. Among these four

genes, two (PUT4 and PCL5) also showed a decrease in

basal expression in the evolved lines. Four further genes

showed new induction in the evolved lines. One of them,

CUP1-1 (Fig. 5a), has previously been observed to be

up-regulated in response to osmotic stress (Yale &

Bohnert, 2001). Five genes showed reduced induction in

our experiment. One of the genes, HSP30, encodes a

stress-responsive protein that negatively regulates

the H(+)-ATPase Pma1p. It is induced by heat shock,

treatment with organic acid and ethanol, and glucose

starvation (Panaretou & Piper, 1992; Piper et al., 1994,

1997).

In contrast to the few genes that showed increased

induction, a total of 37 genes showed increased repression.

Of these 37 genes, one gene (HLR1) is directly involved in

the stress response. This gene encodes a protein involved

in the regulation of cell wall composition, as well as in

the osmotic stress response (Alonso-Monge et al., 2001).

In our experiment, 12 genes showed new repression.

Among these 12 genes, the genes GCV2 and GCV1 were

previously found to be up-regulated in osmotic stress

(Yale & Bohnert, 2001). We did not find any gene with

reduced repression.

We next classified genes whose regulation changed in

any of these ways according to their functions, using the

CYGD classification of yeast genes (Güldener et al., 2005)

(Fig. S4, Appendix S3), and compared their distribution

among functional categories with the proportions of the

yeast genome in each category. The distribution of the

number of genes among different classes is nonrandom

for genes whose repression changes (49 genes in total; v2

test, P < 0.001, d.f. = 17), whereas the distribution is

not significantly different from random for the genes

whose induction changes (13 genes; P > 0.1, d.f. = 17).

We then asked whether genes whose regulation changes

occur preferentially in specific functional categories.

Interestingly, genes with change in induction level are

(marginally) enriched only in the functional class of

cell rescue, defense and virulence (P = 0.0444). Genes

whose repression changes are enriched in the functional

classes transcription (P = 0.0006), protein synthesis

(P = 0.0008) and proteins with binding or catalytic

function (P = 0.0003). The classes protein fate (folding,

modification, destination; P = 0.0232), cellular transport

(P = 0.0048), cell cycle ⁄ DNA processing (P = 0.0134)

and cell rescue, defense and virulence (P = 0.0230)

contain fewer genes whose repression changes than

expected by chance alone (all P-values based on an exact

binomial test).

Genes with basal level expression change

Next we turn to genes that show a change in basal

expression (Fig. S3a, Appendix S3). There are 82 such

genes. Thirty-eight of them increased their basal expres-

sion, whereas 44 genes reduced their basal expression.

Figure 5b plots the extent of change in basal expression

(log2-transformed) of all the genes against their

(a)

(b)
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Fig. 5 Genes with differential expression in the S lines compared

with the ancestral strain (|Z-score| ‡ 1.5). The plots show the level of

expression change (vertical axis) and the Z-score (horizontal axis) for

genes with (a) changed regulation and (b) changed basal expression

in the evolved lines. One should note that the basal change in

expression is represented in terms of fold change, where the

expression change is calculated as the ratio of the expressions in the

evolved lines and the ancestral strain. The calculation of regulated

expression change involves an additional subtraction of basal

expression change and thus, cannot be represented as fold change.
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corresponding Zb values. Some of the genes with signif-

icant changes in the basal expression level are labelled.

Figure 6c,d lists the top five genes (based on Zb) with

increased and decreased basal expression, respectively.

The distribution of genes among different functional

classes (Fig. S4, Appendix S3) is significantly different

from what would be expected by chance alone for the

genes with increase in basal expression (P < 0.05,

d.f. = 17, v2 test), and also for the genes with a decrease

in basal expression (P < 0.001, d.f. = 17). For genes with

an increase in basal expression, the class ‘cell rescue and

defense’ (stress response) shows significantly more genes

than expected (P = 0.0059, exact binomial test), and the

class protein fate (P = 0.0409) shows significantly fewer

genes than expected by chance alone. For genes with a

decrease in basal expression, the class ‘cell type differen-

tiation’ (cell wall, sporulation, spore wall, etc.)

(P = 0.0165) shows more genes than expected, and the

classes ‘transcription’ (P = 0.0125) as well as ‘protein

fate’ (folding, modification, destination) (P = 0.0014)

contain fewer genes than expected.

