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Abstract 24 

Due to genetic redundancy, multiple synonymous codons can code for the same amino acid. 25 

However synonymous codons are not used equally and this biased codon use varies 26 

between different organisms. Through analysis of 1,320 bacterial genomes we show that 27 

bacteria are under genome-wide selection to reduce resource allocation to mRNA 28 

production. This is achieved by simultaneously decreasing transcript biosynthetic cost and 29 

increasing transcript translational efficiency, with highly expressed genes under the greatest 30 

selection. We show that tRNA gene copy number alters the cost-efficiency trade-off of 31 

synonymous codons such that for many species it is difficult to both minimise transcript cost 32 

and maximise transcript translational efficiency to an equal extent. Finally, we show that 33 

genes highly optimised to reduce cost and increase efficiency show reduced rates of 34 

synonymous and non-synonymous mutation. This provides a simple mechanistic 35 

explanation for variation in evolutionary rate between genes that depends on selection-36 

driven cost-efficiency optimisation of the transcript. These findings reveal how optimisation 37 

of resource allocation to mRNA synthesis is a critical factor that determines both the 38 

evolution and composition of genes. 39 

Significance statement 40 

Resource limitation limits cell growth. In this work, we show that the simple economic 41 

principles of minimising cost and maximising efficiency of gene production are key drivers 42 

of molecular sequence evolution in bacteria. We demonstrate that natural selection has 43 

optimised the cost and efficiency of transcript sequences directly in proportion to their 44 

production demand. Furthermore, we show that selection-driven optimisation of the 45 

economics of gene production is a simple unifying mechanism that explains variation in the 46 

evolution and composition of genes as well as the correlation between synonymous and 47 

non-synonymous mutation rates. 48 
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Introduction 49 

Production of proteins is a primary consumer of cell resources (1). It requires allocation of 50 

cellular resources to production of RNA sequences as well as allocation of resources to 51 

production of nascent polypeptide chains. Whilst a protein’s amino acid sequence is 52 

functionally constrained, redundancy in the genetic code means that multiple nucleotide 53 

sequences can code for the same protein. Since the biosynthetic cost and translational 54 

efficiency of synonymous codons varies, biased use of synonymous codons makes it 55 

possible to reduce the expenditure of cellular resources on mRNA production without 56 

altering the encoded protein sequence. Thus, it is possible to reduce resource allocation to 57 

protein synthesis without altering the encoded protein or affecting protein abundance by 58 

reducing resource allocation to transcript sequences or by increasing the efficiency with 59 

which those transcripts can be translated into protein. Consistent with this, it has been 60 

demonstrated that natural selection acts both to reduce biosynthetic cost of RNA sequences 61 

(2, 3), and to increase in the efficiency with which those RNA sequences can template the 62 

encoded polypeptide chain (4–10). It should be noted here that biased patterns of codon 63 

use are also influenced by other factors not associated with cellular resource allocation. 64 

These factors include RNA structural constraints to facilitate thermal adaptation (11, 12), 65 

RNA sequence constraints to preserve splice sites (13), and translational constraints to 66 

ensure accurate protein folding (14, 15). These functional constraints are independent of 67 

resource allocation and are specific to individual sites or sets of sites within genes. 68 

Cells employ different strategies to decode synonymous codons (16). These strategies 69 

make use of ‘wobble’ base pairing between the 3rd base of the codon and the 1st base of the 70 

anticodon to facilitate translation of all 61 sense codons using a reduced set of tRNAs. As 71 

the translational efficiency of a codon is a function of the number of tRNAs that can translate 72 

that codon, and as different species encode different subsets of tRNA genes, the same 73 

codon is not necessarily equally translationally efficient in all species. In contrast, the 74 
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biosynthetic cost of a codon of RNA is determined by the number and type of atoms 75 

contained within that codon and the number of high energy phosphate bonds required for 76 

their assembly. As translational efficiency varies between species but biosynthetic cost does 77 

not, it was hypothesised this must create a corresponding variation in the codon cost-78 

efficiency trade-off between species. For example biosynthetically cheap codons might be 79 

translationally efficient in one species but inefficient in another. It was further hypothesised 80 

that variation in the codon cost-efficiency trade-off would limit the extent to which a transcript 81 

could be optimised to be both biosynthetically inexpensive and translationally efficient.  82 

