
Changes in codon usage upon stress are not explained by changes in either amino 

acid usage or nucleotide usage 

Having established that the codon usage changes dynamically during stress we 

wished to examine whether the change in the representation of a given codon can be 

explained by a corresponding change in the representation in the transcriptome of the 

nucleotides that constitute that codon, or alternatively by a change in the 

representation of its respective amino acid in the translated transcriptome. To examine 

these two alternative hypotheses we computed the nucleotide and amino acid 

expression matrices under the same stress conditions. The “Nucleotide expression 

matrix” is a 4xN matrix whose i,j-th element indicates the extent of appearance of 

nucleotide i in the transcriptome at condition or time point j. The “Amino acid 

expression” matrix is a 20xN matrix whose i,j-th element depicts representation of 

amino acid i at the translated transcriptome  at condition or time point j. With the 

nucleotide expression matrix we ask whether changes at the codon expression matrix 

can be reduced to, and explained by, changes at the representation of the various 

nucleotides. Such changes may be related to putative changes in the nucleotide 

composition of the transcriptome.(1). Likewise, the amino acid expression matrix 

allows us to ask whether changes at the codon expression matrix simply reflect 

changes in the relative appearance of the different amino acids at the translated 

transcriptome, changes that my occur in specific amino-acid cases (2). 

We detected only moderate fluctuations in the usage of amino acids upon stresses 

compared to the changes in the usage of individual codons (Figure S2). Is it possible 

that the changes in codon usage are simply derived from these changes in amino acid 

usage? For this purpose we calculated the partial correlations between fold-changes in 

the representation of individual codons upon stress and the translational efficiency (by 

the tAI measure) of these codons, while controlling for fold-changes in the usage of 

the respective amino acids. This analysis shows at most a negligible effect of 

variations in consumption of different amino acids on the preference of low-efficiency 

codons upon stress (all partial correlations are very close to the original correlation 

values). Using the "Nucleotide-Expression" matrix, we detected slight fluctuations in 

the GC content of the transcriptome upon different types of stress – fold-changes 

values vary between 0.99-1.01 and 0.98-1.03 for codon position-independent and 

codon position-dependent usage of nucleotides, respectively (Figure S2). 
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Exploring the balance between drift and selection by a computational simulation 

We developed a computer simulation of a simplified evolutionary process of 

unicellular population of a fixed size of 1,000,000 haploid cells for 10,000 

generations. The genome of each cell consists of six genes – a house-keeping gene 

that is expressed in every environment and growth condition, a 'good-life' gene, 

corresponds to favorable growth conditions, three 'stress-specific' genes, which are 

uniquely associated with three different stress types, and a 'stress-generic' gene, which 

is essential for any stress type.  

At the beginning of the simulation, the six genes are equally scored with initial 

arbitrary value of expression level that denotes optimal expression. The population 

then evolves while subjected to a fixed mutation rate, that is, the frequency of 0.001 

substitutions per genome, in line with realistic values (3,4). Sequences are not 

represented explicitly in the simulation; instead genes are characterized by an 

expression level that implicitly corresponds to a genotype. Thus, “mutated” 

expression levels at a given time step are computed by the previous step’s expression 

levels multiplied by a random number drawn from an exponential probability 

distribution of changes in expression (as estimated before (REF 5)).  

 We set the rate parameter λ to be 1.5, hence approximately eighty percent of 

the mutations are assumed to be deleterious. Running the simulation with less 

deleterious mutations (λ = 1), reproduces the results. 

We ran the simulation in two modes. In the first, mutations affected the 

expression of genes, but there was no bound on the total expression level for all the 

genes in the genome. In the second mode of the simulation mutations affected 

expression as in the first mode, yet in addition the tRNAs supply is limited, so that not 

all genes can be optimized simultaneously. Practically, we forced a constant maximal 

total expression level from all genes. In this mode of limited supply of tRNAs, the 

expression of the i-th gene in each generation, , (“ls” stands for 

“limited supply”) is defined by 

gionlsExpressi










































 



elseExpression

ionMaxExpressExpressionif
Expression

ionMaxExpress
Expression

onlsExpressi

gi

n

i gin

i gi

gi

gi

1

1

)(*
 

 

 2



where n is the number of genes in the cell,  is the expression of 

the i-th gene in the mutated population, and

giExpression

ionMaxExpress  is a constant maximal 

total expression level from the whole “genome”. 

The evolving population of cells is exposed to occasional stress periods that 

come in three types, stress1, stress2 and stress3. Specifically, we applied three 

different regimes, in which the total duration of stressful conditions constitutes 20, 50 

or 80 percent of the total evolutionary time.  

 Individual cells are selectively transferred for the next generation, as a 

function of their fitness. The fitness of a given cell is determined by a weight given to 

it according to the expression of its genes which are associated with the current 

environmental condition during which a distinct cell division event occurs. 