Two well-established stress response genes showed an

increase in basal expression in the evolved lines. One

of them is CTT1, whose basal expression increased by

Gene Log2 (expression change) Z-score Common name Type of change         Previous studies 

YOR348C 0.8821 2.088 PUT4 Increased induction
Posas et al., 2000; Rep et al., 2000; 

Yale & Bonhert, 2001

YHR053C 0.7017 1.8401 CUP1-1 Increased induction              Yale & Bonhert, 2001

YKL049C 0.554 1.8101 CSE4 New induction              Yale & Bonhert, 2001        

YAR010C 0.9355 1.7493 --- New induction              Yale & Bonhert, 2001 

YHR071W 0.5834 1.726 --- Increased induction              Yale & Bonhert, 2001           

Gene Log2 (expression change) Z-score Common name Type of change Previous studies

YMR189W –1.0952 –2.9498 GCV2 New repression Yale & Bonhert, 2001

YER091C –0.9458 –2.6921 MET6 Increased repression Rep et al., 2000

YNR053C –1.0932 –2.6838 NOG2 Increased repression ---

YOR339C –0.8424 –2.613 UBC11 Increased repression ---

YHR066W –0.9644 –2.4702 SSF1 Increased repression ---

Gene  Log2 (fold change) Z-score Common name Previous studies

YNL034W 1.3572 4.2657 --- ---

YOR384W 1.2084 3.8216 FRE5 ---

YOR049C 1.4081 3.5885 RSB1 ---

YGL192W 1.5698 3.3941 IME4 ---

YOR382W 1.8809 3.3935 FIT2 Yale & Bonhert, 2001

Gene  Log2 (fold change) Z-score Common name Previous studies

YKL178C –1.2774 –3.9263 STE3 ---

YML058W-A –1.2118 –3.7933 HUG1 ---

YJR078W –1.2138 –3.5631 BNA2 ---

YER011W –1.0741 –3.361 TIR1 ---

YDR281C –1.0859 –2.789 PHM6 ---

(a) Top five genes with change in induction level

(b) Top five genes with change in repression level

(c) Top five genes with increase in basal expression

(d) Top five genes with decrease in basal expression

Fig. 6 The five genes with the highest Z-score in each of four categories of expression change in the evolved lines. Categories are (a) change in

the level of induction, (b) change in the level of repression, (c) increase in basal expression and (d) decrease in basal expression. The columns

show, from left to right, the systematic gene name, the extent of expression change, the Z-score, the gene’s common name, the type of

expression change (in (a) and (b) only), and a reference, if the gene had responded physiologically to hyperosmotic stress or saline stress

in previous studies.
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approximately 1.6-fold compared with the ancestral

strain. This gene was found to be induced in four

previous genome-wide studies of physiological stress

adaptation in yeast (Gasch et al., 2000; Rep et al., 2000;

Causton et al., 2001; Yale & Bohnert, 2001). The second

known stress response gene is the transcription factor

MSN4, whose expression increased by approximately 1.5-

fold. A more detailed analysis of individual genes can be

found in the Supporting Information (Appendix S1).

Whole genome (re)sequencing analysis

Some laboratory evolution studies have identified few

beneficial mutations of large fitness effects in evolving

populations (Blanc & Adams, 2003; Velicer et al., 2006;

Stanek et al., 2009). To find out if there are any such

mutations in our study system, we subjected the ances-

tral strain and population samples from two of our

evolved lines (S1 and S2) to deep sequencing at about

approximately 10· coverage and the third line (S3) to

approximately 50· coverage, using the Roche 454

Genome Sequencer (454 Life Sciences, Branford, CT

06405, USA). In our analysis of these sequence data, we

aimed to identify only changes that may have swept to

high frequency or fixation, and 10· coverage is sufficient

for that purpose. We chose candidate single-nucleotide

polymorphisms (SNPs) based on the criteria for the

changed (derived) nucleotide described in Appendix S2,

and our approach is deliberately conservative. We iden-

tified 56 candidate SNPs and seven deletions in total from

all the three evolved (S) lines.

