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Introduction

The budding yeast Saccharomyces cerevisiae is probably

the best-studied eukaryotic organism. Since it was first

introduced in fermentation, yeast strains have been

evolving under different ecological niches (Querol et al.,

2003). Directed evolution experiments demonstrate that

yeast strains can quickly adapt to specific environmental

conditions. For example, after 450 generations of glu-

cose-limited growth, the predominant cell type in the

population could utilize glucose more efficiently (Brown

et al., 1998).

So far three S. cerevisiae strains, each with a distinct

living history, have been sequenced at the genome level.

The lab strain S288c was isolated from a rotten fig about

70 years ago, and it has long become a common lab strain

(Gu et al., 2005). The pathogenic strain YJM789 (YJM)

was isolated from an acquired immune deficiency syn-

drome patient with S. cerevisiae pneumonia in 1989, and

it is used as a model organism for fungal infections (Wei

et al., 2007). The wild strain RM11-1a (RM) was collected

from a California vineyard and introduced into the lab in

1996 (Ronald et al., 2006). The sequence divergence

between S288C and RM ⁄ YJM is �0.5–1%, similar to that

between human and chimpanzee. Thus, these yeast

strains are suitable for studying how positive selection

contributes to genetic diversity among closely related

genomes.

For a gene, adaptive changes may take place either in

the coding region or in the regulatory region. These two

types of adaptive changes have different functional

consequences: the first one modifies the amino-acid

sequence encoded in the gene, while the latter may

lead to change at the expression level. For the coding

regions, through decades of efforts, many computational

methods have been developed to detect the signal of

positive selection based on polymorphism or divergence

data (Li et al., 2008). Conventionally, positive selection

can be inferred from the ratio of nonsynonymous to

synonymous substitution rates (KN ⁄ KS), with KN ⁄ KS > 1

indicating the presence of positive selection. However,
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Abstract

Available abundant genomic data allows us to study the evolution of the yeast

genome at a fine scale. In this study, we examined the adaptive evolution of

coding and promoter regions in three Saccharomyces cerevisiae strains. First,

using a maximum-likelihood approach, we identified 76 positively selected

genes (PSG) whose coding regions likely have undergone positive selection in

the recent past. These genes show significant bias in terms of biological

function and they show over-representation of charged amino acids at

positively selected sites. Next, using recent data on yeast transcription-start

sites to define core-promoter regions, we identified 31 positively selected

promoters, and their corresponding genes are significantly enriched in

transmembrane transporter function. We found PSG show no correlation

with promoter adaption or expression variation, suggesting that positive

selection on coding regions and positive selection on promoter regions are not

coupled. Together, our study provides insights into the evolution of S. cerevisiae

strains from different environments.
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this criterion is often too strict to detect positive selection,

because positive selection may operate on a small

fraction of sites. Recently, the maximum-likelihood

methods for detecting individual positively selected sites

have been shown to be more powerful (Wong et al.,

2004; Zhang et al., 2005). With these approaches, posi-

tively selected genes (PSG) have been identified in

primates (Clark et al., 2003; Bakewell et al., 2007),

Drosophila species (Eyre-Walker, 2006) and different

strains of Escherichia coli (Petersen et al., 2007).

Since the 1970s, evolution of noncoding regulatory

regions has attracted wide interests. Recently, several

studies have been carried out to detect positive selection

on noncoding regions at the genome level (Pollard et al.,

2006; Prabhakar et al., 2006; Haygood et al., 2007; Liang

et al., 2008). For example, Prabhakar et al. (2006) found

an excess of human-specific substitutions in conserved

noncoding sequences near neuronal genes. In yeast,

the contribution of positive selection on noncoding

regulatory sequences to genetic diversity remains poorly

studied.