Specifically, the fitness in favorable growth conditions is a function of the expression 

values of the 'house-keeping' and 'good-life' genes, whereas the fitness during stress is 

determined as the averaged expression value of the 'house-keeping' gene, the relevant 

'stress-specific' gene and the general stress gene. Practically, we measured the change 

in the fitness of individual cells as the absolute value of the difference of expression 

values of the condition-related genes from the optimal one. Having the fitness values 

for all the cells in the population, the simulation program selects cells for the next 

generation. Formally, the numeric change in the size of homogeneous population can 

be described as 
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 where x denotes the population size, λ corresponds to the fitness, and K 

indicates the carrying capacity according to the logistic model. For a heterogeneous 

population consisting of two genotypes, the respective equations are  
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 where 221x  and 112 x  describe the constraint enforced by the growth of 

genotype-2 subpopulation on the growth of genotype-1 subpopulation, and vice versa, 

respectively. Generalized to a higher number of sub-populations, the change in 

representation of genotype i in the population at time interval t can be described as 
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 which reduces back to the one-population case if 1ij  for all i,j pairs 

We propagate individuals between consecutive generations (t-1) to (t) in two 

stages. First, a population (whose size can be different from that of the population at 

generation t-1) is formed in which the i–th genotype population size is given by its 

size in the previous generation and its fitness by:  

  iexx titi


)1()( 

Then, to keep a constant population size stochastic rescaling is applied that 

implements a Kimura-governed (5) allele sampling. 
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 ratioscodon-to-sCalculation of tRNA 

We performed a rough analysis that aimed to assess the relative abundance of 

tRNAs and codons in the cell. In particular, we examined the six rarest tRNAs in S. 

cerevisiae, each of which is encoded in the yeast genome by only one tRNA gene. 

These six rare tRNAs correspond to seven codons: CGG (Arg), CAG (Gln), ACG 

(Thr), UCG (Ser), AGG (Arg), CUU (Leu) and CUC (Leu). There is one-to-one 

correspondence between each of the first four codons and their tRNA; Codon AGG 

can be also translated by the fully-matched tRNA of AGA (6); the last two codons are 

translated by the same tRNA type, hence are counted together.  

Estimates suggest that a yeast cell contains some 3.3 million tRNA molecules 

(BioNumbers database (7) and (8)). The copy number of molecules of each tRNA 

type is simply the fraction of its tRNA gene copy number out of the total gene copy 

number of all tRNA types multiplied by 3.3 million. As for codons, the number of 

codons of any type in the transcriptome is defined by the sum of appearances of a 

codon along all genes in the genome, multiplied by the average mRNA abundance in 

the cell (9)). To consider specifically the subset of codons that are actively translated, 

we consider the fraction of mRNAs which are occupied by at least one ribosome 

(=0.71, (10)).   

 The table below shows the ratio of the number of tRNA molecules to the 

corresponding codon copy number for the above selection of codons. As can be seen, 

the ratio is never larger or smaller than 10, suggesting that tRNA and their respective 

codons are estimated to be in similar amounts in the cell.  

 

 

 

 

 

tRNA/codon 
abundence 

Codon 

0.22 Arg (agg) 
1.15 Arg (cgg) 
0.17 Gln (cag) 
0.24 Ser (ucg) 
0.26 Thr (acg) 
0.12 Leu (cuc & cuu) 
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Figure S1: The fold-changes in representation of amino acids and nucleotide 
types in the transcriptome upon stress. (a) “Amino acid-Expression” matrix for 
diverse stress types, normalized as in Figure 2a. Each cell denotes the fold-change in 
the representation of a given amino acid in the transcriptome at a given time point 
upon specific stress, compared to its representation at time point zero. The amino acid 
labels are followed by numbers in parentheses, indicating the sum of gene copy 
number of all their corresponding tRNAs. (b) “Nucleotide-Expression” matrix for 
diverse stress types, normalized as in Figure 2a. Each cell denotes the fold-changes in 
the representation of a given nucleotide in the transcriptome at discrete time point 
(minutes) upon a specific stress, compared to its representation at the corresponding 
time point zero. A one letter label (a,c,g and u) refers to the total nucleotide 
representation, whereas specific codon position labels indicate the usage of a given 
nucleotide at each of the three positions of the codon. 
 
Figure S2: Correlation between the codons adaptiveness values and the change 
in their representation in the transcriptome under stress.  We calculated the 
Pearson correlation coefficient between 61-long vectors denoting fold-changes in the 
codon usage of the transcriptome in different time points (minutes) of diverse 
environmental conditions and the 61 codons' tAI values. A consistent negative 
correlation between the codons adaptiveness values (Wi) and their representation in 
the transcriptome in stress can be seen. The most negative correlations among the 
different time points in each of the examined stress types vary between -0.52 
(oxidative stress) and -0.73 (MMS). Other than the correlation value for the first time 
point of the oxidative stress, all the correlations were found to be significant, with p-
values spanning a range of 2.45 10-11 to 4.76 10-2. The recovery from both heat-
shock and the KCL stresses, (labeled 'R'), obtained by transferring the cells from the 
respective stressful conditions to normal growth conditions, is accompanied by sharp 
increase of the measured correlations between the codons' adaptiveness value (Wi) 
and their representation in the transcriptome, towards significant positive values 
(KCL: Pearson Correlation = 0.7, p-values = 4.43  10-10; heat-shock: Pearson 
correlation = 0.67, p-values = 3.14 10-9). We detected a similar pattern of change in 
the direction of the correlation, though with relatively moderate slope, for the 
oxidative stress, probably as a result of spontaneous recovery from the stress (11). 
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