We sequenced all 56 candidate SNPs and seven

candidate deletions, but only one of them turned out to

be a true change. This change was a SNP unique to line

S2, and occurred at a frequency exceeding 50 per cent,

based both on next generation sequencing data and PCR

sequencing data. This SNP is a nonsynonymous G to A

mutation (amino acid change: G230D) in the MOT2

(YER068W) gene. The gene MOT2 is a subunit of the

CCR4-NOT complex which has roles in transcription

regulation, mRNA degradation and post-transcriptional

modifications (Cade & Errede, 1994; Liu et al., 1998;

Badarinarayana et al., 2000; Denis et al., 2001; Panasenko

et al., 2006; Mersman et al., 2009), with no known role

in salt tolerance. To test whether the MOT2 SNP alone

provided any fitness benefit to yeast in salt, we replaced

the wild-type variant of MOT2 in the genome of the

ancestral strain with the mutant (see Methods). Three

replicate competition assays using FACS (see Methods)

showed a relative population fitness w = 1.043 ± 0.008

for the mutant MOT2 allele (Fig. 7a) in medium with

NaCl, compared with w = 0.999 ± 0.014 for the wild-

type MOT2 allele. However, the fitness increase of the

mutant MOT2 could only explain 25.3 per cent of the

total amount of fitness increase in line S2, whose mean

relative fitness was w = 1.17, indicating that there are

other factors that contribute to the fitness increase of the

line S2. In addition, we note that the MOT2 mutation also

conferred a substantial fitness increase in the absence of

NaCl (Fig. 7b), indicating that this mutation is not

specifically adaptive to salt stress.

Duplication and PFGE

We next turned to copy number variations as sources of

evolutionary adaptation. As large-scale chromosomal

rearrangements and aneuploidies are frequent in yeast

laboratory evolution (Adams et al., 1992; Dunham et al.,

2002; Rancati et al., 2008), and are also observed in yeast

gene knock-out strains (Hughes et al., 2000), we first

wanted to know whether such rearrangements were

numerous in our evolved lines. To this end, we first

performed pulsed field gel electrophoresis (PFGE) anal-

ysis of whole chromosomes for the ancestral strain and

for two clones from each of the evolved lines. This

experiment revealed no changes in any of the lines,

except for one additional band (at approximately 500 kb)

that occurred exclusively in line S3 (Fig. 8a). PFGE for

(a) (b)

Fig. 7 Fitness analysis (using FACS) of the ancestral strain into which the mutant MOT2 gene of line S2 was introduced, and the

corresponding wild-type MOT2 gene as a control. (a) Fitness in medium with NaCl and (b) fitness in medium without NaCl. The data

show that the mutant MOT2 gene increases the fitness in salt medium, as well as in medium without salt, and to similar extents.
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chromosomes digested with the NotI restriction enzyme

also revealed a single novel band (approximately

180 kb), which was again unique to line S3 (Fig. 8b).

Taken together, these observations suggest that high-

frequency copy number changes on a chromosomal scale

are not rampant in our evolved lines, and the same

arrangements do not occur across lines. All other

distinguishable fragments in the gel, apart from the novel

band of size approximately 180 kb in line S3, were as

predicted for a haploid yeast genome from a computa-

tional restriction digest of the genome with NotI. Addi-

tionally, chromosome-wide read coverage data from next

generation sequencing support the notion that there are

no copy number changes involving large chromosome

fragments (Fig. S5, Appendix S3). However, a change in

ploidy in the evolved lines that would affect entire

chromosomes is not detectable by any of these two

methods.

Gene amplifications and deletions from next
generation sequencing data

We next turned to smaller scale copy number changes

that we could detect in our next generation sequencing

data. To detect gene duplication and deletions, a seg-

mentation algorithm (see Appendix S2) was used along

with analysis of DNA breakpoints from the reads (see

Appendix S2). The results of both analyses are described

in detail in the Appendix S1.

We did not observe any large amplification or deletion

in the genomes of any of the lines (and specifically in line

S3) that could explain the appearance of novel bands

in the pulsed field electrophoresis data from Fig. 8. This

observation, together with read coverage data of indi-

vidual chromosomes (Fig. S5, Appendix S3), suggests

that these novel bands were results of a nonduplicative

translocation event in the line S3. However, for a haploid

genome, a translocation event would displace one of the

original bands in the PFGE, which we did not observe.

Thus, such a translocation event is only consistent with

the PFGE data if the affected chromosome occurs in more

than one copy. In other words, it is consistent with a

ploidy change in line S3.

Ploidy of the evolved yeast lines

Changes in ploidy of haploid yeast strains under salt

stress have been observed before (Gerstein et al., 2006).