Here, we show that natural selection acts genome-wide to reduce cellular resource 83 

allocation to mRNA synthesis by solving the multi-objective optimisation problem of 84 

minimising transcript biosynthetic cost whilst simultaneously maximising transcript 85 

translational efficiency. We show that this optimisation is achieved irrespective of the codon 86 

cost-efficiency trade-off of a species, and that the extent to which resource allocation is 87 

optimised is a function of the production demand of that gene. Finally, we reveal that 88 

selection-driven optimisation of resource allocation provides a novel mechanistic 89 

explanation for differences in evolutionary rates between genes, and for the previously 90 

unexplained correlation in synonymous and non-synonymous mutation rates of genes. 91 

Results  92 

55% of bacteria exhibit a significant trade-off between codon biosynthetic cost and 93 

translational efficiency 94 

The biosynthetic cost of a codon is determined by the number and type of atoms contained 95 

within the codon, and the number of high energy phosphate bonds required for their 96 

assembly. Natural selection acting on biosynthetic cost, either in terms of nitrogen atoms (2) 97 

or energetic requirements (3), has been shown to play a role in promoting biased patterns 98 

of synonymous codon use. As the energy and nitrogen cost of a codon correlate almost 99 

perfectly (Figure 1A), it is not possible to distinguish which factor is responsible for biased 100 
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patterns of codon use in the absence of additional information about the biology of the 101 

organism in question. However, given the near perfect correlation, analysis of selection 102 

acting on overall codon biosynthetic cost can be approximated by analysis of either 103 

measure. 104 

tRNA gene copy number varies between species resulting in a corresponding variation in 105 

the relative translational efficiency of their associated codons (16, 17). As the biosynthetic 106 

cost of a given codon is invariant, the relationship between codon biosynthetic cost and 107 

codon translational efficiency (referred to from here on as the codon cost-efficiency trade-108 

off) must therefore vary between species. For example, a hypothetical species encoding a 109 

full complement of tRNAs, each present as a single copy, would have a negative correlation 110 

between cost and efficiency (Figure 1B). In contrast, a hypothetical species that employed 111 

tRNA sparing strategy 1 (no ANN tRNAs) or strategy 2 (no ANN or CNN tRNAs) (16), would 112 

show a positive (Figure 1C) or no (Figure 1D) correlation between cost and efficiency. 113 

Therefore, a broad range of codon cost-efficiency trade-offs is possible and the gradient of 114 

this trade-off is dependent on the tRNA gene copy number of a given species.  115 

Few bacterial species strictly adhere to a single sparing strategy for all synonymous codon 116 

groups (e.g. Escherichia coli uses strategy 2 for decoding alanine but strategy 1 for decoding 117 

glycine), and thus it is anticipated that a continuum of gradients in trade-off between cost 118 

and efficiency are possible. To assess this, the codon cost-efficiency trade-off was 119 

calculated for 1,320 bacterial species representing 730 different genera (Figure 1E). 120 

Approximately 55% of species exhibited a significant codon cost-efficiency trade-off (Figure 121 

1E, p < 0.05). Species with a significant negative correlation between cost and efficiency 122 

were not observed; instead, the remaining species exhibited non-significant correlations 123 

between codon cost and efficiency (Figure 1E, blue dots, ~45% of species). Thus for 124 

approximately half of the bacterial species in this analysis there is a significant codon cost-125 

efficiency trade-off whereby resource allocation to mRNA can be reduced by decreasing 126 
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biosynthetic cost or increasing translational efficiency but not both simultaneously. This is 127 

because the synonymous codons that are most translationally efficient in these species are 128 

in general those that consume the most resources for biosynthesis. 129 

Selection acting to minimise biosynthetic cost and maximise translational efficiency 130 

of transcript sequences is independent of codon cost-efficiency trade-off 131 

Given that the codon cost-efficiency trade-off varied between species, an analysis was 132 

conducted to determine whether this trade-off was associated with concomitant differences 133 

in the strength of selection acting on the cost and efficiency of transcript sequences. For 134 

each species, genome-wide values for selection on transcript translational efficiency [St] and 135 

selection on transcript biosynthetic cost [Sc] were inferred using the complete set of open 136 

reading frames and tRNAs encoded in that species’ genome using the SK model (2) 137 

implemented using CodonMuSe (see Methods). There was no significant difference in the 138 

mean or range of values for Sc between the groups of species that did or did not exhibit a 139 

significant codon cost-efficiency trade-off. Instead, irrespective of codon cost-efficiency 140 

