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Supplementary data “Selection on codon bias in yeast: a transcriptional hypothesis”  

RESULTS 

Protein/mRNA ratio and codon usage 

Although the phase of gene expression at which selection on codon bias acts is still a matter of debate (1), it is 

commonly hypothesized that the correlation between mRNA level and codon bias is principally determined at the 

translation level (2,3). The translational hypothesis assumes that the more frequent the transcript is, the stronger 

the selective pressure is in favoring codons with more frequent cognate tRNAs. If the efficiency of translation is 

associated with codon usage, causing the observed correlation between mRNA level and codon bias, it should 

be reflected in an increase of the protein/mRNA ratio with the transcript level. It has been reported that the 

protein yield exhibits a weak or no correlation with the transcript level (4,5). Here, we use a high-confidence 

dataset of protein and mRNA cellular levels of 408 genes (6) to test the hypothesis that the number of protein 

copies per mRNA molecule is constant across different transcript levels: 
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where [prot] and [mRNA] are the cellular concentrations of protein and mRNA, respectively, and c is a constant. 

From the above equations, if the protein/mRNA ratio is constant for all levels of mRNA or, in other words, if the 

correlation between codon usage and tRNA abundance does not affect the efficiency of translation, log([prot]) 

should be a linear function of log([mRNA]) with a slope of 1 and an intercept of log([prot/mRNA]). 

We found that the regression line of log[prot] on log[mRNA] exhibits an intercept of 3.5914 and a slope of 

1.111333 (R
2
=0.724, p<0.00001). The plot of residuals versus fitted values is consistent with no violation of the 

assumption of linearity. The slope is greater than 1, and the linear regression analysis rejected the null 

hypothesis H0: slope ≤ 1 (p-value < 0.0006), indicating that the protein/mRNA ratio significantly rises with the 

transcript level.  

Codon bias within a gene 

It has been reported that, within a gene, codon usage bias increases along translational direction (7) and, in 

bacteria, selective forces favour codons that reduce mRNA folding around the translation start (8). In this study, 

we analyzed the weight of the contributions of different intragene regions to the whole codon bias. We compare 

the changes of the relative frequencies of codons with the level of gene expression for different intragenic 

regions. First, we divided the coding sequence of each gene into three equal parts and compared the codon 

usage of the three regions at different levels of transcription. We found that the differences in codon usage 

among the three different regions within a gene are negligible when compared with the strong intergenic 

variations (Supplementary Figure S6). This difference increases if we reduce the length of the analyzed starting 

region. However, the intragene variation of codon bias remains much weaker than intergenic differences and is 
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restricted to a limited number of codons. These results indicate that the major causes of codon bias cannot be 

found in mechanisms that act differently along the mRNA molecule. 
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Supplementary Figure S1. Z-score of the average transcript level of native codons with respect to their 

distribution in a simulation model that mimics the absence of gene-dependent codon bias. 

We simulated 5000 genomes with the codon probability at each synonymous site equal to the corresponding 

fraction in the whole genome. Z-score of the average transcription level of each real codon was calculated on 

the basis of the distributions of the average transcription level of codons in simulated sequences. The normality 

of the distributions was tested using the Shapiro-Wilk normality test and the normal probability plot. 

 

Supplementary Figure S2. Scatter plot of codon fraction in synonymous sets of lowly (closed circles) 

and highly transcribed (open circles) genes versus codon fraction in the whole genome. 
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Supplementary Figure S3. Change of synonymous codon fraction of two-fold degenerate amino acids 

with different coding sequence properties.  

Change of major and minor codon fractions with increasing CAI (Codon Adaptation Index) score, PARS (Parallel 

analysis of RNA structure) score, codon complementarity, level of mRNA, Pi (three-base periodicity index) score, 

protein/mRNA ratio, GC-content, thermodynamic stability of RNA/DNA and intrinsic nucleosome occupancy. For 

protein/mRNA ratio we used high-confidence dataset of 408 genes (see Materials and Methods). 
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Supplementary Figure S4. Scatter plot of PARS scores of codons estimated by their nucleotide 

composition versus the average PARSE-nucleotide values.  

The estimated values of PARS scores were calculated as the average values of the three nucleotides that 

compose the codon, where A=0.03, C=0.84, G=0.02 and T=0.54. The PARS-nucleotide score of a codon is the 

mean of the three values that the experimental PARS dataset associates to its location in the coding sequence.  
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Supplementary Figure S5. Change of synonymous codon fraction of two-fold degenerate amino acids 

with CDS length.  
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Supplementary Figure S6. Synonymous codon fraction change of AAC and TTG with transcription level.  

The coding sequence of genes was divided into three equal parts and the codon usage of the three regions was 

compared at different levels of transcription. TTG is the codon the shows the highest differences among the 

codon usage of the three coding regions. The transcript concentration is expressed in molecule per cell. 
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