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To gauge the complexity of gene regulation in yeast, it is essential to know how much promoter sequence is
functional. Conservation across species can be a sensitive means of detecting functional sequences, provided that the
significance of conservation can be accurately calibrated with the local neutral mutation rate. By analyzing yeast
coding and promoter sequences, we find that neutral mutation rates in yeast are uniform genome-wide, in contrast
to mammals, where neutral mutation rates vary along chromosomes. We develop an approach that uses this uniform
rate to estimate the amount of promoter sequence under purifying selection. This amount is ~30%, corresponding
to roughly 90 bp for a typical promoter. Furthermore, using a hidden Markov model, we are able to separate each
promoter into distinct high and low conservation regions. Known regulatory motifs are strongly biased toward high
conservation regions, while low conservation regions have mutation rates similar to that of the neutral background.
Certain Gene Ontology groupings of genes (e.g., Carbohydrate Metabolism) have large amounts of high
conservation sequence, suggesting complexity in their transcriptional regulation. Others (e.g., RNA Processing) have
little high conservation sequence and are likely to be simply regulated. The separation of functionally conserved

sequence from the neutral background allows us to estimate the complexity of cis-regulation on a genomic scale.

[Supplemental material is available online at www.genome.org and http:/ /genome.ucsf.edu/ YeastReg.]

The regulation of gene expression is a universal, yet complex,
process in biological systems. In the model organism Saccharo-
myces cerevisiae, several hundred transcription factors are thought
to be involved in the regulation of ~6000 genes (Gene Ontology
Consortium 2000; Dolinski et al. 2004). Much of this regulation
is mediated by transcription-factor-binding sites in promoter se-
quences, making knowledge of these sites essential for under-
standing the logic of cis-regulation. One promising approach for
detecting binding sites is phylogenetic footprinting, the identi-
fication of selectively constrained elements by their conservation
across species. For example, the genome sequences of S. cerevisiae
and several of its close relatives have been used to predict motifs
likely to describe transcription-factor-binding sites (Chiang et al.
2003; Cliften et al. 2003; Kellis et al. 2003; Pritsker et al. 2004;
Siddharthan et al. 2004; Tanay et al. 2004).

Although a number of transcription factors and binding mo-
tifs have been studied in detail, some basic parameters of tran-
scriptional regulation are not known. One important feature that
has not been characterized is the amount of functional sequence
under purifying selection in yeast promoters. This is crucial for
assessing how many transcription factors bind a typical pro-
moter, how prevalent combinatorial control is, and whether
regulation is more complex for particular gene families.

Inspection of aligned yeast promoters shows rich structure
in conservation patterns. There are blocks of highly conserved
sequence, as well as blocks with lower conservation rates. The
extent of conservation also varies from promoter to promoter.
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But do these variations in conservation reflect differences in the
complexity of cis-regulation, or simply differences in local neu-
tral mutation processes? Conservation of a sequence does not
necessarily imply functionality. Conservation may also be neu-
tral, because of lack of divergence time. Variations in conserva-
tion could be explained by regional biases in mutation rates. In
mammals, for example, mutation rates are known to vary in
blocks several megabases long (Hardison et al. 2003; Chuang and
Li 2004), but it is not known whether such regional effects are
present in yeast. To determine the amount of functionally con-
served sequence in yeast promoters, it is necessary to measure the
neutral conservation rates along the genome, as these rates pro-
vide the calibration for significance.

In the first section of this paper we determine the local neu-
tral mutation rates by measuring the degree of sequence conser-
vation across the genome, using data from silent site positions in
aligned yeast coding sequences (Kellis et al. 2003) from S. cerevi-
siae, Saccharomyces paradoxus, Saccharomyces bayanus, and Saccha-
romyces mikatae. Our results indicate that, unlike in mammals,
the neutral mutation rate is uniform across the S. cerevisiae ge-
nome. We are able to distinguish the small set of genes that
deviate from neutral expectations because of codon usage selec-
tion.

With knowledge of the neutral mutation rate, it becomes
possible to determine what parts of yeast promoters evolve neu-
trally. In the second section, we show that yeast promoters can
be separated into neutral and functionally conserved regions.
Using a hidden Markov model (HMM), we are able to distinguish
regions of high and low sequence conservation. We find that the
conservation rates in the low conservation regions are similar to
the neutral mutation rate determined from the silent sites. The
highly conserved regions, on the other hand, contain an over-
abundance of known transcription-factor-binding sites.
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We next estimate the total amount of promoter sequence
under selection in all S. cerevisiae promoters. Through an anal-
ysis of the frequencies of conserved blocks of different lengths,
we find that ~30% of sites in the promoters are under selec-
tion. This result is robust over several different species com-
parisons.

Finally, we analyze the length of sequence in high conser-
vation regions for each promoter, as this provides a rough mea-
sure of how much regulation acts on each gene. We perform a
functional analysis of the types of genes having long lengths of
high conservation regions, finding several Gene Ontology cat-
egories with unusual conservation levels.