Neither PFGE nor chromosome-wide read coverage data

would be able to detect such changes. To estimate the

ploidy level of evolved lines in comparison with the

ancestral strain, we grew ancestral strain and population

samples of the evolved lines for 24 h at 30 �C and

estimated the cell densities. We then isolated genomic

DNA from a defined number of cells and quantified the

DNA amount, which allowed us to calculate the DNA

content per yeast cell for all the lines. We found that the

DNA content per cell of lines S1 and S2 had increased by

78.7 per cent and 85.4 per cent, respectively, from that of

the ancestral strain. For the line S3, the DNA content per

cell was more than double that of the ancestral strain

(119.91 per cent increase from the ancestral strain)

(a) (b)

Fig. 8 Pulsed field gel electrophoresis (PFGE) analysis of the three replicate salt evolved lines S1, S2 & S3 and the ancestral strain. Two

clones from each of the lines S1, S2 and S3 were subjected to PFGE analysis along with the ancestral strain. (a) The PFGE for the yeast

chromosomes from the evolved lines S1, S2 and S3 and the ancestral strain. The chromosomes are shown on the left side. M represents the

yeast chromosome PFG marker (NEB Catalog# N0345S). Only line S3 shows a new band (red arrow) of size approximately 500 kb. (b) PFGE

analysis of the NotI digested chromosomes from the lines S1, S2, S3 and the ancestral strain. M represents the mid-range PFG marker I

(NEB Catalog# N3551S), whose fragments range between 15 and 291 kb. Again, only line S3 shows a new band (red arrow) in the

gel, which has a size of approximately 180 kb.
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(Fig. 9). These observations suggest that all the evolved

lines have become massively aneuploid.

A consistent cell size increase during our experiment

Increases in ploidy are often associated with cell size

increases. Our lines are not exception, as exemplified by

the histogram of Fig. 10a, which shows the distribution

of cell diameters of the ancestral strain and the evolved

line S2. This increase is also microscopically visible

(Fig. 10b). The mean cell diameter increased from

2.35 lm (±0.70 lm) to 6.73 lm (±2.34 lm). Along with

a significant increase in the mean cell diameter (t-test,

P-value < 2.2 · 10)16), the coefficient of variation (Cv),

as defined by the ratio of standard deviation and mean,

also increased significantly (t-test for distributions of Cv

for samples drawn from two distributions, P < 10)6). In

other words, not only did cells become larger during

laboratory evolution, they also became more variable in

size. Cell size changes in laboratory evolution experi-

ments are not unprecedented. They have been observed

in evolving Escherichia coli populations (Lenski & Travi-

sano, 1994; Lenski & Mongold, 2000; Philippe et al.,

2009), as well as in Staphylococcus aureus populations in

NaCl medium (Vijaranakul et al., 1995). However, the

effect of cell size on survival and fitness is generally

poorly understood.

Discussion

To investigate evolutionary adaptation to long-term

osmotic stress, we evolved yeast cells in the laboratory

for 300 generations in high salt (NaCl) medium. We

observed that salt reduces the growth rate of our

ancestral strain by 11 per cent. Consequently, the final

cell density after 24 h of growth is approximately 3 times

lower compared with cells grown in the same medium

but without salt. Our three replicate evolved lines that

grow approximately 8–12 per cent faster than the

ancestral strain in high salt medium, and part of this

increase reflects adaptation specific to salt.

We analysed the gene expression levels in all the

evolved lines as well as in the ancestral strain. Although

there were many shared genes that respond to salt in

similar manner in the evolved lines and in the ancestral

strain, we also observed multiple differentially expressed

genes in the evolved lines compared with the ancestral

strain. These differentially expressed genes can be divided

into two categories. The first category comprises genes

with changes in their basal expression level in the

evolved lines compared with the ancestor (i.e. even in

the absence of salt). The second category comprises genes

regulated differently in response to salt in the evolved

lines.

Multiple genes whose expression shows an evolutionary

response in our experiments were also affected by

Fig. 9 DNA content per yeast cell of the ancestral strain and the

evolved lines. The ancestral strain and population samples of the

evolved lines were grown for 24 h at 30 �C. For each of the cultures,

the cell density was estimated. Genomic DNA was isolated from a

defined number of cells, and DNA quantification was carried out

with a NanoDrop ND-1000 spectrophotometer. The DNA content

per cell was then calculated for each line. The figure suggests that

all the evolved lines have become massively aneuploid.