In this study, we used computational approaches to

identify genes subjected to positive selection on coding

or on promoter regions in the above three strains of

S. cerevisiae. First, using a recently developed branch-

site-likelihood approach, we found that yeast genes with

positively selected coding regions show significant bias

in terms of biological function. Next, with the available

transcription-start-site (TSS) data of the S. cerevisiae

genome (Nagalakshmi et al., 2008), we focused on core

promoters and detected cases of adaptive evolution.

Finally, integrating the above results, we showed that

positive selection at core promoters and positive selection

at coding regions are not coupled in the evolution of the

three yeast strains.

Materials and methods

Constructing orthologous gene sets

The genome sequences of S. cerevisiae (S288c and RM11-

1a), S. mikatae and S. paradoxus were downloaded from

the Broad Institute (Kellis et al., 2003), and the genome

of YJM789 was from the Stanford Genome Technology

Center (Wei et al., 2007). All open-reading frame (ORF)

sequences were translated into amino-acid sequences,

and the ORF with unknown amino acids or stop codons

were discarded. The orthologous gene sets among S288c,

YJM, S. mikatae and S. paradoxus were obtained by the

synteny-based orthology designation (Kellis et al., 2003;

Wei et al., 2007). The one-to-one orthologous pairs

between S288c and RM were identified by the best-

reciprocal hit approach, with an E-value cutoff of 10)6,

a sequence identity ‡ 40% and ‡ 75% alignable residues

(Li et al., 2009). Finally, we obtained �3300 unambigu-

ously defined orthologous gene sets among the five

Saccharomyces genomes.

Orthologous proteins were aligned by CLUSTALWCLUSTALW

(Larkin et al., 2007) with the default parameter settings,

and the aligned amino-acid sequences were then

reversely translated into nucleotide sequences for further

analysis.

We reconstructed S. cerevisiae and S. paradoxus ancestral

sequence by codeml with the S. cerevisiae sequence to

determine the pattern of substitutions along the S. cerevisiae

lineage (Berglund et al., 2009). Weak base pairs (W) are

A or T base pairs, and strong base pairs (S) are G or C

base pairs. We defined the W fi S bias of a gene as

follows: W fi S bias = number of W fi S ⁄ (number of

W fi S + number of S fi W).

Detecting positive selection on coding regions

To detect positive selection on protein-coding genes, we

used a branch-site test implemented in the PAMLPAML program

(Yang, 2007), which has been shown to be more robust

than other tests (Zhang et al., 2005). The branch-site

models permit the x ratio to vary both among codon sites

and among lineages. In the test, positive selection in the

‘foreground’ lineage of interest is allowed, and the

‘background’ lineages are assumed to evolve without

positive selection. We assessed positive selection in two

types of phylogeny (Fig. 1a,b). The first one included the

three S. cerevisiae strains and S. paradoxus, where each

strain lineage was designated as the foreground branch

and the others as background branches respectively. The

input phylogeny was constructed by the neighbour-

joining method based on the concatenated nucleotide

sequences of �3300 orthologous genes (Rokas et al.,

2003), which is consistent with the phylogenetic rela-

tionships reported in previous studies (Gu et al., 2005;

Ronald et al., 2006). In the second analysis, each

S. cerevisiae strain was independently used as the

(a)

(b)

(c)

Fig. 1 The positively selected genes (PSG) in three Saccharomyces

cerevisiae strains by the branch-site likelihood ratio method. (a) The

numbers of PSG were identified in the phylogeny including the

three S. cerevisiae strains and S. paradoxus (out group), as shown in

circle. (b) The numbers of PSG were identified in the phylogeny

where each S. cerevisiae strain was independently compared with

S. paradoxus and S. mikatae, as shown in bracket. (c) The overlaps

between two PSG sets identified.
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foreground branch with S. paradoxus and S. mikatae as the

background branches. The first analysis was sensitive for

positive selection in the recent history of S. cerevisiae

strains, while the second analysis can also detect adaptive

evolution since the divergence of Saccharomyces species

from the other two yeast species. PSG were identified by

comparing the alternative model (model = 2, NSsites = 2,

fix_omega = 0) with the null model (model = 2,

NSsites = 2, fix_omega = 1, omega = 1). Each analysis

was carried out several times with different initial values

to ensure the global maximum value.