Results

Neutral mutation rates are uniform genome-wide

An understanding of neutral mutation rates is important for cali-
brating the functional significance of sequence conservation be-
tween yeast species. To determine neutral rates of conservation,
we measured rates of conservation in genes shared among the
species S. cerevisiae, S. paradoxus, S. mikatae, and S. bayanus, using
data from fourfold degenerate base positions (see Methods). It
might be argued that fourfold sites are not appropriate for mea-
suring neutral rates, because codon usage selection affects silent
sites in some S. cerevisiae genes. However, as we show below, it is
possible to distinguish selective effects from neutral ones by ana-
lyzing the distribution of conservation rates and codon usage
bias.

Regional biases can have a strong effect on mutation rates,
as has been observed in mammals (Hardison et al. 2003; Chuang
and Li 2004). Therefore, proper accounting for such biases could
potentially be crucial for calibration of phylogenetic footprint-
ing. We tested for regional biases in the yeast genome by first
comparing S. cerevisiae to its closest sequenced relative, S. para-
doxus, which diverged from it ~5 million years ago (Myr) (Kellis
et al. 2003). We used this closest relative to minimize the possible
effects of chromosomal rearrangements, which could obscure re-
gional biases when species are further diverged.

For each gene, we measured the conservation rate as the
fraction of shared fourfold sites that are identical in S. cerevisiae
and S. paradoxus. Genome-wide, the mode conservation rate at
fourfold sites was 0.74. To properly account for finite-length ef-
fects, we mapped each rate to a normalized value r, by subtract-
ing the mode conservation rate in the genome and dividing by
the standard deviation predicted by an independent sites model
(Chuang and Li 2004) (see Methods). We used these normalized
rates to test for regional correlations, through an analysis of the
autocorrelation function (r(0)r(x)), where r(0) is the normalized
conservation rate of a gene, r(x) is the conservation rate of a gene
x base pairs downstream from the first gene, and (...) indicates an
average over all gene pairs separated by a distance x. Distances
were measured along the S. cerevisiae coordinate. Since the rates
r were normalized around r = 0, we expected (r(0)r(x)) ~ O if rates
were not correlated at a distance x (see Methods).

Overall, rate correlations between genes were weak. The au-
tocorrelation function is plotted versus the gene separation x in
Figure 1, with data points in bins of width 6000 bp. For almost all
distances out to 100 kb, the autocorrelation was not significant.
This finding contrasted strongly with the mutation patterns mea-
sured between mouse and human, in which rates are much more
strongly correlated, and at distances out to several megabases
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Figure 1. Autocorrelation in normalized conservation rates at fourfold
sites shared between S. cerevisiae and S. paradoxus. (Left) Rates are not
correlated along the S. cerevisiae genome, even for genes as close as
several thousand base pairs. The average distance between genes in our
data set is ~3000 bp. (Right) In contrast, mouse-human conservation
rates are significantly correlated along the human genome at separations
up to several megabases.

along the human coordinate (Fig. 1, right graph; Chuang and Li
2004).

We next measured the rates at which silent sites were con-
served among all four yeast species, to allow for phylogenetic
footprinting using all of the genomes. For each gene shared by all
four species, we measured the fraction of fourfold sites in which
every species has the same base. Although classifying sites based
on four-species data ignores lineage-specific effects, it has the
advantage of providing much stronger signal-to-noise than any
two-species comparison. Because of this choice of data, we gen-
erally use the term “selection” to indicate purifying selection
common to all four species. Conversely, we use “neutral” to in-
dicate the absence of such four-species selection. The four-species
conservation rates were then normalized, analogously as for the
S. cerevisiae-S. paradoxus conservation rates, using the genome-
wide mode conservation rate of 0.33. We repeated the autocor-
relation analysis using the four-species rates, and again found no
significant correlations. For completeness, we tested rate auto-
correlations in the comparisons S. cerevisiae-S. mikatae and S. cere-
visiae-S. bayanus, in each case finding no correlations.

The conclusion that mutation rates are uncorrelated along
the yeast genome was further supported by the genome-wide
distribution of normalized four-species conservation rates. A use-
ful property of normalized rates is that they should be Gaussian-
distributed with unit standard deviation, if all fourfold sites mu-
tate independently at the same rate (see Methods). The observed
rate distribution followed the characteristics expected for inde-
pendently mutating sites, as shown in Figure 2. The main part of
the data distribution (around r = 0) had the same center and the
same width as the standard Normal distribution. This general
adherence to a Normal distribution was also observed in each of
the individual comparisons S. cerevisiae-S. paradoxus, S. cerevisiae—
S. mikatae, and S. cerevisiae=S. bayanus.

Although the observed and expected four-species rate distri-
butions were largely similar, the observed distribution had a bias
toward high conservation rates. This is evidenced by the long tail
at large values of r in Figure 2. This observation suggested that a
subset of genes was biased toward high conservation by some
secondary effect. We therefore used a Bayesian demixing model
(see Supplemental material) to find the best separation of genes
into two distributions, where we assumed that fourfold sites in
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