(a)

(b)

Fig. 10 Cell size comparison between ancestral strain and one

evolved line. (a) Histogram of cell diameters of the ancestral strain

and the S2 line, showing that the salt evolved cells are bigger than

the ancestral cells. (b) Microphotograph of cell samples from the

ancestral strain and the salt evolved lines.
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hyperosmotic stress or salt stress in previous studies of

the physiological stress response. Changed expression of

many genes in the physiological stress response in general

and in the hyperosmotic stress response in particular is

transient (Gasch et al., 2000; Causton et al., 2001), and

may depend on the time and conditions in which it is

measured. It is thus expected that different studies show

limited comparability with respect to the identity of these

genes.

Some of the genes whose expression evolved are

known to be associated with the stress response. For

example, two genes, CTT1 and GAC1, showed an increase

in basal expression in the evolved lines compared with

the ancestral strain. Both these genes were also

up-regulated in response to salt in our ancestral strain.

CTT1 encodes a cytosolic catalase and protects the cell

from oxidative damage by reactive oxygen species

(Jamieson, 1998; Lushchak & Gospodaryov, 2005; Her-

rero et al., 2008). This gene has been shown to be up-

regulated in four previous studies of physiological stress

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

et al., 2000; Causton et al., 2001; Yale & Bohnert, 2001).

The gene GAC1 is associated with glycogen synthesis (Wu

et al., 2001) and is also induced during osmoadaptation

(Posas et al., 2000). Both these genes contain stress-

responsive elements (STRE) in their promoters (Schuller

et al., 1994; Moskvina et al., 1998) and are known to be

activated under various stress conditions. A third gene,

CUP1-1, showed increased induction in the evolved lines

and also was up-regulated in response to NaCl in our

ancestral strain. This gene was also shown to be

up-regulated in one previous study of physiological stress

response (Yale & Bohnert, 2001). Yet another gene,

HLR1, showed increased repression in the evolved lines,

and was down-regulated in the ancestral strain in NaCl

medium. This gene encodes a protein involved in

maintaining cell wall composition and is also involved

in response to osmotic stress (Alonso-Monge et al., 2001).

There are three main physiological components of the

salt stress response. They affect adaptation time to salt,

growth rate in salt and efficiency of growth in salt

(Warringer et al., 2003). In our experiments, evolutionary

adaptation to salt must affect one or more of these three

components, because the viability itself of yeast cells does

not change between the ancestral strain and the evolved

lines. There are various ways in which these components

could change during evolution. First, some of the genes

whose basal expression changes might be directly

involved in the initial adaptation to salt. Increasing or

decreasing the basal expression of those genes to the level

needed for salt adaptation might enable the cells respond

to salt much more quickly as opposed to changing their

expression state. For example, some ion transporter

genes (e.g. FRE5) have an increased basal expression in

the evolved lines in our experiment. Higher levels of

these transporter proteins at the initial stages of the salt

stress response would help cells achieve ion homeostasis

much more quickly. Second, some of the differentially

expressed genes might not be directly related to the

salt stress response but encode transcription factors that

control salt stress response genes. For example, the

transcription factor MSN4, that controls many stress

response genes, has increased basal expression levels in

our evolved yeast lines. Higher levels of this transcription

factor during the initial adaptation phase could ensure

faster induction of the genes required for salt stress

response. Third, there are genes that show evolutionary

change in regulation in the evolved lines. Higher level of

induction or repression of these genes might increase the

growth rate and ⁄ or efficiency of growth in salt medium.

We found 16 genes that gained regulation (new

induction and new repression) in the evolution experi-

ment, suggesting that new ways of salt stress adaptation

could also arise during evolution. However, we also

observed loss of regulation, at least to some extent, for

five genes (genes with reduced induction and reduced

repression) in the evolved lines. Because we performed

our evolution experiment under constant environmental

stress, losing regulation might be advantageous for

evolutionary adaptation to salt stress. If the affected

genes are involved in adaptation to multiple stressors,

losing regulation could actually be beneficial both under

constant or fluctuating environmental stressors. How-

ever, if the affected genes are specific for a particular

stress, a loss in regulation may also have a cost, because

cells would become physiologically less flexible under

fluctuating environmental stresses. Among the five genes

with loss of regulation, one gene, HSP30, can be induced

by several stressors (Piper et al., 1997). On the contrary,

the mRNA level of this gene was shown to be diminished

in NaCl medium by Rep et al. (2000).

The hyperosmotic and salt stress responses are complex

and influenced by many genes. It is an open question

whether a small number of genetic changes with large

effects could dramatically increase salt stress resistance,

and thus explain the fitness increase in our evolved lines.