Considering the multiple-testing effect, P = 0.001 or

0.0005 was chosen as a cutoff, corresponding to a false

discovery rate (FDR) of 20% for the two analyses

respectively. For each PSG set, amino-acid residues with

a posterior probability of >95% were identified as

positively selected sites. The frequencies of positively

selected amino acids were compared with the back-

ground amino-acid composition (the amino-acid com-

position of all proteins) in our dataset by the binomial

tests.

Constructing the core-promoter alignments

The TSS coordinates in the S. cerevisiae (S288c) genome

was obtained from Nagalakshmi et al. (2008). As tran-

scription factor binding sites are mainly located at )240

and + 60 bp of TSS (Venters & Pugh, 2009), we extracted

)240 bp upstream and + 60 bp downstream of the TSS

and defined the �300 bp as the core-promoter region

(the regions overlapping with any known coding regions

were excluded). The core-promoter sequences of YJM

and RM strains were obtained by the BLAT search (Kent,

2002), and were confirmed with the location relative to

their coding genes. The core-promoter sequences of

S. paradoxus were directly extracted from the UCSC

multiple genome alignments (http://hgdownload.cse.

ucsc.edu/). Gaps were removed from these alignments.

Together, there were 4257 core promoters in our

analysis.

Detecting positive selection on core promoters

To choose a good local neutral reference for core-

promoter regions, we compared the divergence rates

(%) of pseudogenes, introns and four-fold degenerate

sites between S. cerevisiae (S288c) and S. paradoxus; the

divergence rate was defined as the percentage of non-

conserved nucleotides between the two species. Pseudo-

gene annotations were downloaded from http://www.

pseudogene.org (Karro et al., 2007), and introns were

extracted from Zhang et al. (2007). Four-fold degenerate

sites were parsed from the coding-region alignments, and

only genes with more than 20 sites were included in our

analysis. We found that among the above regions, four-

fold degenerate sites evolved at the highest rate

(Table 3). So we used them as the (near) neutral control.

To infer positive selection on core promoters in

S. cerevisiae, core promoters in each strain were com-

pared with the orthologous sequences in S. paradoxus.

A core promoter was inferred as potentially under

positive selection, if (i) its substitution rate (Kp) was

higher than the average substitution rate of four-fold

degenerate sites (K4) in the whole dataset and (ii) it

evolved significantly faster than the four-fold sites in

the same gene, based on Fisher’s exact test (one-tailed)

on the proportions of conserved sites in the two types

of regions. At FDR = 20%, P < 0.005 was chosen as a

cutoff.

In the above method, as the substitution rate is the

average between S. cerevisiae and S. paradoxus, the

detected signals mainly reflect the evolution before

the divergence of S. cerevisiae strains. To detect positively

selected promoters among the strains, we used the

phylogeny in Fig. 1a and baseml in PAMLPAML to calculate

the substitution rates of core promoters (Kp) and four-

fold degenerate sites (K4) with the REV model in the

three stains respectively (Yang, 2007). Then we used

the substitution rate ratio (Kp ⁄ K4) as a rough index to

classify core promoters that potentially underwent

positive selection.

Functional analysis of positively selected genes

The gene ontology (GO) annotation of yeast genes was

extracted from the SGD database (Hong et al., 2008); and

the GO term analysis was carried out by BiNGO (Maere

et al., 2005). Overrepresented GO terms for PSG were

identified at FDR = 20%.

Fitness data of single-gene deletion in S288c were

obtained from Gu et al. (2003). The relationship between

PSG in S288c and essential genes was evaluated by

Fisher’s exact test.

The expression data of strains S288c and RM were

obtained from Brem et al. (2002), and genes with

differential expression were defined by a given P-value

of Wilcoxon–Mann–Whitney test. At various P-value

cutoffs, whether PSG showed differential expression was

tested by the chi-squared test. The expression level of

PSG was also compared with non-PSG by the Wilcoxon–

Mann–Whitney test, in terms of both average and

maximal values. All the statistical analyses were per-

formed in RR (http://www.r-project.org).