trade-off 91% of species had negative Sc values (mean Sc = -0.08), indicating a genome-141 

wide selective pressure to minimise the biosynthetic cost of transcript sequences through 142 

synonymous codon use (Fig. 2). This observation is extends previous studies that revealed 143 

analogous effects when nitrogen or energy were limited (2, 3). Thus irrespective of codon 144 

cost-efficiency trade-off, selection acting on codon biosynthetic cost is an important factor 145 

promoting biased patterns of codon use in bacteria. 146 

Similarly, 78% of species had positive values for St (mean St = 0.1), indicating a genome 147 

wide selective pressure to increase the translational efficiency of transcript sequences (Fig. 148 

2). However, species that had a significant codon cost-efficiency trade-off (Fig. 2A) had St 149 

values that were significantly lower than those that had no trade-off (Fig. 2B, p < 0.05, t-150 

test). Moreover, there was an increased variance in the observed values for both Sc and St 151 

for species that exhibited a significant codon cost-efficiency trade-off compared to those 152 
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species that did not (Fig. 2A and 2B). Thus, in general the majority of species experience 153 

selection to minimise transcript biosynthetic cost while simultaneously maximising transcript 154 

translational efficiency. However, the nature of a species’ codon cost-efficiency trade-off 155 

restricts a transcript’s ability to be both cheap and translationally efficient thereby limiting the 156 

extent to which resource allocation to transcript sequences can be minimised. 157 

Genes that experience the strongest selection for increased transcript translational 158 

efficiency are also under the strongest selection to minimise biosynthetic cost 159 

Given that the majority of species exhibited selection to minimise cost and maximise 160 

translational efficiency at the genome-wide level, the extent to which this was also seen at 161 

the level of an individual gene within species was determined. Here, the strength of selection 162 

acting on transcript translational efficiency and strength of selection on transcript 163 

biosynthetic cost were inferred for each individual gene in each species. The relationship 164 

between these selection coefficients was then compared for each species. For example, in 165 

species with no codon cost-efficiency trade-off, such as Escherichia coli, there is a 166 

significant negative correlation between Sc and St (Fig. 3A). Here, the genes that 167 

experienced the greatest selection to maximise efficiency are those that experienced the 168 

greatest selection to minimise biosynthetic cost. The same phenomenon was also observed 169 

for species that exhibit significant codon cost-efficiency trade-offs, such as Lactobacillus 170 

amylophilus (Fig. 3B). Overall, significant correlations between selection coefficients for 171 

individual genes were observed for 91% of species (p < 0.05, Fig. 3C). Therefore 172 

irrespective of the extent of the codon cost-efficiency trade-off, selection is performing multi-173 

objective optimisation of transcript sequences to reduce their biosynthetic cost while 174 

increasing their translational efficiency and thereby reducing resource allocation to mRNA 175 

production. 176 

As the most highly expressed genes in a cell comprise the largest proportion of cellular RNA, 177 

the strength of selection experienced by a gene is thought to be dependent on the mRNA 178 
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abundance of that gene (18, 19). In agreement with this, evaluation of the relative mRNA 179 

abundance of genes in E. coli revealed that the most highly expressed genes exhibited the 180 

greatest selection to minimise transcript biosynthetic cost (Fig. 4A) whilst also showing the 181 

strongest selection to maximise transcript translational efficiency (Fig. 4B). Thus, selection 182 

acts in proportion to relative mRNA abundance to perform multi-objective optimisation of 183 

codon bias to minimise resource allocation to transcript sequences through production of 184 

low cost, high efficiency transcripts. 185 

Sequence optimisation for cost and efficiency constrains molecular evolution rate 186 

Given that codon choice has been shown to provide a selective advantage per codon per 187 

generation (20), it was hypothesised that the extent to which a transcript is jointly optimised 188 

for codon cost and efficiency would constrain the rate at which the underlying gene 189 

sequence can evolve. Specifically, the more highly optimised a transcript is for both 190 

biosynthetic cost and translational efficiency, the higher the proportion of spontaneous 191 

mutations that would reduce the cost-efficiency optimality of the transcript sequence. 192 

