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Supplementary Methods 

Expression Divergence 
Datasets of yeast expression divergence were taken from seven independent studies. Six of these 
studies were previously published [1–6]. Another study examined the response of three yeast 
species (S. cerevisiae, S. paradoxus and S. mikatae) to mating pheromone and is now under review 
[7]. Three of these studies defined a continuous measure for expression divergence [1,3,5]; we 
normalized these datasets by subtracting their means and dividing by their standard deviations. 
Another study defined a set of conserved and a set of divergent genes [7]; divergent and conserved 
genes were given expression divergence values of 1 and -1, respectively. Finally, the three 
remaining studies defined only a set of divergent genes [2,4,6]; these genes were given expression 
divergence values of 1 and the remaining genes were given negative expression divergence values 
which were chosen such that the average of each dataset is zero. The combined measure of 
expression divergence was generated by averaging these seven datasets over all genes that had a 
value in at least 5 datasets. 

These seven datasets employed S. cerevisiae microarrays to measure expression of different 
strains of S. cerevisiae or different Saccharomyces species. However, we note that lower 
hybridization due to sequence mismatches could not account for our observations: in the four 
datasets that examined expression levels, lower hybridization signals would lead to higher 
expression divergence of genes with more coding-sequence changes, and thus artificially inflate the 
correlation between coding-sequence and expression divergence. The other three studies examined 
expression ratios, and therefore lower hybridization should not influence their results of 
hybridization ratios. 

Expression divergence of other organisms included bacteria [8], flies [9], human versus 
chimpanzee [10] and human versus mouse [11]; these datasets were processed as previously 
described [3,8]. 

Sequence Divergence 
To compare expression divergence with coding-sequence divergence, we used the rate of non-
synonymous substitutions (Ka) as a measure of sequence divergence. Ka values are frequently 
normalized by the rate of synonymous substitutions (Ks) to get an estimation of the strength of 
purifying selection. However, the expression divergence data reflects total divergence and cannot 
be normalized in such a way, and thus we reasoned that the unnormalized Ka values are more 
appropriate in this analysis. Yet, replacing the Ka values with normalized Ka/Ks ratios gives 
similar results (see below). 

Ka values were taken from Wall et al. [12] which compared 4 yeast species; To obtain 
approximately normal distribution the data was log2 transformed [12], mean subtracted and std 
normalized. To verify that our results do not depend on the exact method for determining coding-
sequence divergence we considered both Ka and Ka/Ks as defined by: 

(i) Wall et al. [12] which used multiple alignments of S. cerevisiae, S. paradoxus, S. mikatae and 
S. bayanus,  

(ii) Kellis et al. [13] which used pairwise alignments of S. cerevisiae with either one of the three 
other species (three different datasets). 

(iii) We performed a similar analysis of the four yeast species using PAML codonml with the 
global clock assumption. 



None of these measures had a significant positive correlation with any of the expression 
divergence datasets. 

We also examined the sequence divergence between two strains of S. cerevisiae (S288c and 
YJM789) [14]. Coding-sequence divergence (1-%identity in amino acid sequence), was not 
significantly positively correlated with any of the datasets of expression divergence. 

Coding-sequence divergence (Ka) of human-chimp was taken from ref. 10 and human-mouse 
from the Ensembl database (http://www.ensembl.org/). Ka for fly species and bacteria were 
calculated by the maximum-likelihood PAML codonml with the global clock assumption. Flies: we 
compared the three Drosophila species D. melanogaster, D. simulans and D. yakuba. Sequences 
were taken from FlyBase (http://flybase.bio.indiana.edu/) and from the geneID predictions [15] 
(http://genome.imim.es/genepredictions/index.html). Bacteria: we compared Escherichia coli K12, 
Shigella sonnei and Shigella flexneril, taken from (ftp://ftp.ncbi.nlm.nih.gov/genomes/Bacteria/) 
using the tree topology (E. coli, (S. sonnei, S. flexneri)). In each case, orthologs were found by 
reciprocal blastp [16] best matches and aligned with clustalw. To avoid alignment mistakes we 
excluded all alignments with high percentage of gaps (>10%). 

Additional genetic properties 
We examined the Pearson correlations of coding-sequence and expression divergence with eight 
genetic properties. Only genes with values of both sequence and expression divergence (combined 
dataset) were used. To approximate normal distribution, skewed properties were log-transformed 

( )(log' 2 kxx += ), where k was chosen to maximize the correlation with a linear fit at a normal 

probability plot. To control for the dependency among these properties we also used partial 
correlations, in which the correlation between sequence or expression divergence and a single 
property is examined while all seven other properties are controlled for, and multiple regression 
analysis that simultaneously estimates the influence of all factors (Fig. S1). Using the partial 
correlations and multiple regression analysis, we also examined the correlation between coding-
sequence and expression divergence after controlling for specific factors (TATA or essentiality) or 
all factors combined. In all cases, coding-sequence and expression divergence were either not 
correlated or significantly negatively correlated. 