Results

Positive selection on coding regions
in Saccharomyces cerevisiae

Using the branch-site-likelihood approach, we identified

72 and 24 genes whose coding regions have potentially

undergone adaptive evolution through comparative

analysis among strains or among species respectively

(P = 0.001 or 0.0005, FDR = 20%). As shown in
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Fig. 1a,b, there are 42 PSG in S288c, 21 in RM and nine

in YJM through the strain-based comparison; and there

are 16 PSG in S288c, 6 in RM and 7 in YJM through the

species-based comparison (Table S1). For analysis based

on species comparison, two genes (YIR390W-A and

YPR124) were identified as PSG in all three strains.

Remarkably, these two PSG sets overlap extensively:

more than 80% of PSG in the species-based comparison

are also included in the strain-based set (Fig. 1c), high-

lighting the robustness of our approach. Therefore, we

combined these two PSG sets in the subsequent analyses.

Moreover, our results clearly show that there are more

PSG in the S288c lineage than in the RM and YJM

lineages (Fig. 1).

In the analysis, we used the tree of genome-wide

alignments as the underlying phylogeny for positive

selection inference. Thus, recombination among the

strains may inflate false positives (Anisimova et al.,

2003). We obtained the same results for these PSG when

individual gene trees were employed, indicating that

intragenic recombination did not significantly influence

our results. Moreover, the accelerated evolution may be

caused by nucleotide substitution bias other than positive

selection in human (Berglund et al., 2009). In our yeast

analysis, we found that the evolution of PSG is not

affected by nucleotide substitution bias. As shown in

Table 1, the evolutionary rate of PSG is significantly

greater than non-PSG, but the weak (AT) to strong (GC)

bias is similar in four gene categories.

Functional bias of genes with positively selected
coding regions

To characterize the biological relevance of PSG, we

performed the GO term analysis on PSG relative to the

whole gene set we used. As shown in Table 2, PSG are

significantly enriched in some categories: cell wall and

membrane are over-represented in cellular component;

metal ion transport in biological process; and transmem-

brane transporter activity in molecular function.

With fitness data of single-gene deletion in S288c, we

found that positive selection tends to operate on nones-

sential genes. However, the proportion of essential genes

among PSG is not significantly lower than that in non-

PSG (0.15 vs. 0.21, P = 0.23, Fisher’s exact test).

In addition, through analysing the amino-acid distri-

bution at the positively selected sites, we found that

charged amino acids are highly over-represented, espe-

cially for Glu (binomial test, P = 3 · 10)10). Consistently,

hydrophobic amino acids, such as Tyr and Leu, are

significantly under-represented at positively selected sites

(binomial test, P < 0.001; Table S2).

To test whether PSG are associated with expression

variation, we incorporated the expression data of strains

Table 1 Patterns of nucleotide substitution

in genes on the Saccharomyce cerevisiae

(S288c) lineage.
Category

No.

genes

Average

length (bp)

No. substitutions

(per gene) S fi W W fi S

W fi S

bias* KN ⁄ KS*

PSG 61 1437 113 51 48 0.468 0.119

Non-PSG 2704 1147 73 33 31 0.476 0.087

Non-PSG (fastest�) 100 861 66.5 28 27.5 0.492 0.372

Non-PSG (slowest�) 100 546 22 9 10 0.5 0.0001

*The statistical difference between positively selected gene (PSG) and non-PSG determined by

Wilcox rank sum test: P < 0.0018 (KN ⁄ KS), P = 0.424 (W fi S bias).

�The fastest and slowest in terms of evolutionary ratio (KN ⁄ KS); ‘Weak’ (W) designates A or T

base pairs, and ‘Strong’ (S) designates G or C base pairs.