Therefore, spontaneous mutations in highly optimised genes would be more likely to be 193 

disadvantageous than spontaneous mutations in less optimised genes. As deleterious 194 

mutations are lost more rapidly from the population than neutral or advantageous mutations, 195 

the more highly optimised a gene sequence is, the lower its apparent evolutionary rate 196 

should be. 197 

To test this hypothesis the complete set of gene sequences from E.coli was subject to 198 

stochastic in silico mutagenesis and the proportion of single nucleotide mutations that 199 

resulted in reduced transcript cost-efficiency optimality was evaluated. As expected, the 200 

proportion of deleterious mutations increased linearly with transcript sequence optimality. 201 

This effect was seen for both synonymous (Figure 5A) and non-synonymous mutations 202 

(Figure 5B). The effect in non-synonymous mutations is seen because a single base 203 

mutation from an optimal codon encoding one amino acid is unlikely to arrive at an equally 204 
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optimal or better codon encoding any other amino acid. Thus as expected, the more optimal 205 

a codon is, the less likely a spontaneous mutation will result in a codon with higher optimality 206 

irrespective of whether that codon encodes the same amino acid.  207 

The extent to which transcript sequences in E. coli were jointly cost-efficiency optimised was 208 

compared to the synonymous (Ks) and non-synonymous (Ka) mutation rate of that gene 209 

estimated from comparison with Salmonella enterica. Consistent with the hypothesis, the 210 

rate of both synonymous (𝐾𝑠 Figure 5C) and non-synonymous (𝐾𝑎 Figure 5D) changes were 211 

directly proportional to the extent to which the gene sequence had been optimised by natural 212 

selection for low biosynthetic cost and high translational efficiency (Figure 5A and B). Thus, 213 

the extent to which transcript sequences are jointly optimised for cost and efficiency is 214 

sufficient to explain variation in molecular evolutionary rate between genes within a species. 215 

Moreover, selection-driven cost-efficiency optimality is sufficient to explain the correlation in 216 

rates of synonymous and non-synonymous mutations. 217 

Discussion 218 

Codon use is biased across the tree-of-life, with patterns of bias varying both between 219 

species and between genes within the same species. Here we demonstrate that variation in 220 

tRNA content between species creates a corresponding variation in the codon cost-221 

efficiency trade-off whereby codons that cost the least to biosynthesise are not equally 222 

translationally efficient in all species. We show that irrespective of the codon cost-efficiency 223 

trade-off, natural selection performs multi-objective gene sequence optimisation so that 224 

transcript sequences are optimised to be both low cost and high translational efficiency, and 225 

that the nature of this trade-off constrains the extent of the solution. We demonstrate that 226 

this multi-objective optimisation is dependent on mRNA abundance, such that the transcripts 227 

that comprise the largest proportion of cellular mRNA are those that experience the 228 

strongest selection to be both low cost and high efficiency. Finally, we show that the extent 229 

to which a gene sequence is jointly optimised for reduced transcript cost and enhanced 230 
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translational efficiency is sufficient to explain the variation in molecular sequence rate of 231 

genes. Furthermore, it is sufficient to explain the previously unexplained phenomenon that 232 

the rate of synonymous and non-synonymous mutation for a gene is correlated (21). 233 

Differences in molecular evolution rates between species is thought to be mainly due to 234 

differences in organism generation-time (22). However, differences in evolutionary rates 235 

between genes in the same species lack a complete mechanistic explanation. Prior to the 236 

study presented here it was known that functional constraints of the encoded protein 237 

sequence contribute to the constraint of the rate of non-synonymous changes (23). It had 238 

also been observed that mRNA abundance and patterns of codon bias correlated with the 239 

evolutionary rate of genes (24, 25), and that rates of synonymous and non-synonymous 240 

changes were correlated (21). The study presented here unifies these prior observations 241 

and provides a novel mechanistic explanation for both variation and correlation in molecular 242 

evolution rates of genes. i.e. that stochastic mutations in gene sequences are more likely to 243 

result in deleterious alleles in proportion to the extent to which that gene sequence has been 244 

jointly optimised by natural selection for reduced transcript biosynthetic cost and enhanced 245 

translational efficiency.  246 

The novel mechanism provided here also explains the relationship between mRNA 247 

abundance and gene evolutionary rate. Specifically, functional constraints on protein 248 

abundance stipulate the quantity of mRNA required to produce that protein. The more mRNA 249 

that is required, the larger the percentage of total cellular resources that are invested within 250 

that transcript. The mechanism simply entails that the more transcript that is present, the 251 

stronger the selective pressure will be to reduce the cellular resources committed to that 252 

transcript. Importantly, minimising these resources can be achieved both by using codons 253 