To find out, we also sequenced the ancestral strain and

population samples of the evolved lines using deep

sequencing with genome coverages between 10- and

50-fold to identify whether any high-frequency poly-

morphisms arose in the evolved lines during our evolu-

tion experiment. For two reasons, we chose deep

population sequencing over clone sequencing. First,

population sequencing gives a comprehensive view of

polymorphisms in a population. Second, it can also

permit estimation of polymorphism frequencies,

although any such estimate would be more qualitative

than quantitative at our sequence coverage. At the very

least, population sequencing can detect high-frequency

polymorphisms. Such polymorphisms are of the greatest

interest to us, because they would correspond to adaptive

mutations with strong fitness effects that rose to high

frequencies. We note that the effective population sizes

in our experiment are so large (> 2 · 106) that no neutral
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polymorphisms would be expected to rise to high

frequencies during the experiment’s short duration

except perhaps through hitchhiking with an advanta-

geous mutation. (Clone sequencing can detect low-

frequency polymorphisms, but for a heterogeneous

population, this method requires sequencing of many

clones and is thus currently prohibitively costly.)

Only one of our evolved lines (S2) contained a high-

frequency SNP. This SNP occurs in more than 50 per cent

of the population and causes an amino acid substitution

in the protein encoded by the MOT2 gene. When

introduced into the ancestral strain, this mutation causes

a fitness increase that explains 25.3 per cent of the

increase in fitness w in the evolved strain. However, the

mutation causes a fitness increase also in the absence of

salt, which means that its effects do not reflect a specific

adaptation to salt.

Multiple genetic changes of low population frequency

could be present in our evolved lines, and these changes

might explain a part of the fitness increase we see. Such

low-frequency SNPs might be present for several reasons.

First, individual mutations may confer only modest

fitness benefits and thus increase in frequency slowly.

Second, some mutations with very strong fitness effects

may have occurred, but late in the experiment, and thus

might simply not have had enough time to rise to high

frequency. Third, the fitness effect of alleles might

be determined by epistatic interactions with other

mutations elsewhere in the genome (Elena & Lenski,

1997, 2001; Morgan & Feldman, 2001). Eventually

genotypes with such alleles might rise to high frequency,

but at time scales much longer than those of our

experiment, because multiple mutations might have to

occur before any one epistatic combination with strong

benefits arises. Finally, and perhaps most importantly,

there could be clonal interference between multiple

beneficial polymorphisms in the population, and this

might prevent any particular polymorphism from rising to

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

Similar to our analysis on SNPs, our analysis on copy

number variations, both based on PFGE and next

generation sequencing, did not reveal any large-scale

copy number changes shared across strains. However, we

observed ploidy increases in all the evolved lines, and this

could be the reason behind the increase in cell size of

these lines.

Evidence from plants suggests that an increase in

ploidy and the resultant increase in cell size can be

advantageous under salt-stressed conditions. For exam-

ple, within a species, plants with higher ploidy can cope

with salt stress better than plants with lower ploidy

(Saleh et al., 2008). Polyploid plants have higher water

content and lower osmotic pressure than diploid plant

(Noggle, 1946). Their increased water content is because

of a decrease in the surface-to-volume ratio of cells

(Stebbins, 1950). In addition, any water content decrease

because of high salinity is smaller in polyploid plants

than that in diploid plants (Tal & Gardi, 1976). Gerstein

et al. (2006) observed that initially haploid yeast lines

increased genome size significantly faster under salt

stress than in unstressed conditions, suggesting an

advantage for higher ploidy or increased cell size also

in yeast.

Changes in ploidy could help yeast cells adapt faster

physiologically, for example by affecting expression of

genes important for salt stress tolerance. Could all the

changes in gene expression that we observed in our

experiment be caused solely by ploidy changes or by the

concomitant increase in cell size? To find out, we

compared the set of genes that changed expression in

our evolved lines with the set of genes that are known

to change expression after cell size increases (Wu et al.,

2010) and ploidy changes (Galitski et al., 1999). Remark-

ably, only three genes that evolve changed expression in

our experiment (of 144 differentially expressed genes in

our dataset) are among the genes affected by cell size

increase or ploidy changes. Two of these genes showed

increased basal expression in our experiment. One of

them, YIL169C, was also observed to be induced with

increase in cell size (Wu et al., 2010). The other gene,

COS8, was observed to change expression with a change

in ploidy level (Galitski et al., 1999). The third gene,

YLR042C, showed a basal decrease in expression in our

evolved lines. It was also observed to be repressed in cells

with increased size (Wu et al., 2010).