Table 2 Functional bias of positively

selected genes identified in the coding

regions and promoter regions respectively.

GO term Categories No. genes� No. PSG� P-value*

Coding regions

Cell wall Cellular component 37 6 0.0002

Metal ion transport Biological process 26 4 0.0037

Metal ion transmembrane

transporter activity

Molecular function 13 3 0.004

Cellular bud membrane Cellular component 4 2 0.0042

Promoter regions

Transmembrane transporter activity Biological process 7 5 0.0071

The gene ontology (GO) term categories are separated by coding and promoter regions and

ranked according to the P-values.

*The raw P-values are shown, calculated by the binomial test in BiNGO. Significantly

overrepresented GO terms were identified at a false discovery rate = 20%.

�For coding region, the total number of genes is 3222 and the total number of PSG is 75; and

for promoter region, the total number of genes is 122 and the total number of PSG is 31.
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S288c and RM. At various cutoffs of defining genes with

differential expression, we found no correlation between

PSG and gene expression differentiation (37 of 76 PSG

are differentially expressed in S288c ⁄ RM). Moreover,

PSG do not show higher expression levels than non-PSG.

Positive selection on core promoters
in Saccharomyces cerevisiae

Unlike coding regions, where all the sites can be classified

into synonymous and nonsynonymous for comparison, a

key factor for accurately inferring positive selection in

noncoding regions is to employ good local neutral

regions as a reference. For this purpose, we compared

the divergence rates of pseudogenes, introns and four-

fold degenerate sites. As shown in Table 3, the diver-

gence rate of four-fold degenerate sites is substantially

higher than that of pseudogenes or introns. Thus, we

chose four-fold sites as the neutral control.

To identify positively selected promoters, we first

required Kp to be higher than the average K4 in the

whole dataset, thus reducing false positives because of

functional constraints at four-fold degenerate sites

(Fig. 2a). We then required that the promoter should

evolve significantly faster than the four-fold sites in the

same gene (Table 3). As shown in Fig. 2b, we observed

many more genes with a fast evolving promoter (with

very low P-values) than random expectation. At FDR =

20% and P < 0.005, we identified 31 promoters as

positively selected. For these promoters, the GO term

analysis showed that their corresponding genes are

significantly enriched in transmembrane transporter

function, which is similar to the functional bias of

coding-region PSG. We also found that these genes show

no statistically significant difference from the other genes

in the genome in terms of both fitness effect and gene

expression.

Relationships between the evolution of promoter
and coding regions

Integrating genes with positively selected coding regions

and core promoters, we found no significant overlap

between the two gene sets and only one gene YJR030C is

shared by both gene sets. Because the positively selected

core promoters we identified mainly capture the adaptive

signal since the divergence of the S. cerevisiae species, as a

complementary test, we also calculated Kp in each

S. cerevisiae strain after diverging from the common

ancestor of the three strains. Using the four-fold degen-

erate sites in the corresponding coding regions as a nearly

neutral control, we classified genes into two groups

(Kp > K4 and Kp £ K4) and test if genes in the first group

are more likely to undergo adaptive evolution at their

coding regions. Again, we found no difference in the

two groups in terms of the proportion of coding-region

PSG.

Meanwhile, we found that the proportion of Kp > K4

in the lab strain S288c is substantially higher than those

in YJM and RM (Table 4), suggesting that positive

selection at the regulatory sequences has been more

prevailing in the S288c lineage. This finding parallels the

trend observed for adaption at the coding regions.

Discussion

In this study, we focused on detecting positive selection

in three S. cerevisiae strains from distinct ecological niches.

Using a branch-site likelihood approach, we first identi-

fied yeast genes whose coding regions may contain

Table 3 Summary statistic of evolutionary rate analysis.