that require fewer resources for their biosynthesis, and by utilising translationally efficient 254 

codons that increase the protein to transcript ratio and therefore reduce the amount of 255 

transcript required to produce the same amount of protein. Overall, this study reveals how 256 
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the economics of gene production is a critical factor determining both the evolution and 257 

composition of genes. 258 

Methods 259 

Data sources  260 

1,320 bacterial genomes were obtained from the NCBI (www.ncbi.nlm.nih.gov). In order to 261 

avoid over-sampling of more frequently sequenced genera, the number of species from each 262 

genus was restricted to 5 with a maximum of 1 species for each genus. Therefore, the 1320 263 

species sampled in this study were distributed among 730 different genera. Only genes that 264 

were longer than 30 nucleotides, had no in-frame stop codons, and began and ended with 265 

start and stop codons respectively were analysed. Each species in this analysis contained 266 

a minimum of 500 genes that fit these criteria. Full details of species names, genome 267 

accession numbers, strain details and selection coefficients are provided in Supplementary 268 

Table 1. 269 

Evaluation of translational efficiency (tAI) 270 

To obtain the number of tRNA genes in each genome, tRNAscan was run on each of the 271 

1,320 bacterial genomes (26). This (current) version of tRNAscan is unable to distinguish 272 

between tRNA-Met and tRNA-Ile with the anticodon CAT. Thus tRNA-Ile(CAT), while 273 

present, is not detected in any of the genomes. To compensate for this a single copy of 274 

tRNA-Ile with the anticodon CAT was added to the tRNA counts for each species if more 275 

than one tRNA-Met(CAT) was found. The tRNA adaptation index (tAI) (17), which considers 276 

both the tRNA gene copy number and wobble-base pairing when calculating the 277 

translational efficiency of a codon, was evaluated using the optimised 𝑠𝑖𝑗 values for bacteria 278 

obtained by Tuller et al (27) and the equation developed by dos Reis et al (28). 𝑠𝑢𝑢 was set 279 

to 0.7 as proposed by Navon et al (29) and 𝑠𝑢𝑐 was set to 0.95 as U34 has been shown to 280 

have weak codon-anticodon coupling with cytosine (30). Each species in this analysis was 281 
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able to translate all codons, was not missing key tRNAs and did not require unusual tRNA-282 

modifications. 283 

Calculation of relative codon cost and efficiency 284 

Codon biosynthetic cost and translational efficiency were calculated relative to other 285 

synonymous codons such that the synonymous codon with the greatest value had a relative 286 

cost or efficiency of 1. eg. The nitrogen cost of GCC is 11 atoms. The most expensive 287 

synonymous codon is GCG/GCA (13 atoms). Therefore the relative cost of GCC is 11/13 = 288 

0.85. The same evaluation was done to calculate codon translational efficiency. 289 

CodonMuSe: A fast and efficient algorithm for evaluating drivers of codon usage bias 290 

The SK model (2) was used to infer the joint contribution of mutation bias, selection acting 291 

on codon biosynthetic cost and selection acting on codon translational efficiency to biased 292 

synonymous codon use. To facilitate large scale comparative application of this model a 293 

rapid, stand-alone version was implemented in python. The algorithm, instructions for use, 294 

and example files are available for download at https://github.com/easeward/CodonMuSe. 295 

For each species, the values of Mb, Sc and St were inferred using the complete set of protein 296 

coding genes and tRNA copy number inferred using tRNAscan. Further details about the 297 

algorithm can be found in Supplemental File 1. 298 

Comparing selection acting on codon bias and transcript abundance levels 299 

Transcriptome data for E. coli str. K-12 MG1655 were downloaded from NCBI (31). The 300 

three biological replicates for the logarithmic growth phase were available, however the third 301 

replicate was inconsistent with the first two and so was excluded from this analysis. As each 302 

gene had multiple probes, the average probe value for each gene was taken. The three-303 

parameter CodonMuSe model using the value for Mb estimated from a genome-wide 304 

analysis was run for each of the 4099 genes in E. coli individually, and thus values for Sc 305 
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and St were obtained for each gene. The values for these selection coefficients were plotted 306 

against relative mRNA abundance data described above (31).  307 

Calculating the extent to which gene sequences were jointly optimised for cost and 308 

efficiency  309 

The extent to which transcript sequences were jointly optimised for both biosynthetic cost 310 