Ks 
We used the adjusted Ks from Wall et al., which is normalized to eliminate the effect of codon usage 
on synonymous substitution rate [12]. 

Essentiality 
Essentiality was defined as one minus the minimal deletion mutant's growth rate among five 
growth media [17]; essential genes [12] were given an essentiality value of one. Growth rates of 
heterozygote deletion strains were taken from Deutschbauer et al. [18]. The 500 non-essential 
genes with lowest growth rates were compared to all other non-essential genes. 

Protein---protein interactions 
Comprehensive datasets of interactions from multiple sources were taken from Yu et al. [19]. and 
von Mering et al. [20]. Both datasets give highly significant correlations with coding-sequence 
divergence (r<-0.2 and p<10−30 in both cases) but lower and more variable correlations with 
expression divergence (r=-0.15,-0.05 for Yu et al. and von Mering et al., respectively). The 
correlations with expression divergence were further reduced in the multiple regression analysis 
and were no longer significant (Fig. S1). We combine the two datasets by averaging them and 
present the results for the combined dataset in Figure 1 and Figure S1. 

Protein abundance 
Protein abundance was taken from Ghaemmaghami et al. [21]. Similar results were obtained with 
either mRNA abundance [22] or Codon Adaptation Index (CAI) [23]. 

Promoter elements 
TATA-boxes were defined as in ref. 3; TATA-containing and TATA-less genes were given values of 1 
and -1, respectively. Cis-target size was defined by the number of transcription factor binding sites 
from Harbison et al. [24] (dataset of p<0.001 and no conservation criteria). 

Trans-target size 
Following Landry et al. [5] we defined Trans-target size as the number of deletion mutants in 
which a gene is significantly (p<0.05) regulated [25]. 

Functional sites 
The number of PROSITE [26] annotations of each yeast gene. 



Unicellular versus multicellular organisms 
We found several differences between divergence in unicellular and multicellular organisms. First, 
coding-sequence and expression divergence were found to be positively correlated in several studies 
of multicellular organisms [10, 27–32], although others found no significant correlations [27, 33, 
34]. Second, while TATA box is positively correlated only with expression divergence in yeast, it is 
also positively correlated with coding-sequence divergence in multicellular organisms: we compared 
the coding-sequence divergence datasets of human-mouse and Drosophila species, as described 
above, with predictions of TATA-containing genes [3]; TATA-containing genes had significantly 
higher sequence divergence than TATA-less genes in both cases (p<10−7). Third, while essentiality 
is correlated both with coding-sequence divergence and expression divergence in yeast, it is only 
significantly correlated with coding-sequence divergence in mammals: we estimated essentiality of 
mouse genes as described in Liao et al. [30] and compared the human-mouse divergence of essential 
and non-essential genes. Only coding-sequence divergence was significantly associated with 
essentiality (p<0.05). 

These discrepancies may indicate that it is difficult to estimate expression divergence in 
multicellular organisms due to the diversity of cell types, each having unique expression patterns. 
Alternatively, this diversity of cell types may lead to genuine differences between the evolution of 
unicellular and multicellular organisms that are reflected by these differential associations. The 
evolutionary forces acting on each gene depend on the tissues in which that gene is active [10, 35]. 
Each tissue may impose different evolutionary constraints and these may similarly influence the 
rates of coding-sequence and gene expression divergence, thus leading to a positive correlation. 
This effect could also possibly account for the differential associations with TATA and essentiality: 
(i) TATA-containing genes tend to be tissue-specific and could thus be subjected to weaker negative 
selection and diverge faster. (ii) Essentiality could constrain the expression of a gene only in the 
tissue in which it is important and this could be overlooked when examining few cell-types. 
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Supplementary Tables 
Table S1. Correlation between essentiality and different 

datasets of expression divergence

P-value Correlation
a Dataset 

0 -0.1419 ED1 
0.03 -0.087 ED2 

9*10−12 -0.10162 ED3 
0.0003 -0.04566 ED4 
2*10−6 -0.06051 ED5 
8*10−7 -0.06245 ED6 
0.11 -0.02184 ED7 (MAb) 

2*10−25 -0.1467 Combined ED 
a – the correlation of essentiality with sequence divergence (Ka) is -0.25 
b - Mutation Accumulation 

 

Table S2. Correlation between sequence and expression divergence in 

additional organisms (see Supplementary Methods for details)

Correlation  Organisms 
-0.054 Bacteria (E.coli – Shigella) 
0.14 Flies (D. melanogaster – D. simulans) 
0.23 Mammals (human – mouse) 
0.087 Mammals (human – chimp) 

Supplementary Figures 
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Figure S1. Partial correlation and multiple regression analysis of genetic properties influencing coding-sequence and gene expression 
divergence. The effects of 8 genetic properties on coding-sequence divergence (blue) or expression divergence (green; combined 
dataset) were estimated by partial correlations (each property was controlled for the effects of all other properties) or multiple linear 
regression of all 8 properties. 