Overall, the vast majority of changes that we observe

in gene expression cannot be caused by changed ploidy

or cell size. Because our whole genome sequencing

analysis revealed no small genetic changes of strong

phenotypic effects, the gene expression changes we

observe could be caused by multiple genetic changes of

modest individual effects. Some of these changes might

affect a gene’s expression in cis, others in trans, for

example through changes in the amino acid sequence of

transcriptional regulators (Wittkopp et al., 2004; Emerson

& Li, 2010). In addition, some expression changes may

be caused by epigenetic change (e.g. changes in DNA

methylation) or alterations in cellular memory (Turner,

2002; Ringrose & Paro, 2004; Zhang et al., 2005; Zachar-

ioudakis et al., 2007).

We found several genes with modest changes in

expression level in our evolved lines, and no gene with

very strong expression change. Our observations stand in

contrast to the only laboratory evolution study we know

of that investigated evolutionary adaptation to a stressor.

The study asked how E. coli cells adapt to heat stress. It

observed very high level of evolutionary expression

change in two proteins, GroEL and GroES, which are

known as heat-shock genes (Rudolph et al., 2010). The

reason for this difference to our work is probably that

adaptation to salt stress requires several molecular

functions simultaneously, namely ionic detoxification to

achieve ionic equilibrium, maintaining cellular water

activity and osmolyte synthesis. Each of the evolutionarily
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altered genes in our experiment may perform or control

some of these functions and thus, may have only a

modest individual fitness contribution when differentially

expressed. In addition, gene interactions (Phillips, 2008;

He et al., 2010) could also contribute to a fitness increase.

This scenario resembles recent observations in genome-

wide association studies (GWAS) for complex human

traits and diseases, where researchers have observed

many genetic variants with modest individual effects on

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

et al., 2008; Visscher, 2008; Zeggini et al., 2008; Hindorff

et al., 2009; Manolio et al., 2009; Visscher & Montgomery,

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

In sum, adaptation to salt stress is associated with gene

expression changes, and with a DNA content increase in

all three evolved lines. It is also associated with one high-

frequency mutation in one of the evolved lines, and with

one chromosomal rearrangement in another. Previous

studies suggest that the DNA content increase we observe

might facilitate evolutionary adaptation to high salt.

However, it is not sufficient to explain the expression

changes in 144 genes that our evolved lines show. These

expression changes may be caused by multiple genetic

changes of low frequency (that might vary among

subpopulations) or by epigenetic changes. Several of the

genes that change expression through evolutionary

adaptation are also involved in the physiological stress

response, which supports a causal role for these genes in

evolutionary adaptation to salt stress. Although the fine-

tuning of several genes helps shape the complex, poly-

genic trait we study, some of their expression changes

might also reflect cellular constraints on evolution. Future

work will allow us to disentangle these two contributors

to evolutionary adaptation in gene expression.

Methods

Strains and media

All laboratory evolution experiments started from the

same clone of haploid yeast strain BY4741, which is

referred to as the ancestral strain. The three replicate yeast

lines evolved in NaCl are referred to as lines S1, S2 and

S3. The growth rates of the evolved lines as well as the

ancestral strain were measured relative to a BY4741

strain in which the CWP2 gene was GFP-tagged (termed

as the reference strain). For serial transfers, cells were

cultured in YP and 2% galactose (YPG) and YPG

supplemented with 0.5 MM NaCl (YPGN).

Serial transfer

Six parallel serial transfer experiments were started from

one single clone of the ancestral strain. In each parallel

experiment, 50-ml yeast culture was grown at 30 �C.

Every 24 h, 50 ll of grown culture was transferred into

fresh culture medium; 30 such transfer cycles were carried

out for a total of approximately 300 generations (Each

transfer cycle involved approximately log21000 � 10 cell

generations). In three of the parallel experiments, the

culture medium was YPG, whereas in the other three

parallel experiments, the medium was YPGN.

Viability assays

To estimate cell viabilities, cultures of growing yeast cells

were sampled after 16 h (during exponential growth

phase), as well as after 24 h (during stationary phase),

diluted and plated. The plates were incubated at 30 �C
for 5 days, and the number of colonies was counted. The

relative viabilities of both the ancestral strain and the

evolved lines were estimated from the ratio of colonies

forming on agar plates containing YPG+ 0.5 MM NaCl to

that of plates containing only YPG. All the measurements

were carried out in three biological replicates.