DNA type No. genes Median D* Mean D (SD)

Pseudogenes 133 0.267 0.273 (0.0124)

Introns 262 0.231 0.224 (0.0041)

Four-fold degenerate sites 3262 0.286 0.289 (0.0011)

Core promoters 4452 0.163 0.17 (0.0063)

*D, divergence rate between Saccharomyce cerevisiae (S288c) and

S. paradoxus.

(a)

(b)

Four-fold sites
Promoter

Fig. 2 The positively selected core promoters inferred based on the

comparison of Saccharomyces cerevisiae and S. paradoxus. (a) The

distributions of Kp and K4. The mean K4 is indicated as a vertical

line. Only 122 core promoters with Kp greater than mean K4 are

included in the next step. (b) The observed distribution of the core

promoters that evolved significantly faster than neutral controls.

The light grey square represents the uniform distribution

expected from chance alone. The grey square represents

positively selected promoters identified in our study [P < 0.005,

false discovery rate (FDR) = 20%].
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adaptive changes as the divergence from the S. paradoxus

lineage. These PSG show significant functional bias. In

particular, genes related to cell wall, membrane and

transmembrane transport activity are greatly enriched.

We speculate that because the function of these genes is

more directly affected by the external environment, they

have a better chance to evolve under positive selection.

As for positively selected sites, we found that they are

different from the background amino-acid composition:

negatively charged amino acids (e.g. Glu) are greatly

over-represented; while hydrophobic amino acids (e.g.

Leu and Tyr) are under-represented. This may be

explained by the functional role of different amino acids.

Negatively charged residues tend to be functional resides

on the surface of a protein and directly facilitate the

interactions among partners (Verma et al., 2006). Hydro-

phobic amino acids are often placed within a protein

structure as supporting residues, so there are relatively

fewer chances for changes at these sites to improve the

protein function.

Utilizing the recent TSS data and a relatively strict

method, we identified 31 genes with positively selected

core promoters that are enriched in transmembrane

transporter function. Interestingly, the functional bias of

PSG in coding region and promoter region both is related

to environmental interaction (although the number of

genes involved is small). This result is consistent with the

notion that positive selection mainly occurs in response

to changes in environment. For the set of promoter PSG,

there is no significant overlap with the PSG of coding

regions. The gene YJR030C is detected both in promoter

and coding region, and its function remains unknown.

However, since it is expressed in carbon limited or

depleted chemostat culture (http://www.yeast-

genome.org), this gene may be important for yeast cells

to adapt to the carbon stress. While the number of

positively selected promoters is too small to draw a

definite conclusion, our results suggest that adaption at

promoter regions and coding regions are largely inde-

pendent in these yeast strains, which is consistent with a

previous study (Fay & Benavides, 2005). Moreover,

genes with a positively selected promoter and coding

region show no bias in terms of expression.

Finally, compared with the RM wild strain the

evolutionary rate is elevated in both promoter and

four-fold degenerate sites in the lab strain. This can

be mainly explained by relaxed selective constraint

because of the reduced effective population size in lab

strain S288c (Gu et al., 2005). Meanwhile, we found

more adaptive signals in coding regions as well as a

higher proportion of genes with Kp > K4 in S288c

strain, which also implies more adaptive changes in the

lab strain.

Through the effort of decades, significant progress has

been made about detecting the signal of adaptive evolu-

tion at the molecular level. However, the statistical

power of different methods varies greatly, and some of

the inferred candidate genes are prone to false positives

(Wong et al., 2004; Li et al., 2008). Doniger et al. (2008)

found scant evidence of positive selection in yeast by

the McDonald-Kreitman test, which may be a result of

less sensitivity for individual positively selected sites in

the method (Li et al., 2008). Furthermore, the perfor-

mance of detecting methods is affected by the sequence

quality and the number of sequences used in compara-

tive analyses. With recent advance of next-generation

sequencing techniques, many more genomes in the same

species are expected to be available soon (Doniger et al.,

2008), which would provide unprecedented opportuni-

ties to understand how adaptive molecular changes

makes an organism more fit in its own ecological con-

text. More importantly, experimental studies are greatly

needed to examine the functional consequence of

inferred adaptive changes.
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