Competition assays

To compare growth rates of the evolved lines with that of

the ancestral strain, competition assays were carried out

in triplicates using fluorescence activated cell sorting

(FACS). Cells from frozen glycerol stocks were grown

overnight in 4 ml of YPD medium (30 �C, 220 rpm) until

late logarithmic phase (< 1.5 · 108 cells ml)1). For the

competition assay, approximately equal cell numbers of

the reference strain and of the competing strain were

mixed and grown for 24 h at 30 �C. The relative cell

numbers at the beginning and at the end of the

competition experiment were determined using FACS

(Appendix S2), and growth rate differences were esti-

mated as described in Appendix S2. For calculation of

fitness, it was taken into consideration that the cell

numbers at the beginning of the assay may have

differed between the reference strain and the competing

strain.

Whole genome transcriptome analysis

The mRNA expression levels in the ancestral strain and in

the evolved lines were analysed using a GeneChip Yeast

Genome 2.0 Array (Affymetrix). Equal number of cells

from the ancestral strain and the evolved lines were

grown in YPG medium for 16 h. The cells were then

either induced with 0.5 MM NaCl or grown uninduced for

20 further minutes. The microarray analysis was carried

out for two replicates each for the ancestral strain in YPG

and YPGN (4 in total) and for four replicate population

samples (one for S1, two for S2 and one for S3) each in

YPG and YPGN for the S lines (8 in total). ‘Shared’ genes,

genes that respond to NaCl in a similar manner between

the ancestral strain and the evolved lines, with significant

up-regulation or down-regulation were identified using

a t-test at P = 0.05, false discovery rate (FDR) < 10% and

|log2 (fold change)| ‡ 1.
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Genes with changes in basal expression or change in

regulation were identified based on two Z-scores, Zr and

Zb (see Appendix S2). Genes whose absolute Z-scores

exceeded a value of 1.5 were considered to be differentially

expressed. The differentially expressed genes were then

grouped into different classes using the CYGD functional

classification for yeast genes (Güldener et al., 2005).

Whole genome sequencing and SNP identification

The ancestral strain, as well as population samples of the

NaCl evolved lines at generation 300, was sequenced

at approximately 10· coverage using next generation

pyrosequencing (Margulies et al., 2005) (genome

sequencer FLX LR system, Roche). The line S3 was

further sequenced to a total of approximately 50·
coverage. Candidate SNPs and indels were identified

using blastn (Altschul et al., 1990) followed by MUSCLE

(Edgar, 2004) based on the criteria described in Appen-

dix S2. PCR sequencing was done to confirm candidate

SNPs and indels.

Pulsed field gel electrophoresis

To identify large-scale chromosomal rearrangements,

two clones from each of the evolved lines (S1, S2 and

S3) and the ancestral strain were analysed by PFGE.

Agarose plugs were prepared with the CHEF Yeast

Genomic DNA Plug Kit (Bio-Rad, Reinach, Switzerland)

according to the manufacturer’s protocol. For restriction

enzyme digestion, agarose plugs were incubated with

NotI restriction enzyme for 16 h at 37 �C mixture in an

appropriate restriction buffer. The digested or undigested

plugs were then loaded into the wells of 1% agarose gels.

Electrophoresis was carried out in a CHEF-DRIII system

(Bio-Rad). The gels were stained using ethidium bromide

(EtBr) and photographed.

Gene amplification and deletions from next
generation sequencing data

In addition to identifying very short indels within

individual reads, larger gene duplications and deletions

in the evolved lines, compared with the ancestral strain,

were identified using read coverage information from the

sequencing data. Furthermore, DNA breakpoint analysis

was performed to confirm those candidate copy number

changes.

Ploidy determination of the evolved lines

To estimate the ploidy level of the evolved lines in

comparison with the ancestral strain, the ancestral strain

and population samples of the evolved lines were grown

for 24 h at 30 �C. Genomic DNA was isolated from a

defined number of cells following the protocol described

in Sambrook & Russell, 2001 (Chapter 6).

Cell size measurement

Population samples of ancestral and evolved cells were

grown in YPG medium up to mid-log phase. The cell

density was adjusted to be the same for all the samples

(approximately 1 · 107 cells ml)1). Twenty microlitres of

cells were then loaded onto disposable counting cham-

bers, and the cell sizes were measured using a Cellometer

M10 (Nexcelom Bioscience, Lawrence, MA, USA), fol-

lowing the manufacturer’s protocol.
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