and translational efficiency was approximated by the distance of a given gene to the cost-311 

efficiency Pareto frontier for that amino acid sequence (d1, Supplementary Figure S1). The 312 

cost-efficiency Pareto frontier consists of sequences that are optimised for maximal 313 

transcript translational efficiency and minimal transcript biosynthetic cost such that a gene 314 

that is 100% optimised lies on the frontier (red frontier, Supplementary Figure S1). Genes 315 

that are less than 100% optimised occupy the space between the cost-efficiency Pareto 316 

frontier (red frontier) and the opposite frontier (blue frontier, minimising transcript efficiency 317 

and maximising cost) for that amino acid sequence (Supplementary Figure S1). The percent 318 

optimality of the coding sequence is evaluated as (
𝑑4

𝑑1+𝑑4
) ∗ 100 (Supplementary Figure S1). 319 

Calculation of molecular evolution rates 320 

Molecular evolutionary rates (𝐾𝑎 and 𝐾𝑠 values) were calculated for orthologous genes in E. 321 

coli and S. enterica. 2,468 single-copy orthologous genes were identified for E. coli and S. 322 

enterica using OrthoFinder v1.1.4 (32). These sequences were aligned at the amino acid-323 

level using MergeAlign (33) and this alignment was then re-threaded with the coding 324 

sequences to create codon-level nucleotide alignments. Only aligned sequences longer 325 

than 30 nucleotides with less than 10% gaps were used. Gapped regions were removed 326 

and KaKs_Calculator 2.0 (34) was run using the GMYN model to evaluate 𝐾𝑎 and 𝐾𝑠 values 327 

for each pair of aligned nucleotide sequences. As the molecular evolution rates represent 328 

the average of the mutation rates of the gene-pair since they last shared a common 329 
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ancestor, these rates were compared to the average optimality of the same gene-pair in 330 

both species. 331 
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Figures 427 

 428 

Fig. 1.  429 

Different tRNA sparing strategies alter a species’ codon cost-efficiency trade-off. A) Codon 430 

nitrogen cost (N cost) correlates almost perfectly with codon energetic cost (p < 0.05, y = 431 

0.6x + 0.44, R2 = 0.98). B) A full complement of tRNAs has a negative correlation between 432 

codon biosynthetic cost and translational efficiency (tAI) (p< 0.05, y = -0.5x + 1.21, R2 = 433 

0.10). C) tRNA sparing strategy 1 (NNU codons translated by GNN anticodons) has a 434 

positive correlation between codon biosynthetic cost and translational efficiency (p<0.05, y 435 

= 0.9x – 0.06, R2 = 0.18). D) tRNA sparing strategy 2 (strategy 1 + NNG codons translated 436 

by UNN anticodons) has no significant correlation between codon biosynthetic cost and 437 

translational efficiency (p > 0.05, y = 0.74, R2 = 0). E) The 1,320 bacterial species in this 438 

analysis can be categorised into those with a significant codon cost-efficiency trade-off (p < 439 

0.05, red) and those with no trade-off (p>0.05, blue). The y-axis is the gradient of the line of 440 

best fit between codon biosynthetic cost and translational efficiency. 441 
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 443 

Fig. 2. 444 

Bacterial genomes show selection to minimise nucleotide cost (-Sc) and maximise 445 

translational efficiency (+St). A) Genome-wide Sc and St values for the 726 species with a 446 

codon cost-efficiency trade-off. B) Genome-wide Sc and St values for the 594 species with 447 

no codon cost-efficiency trade-off. 448 

  449 

.CC-BY-NC 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 11, 2017. ; https://doi.org/10.1101/136861doi: bioRxiv preprint 

https://doi.org/10.1101/136861
http://creativecommons.org/licenses/by-nc/4.0/


19 
 

450 

Fig. 3. 451 

The genes under the strongest selection for translational efficiency (+St) are also under the 452 

strongest selection to minimise nucleotide cost (-Sc). Scatterplots of gene-specific St and Sc 453 

values for A) Escherichia coli B) Lactobacillus amylophilus. In both cases the line of best fit 454 

is shown and the yellow dot is the genome-wide best-fit value for each species. C) Histogram 455 

of the slope between Sc and St for individual genes for each of the 1,320 species in this 456 

analysis. 457 
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 459 

Fig. 4. 460 

Selection acts in proportion to mRNA abundance to decrease codon biosynthetic cost and 461 

increase codon translational efficiency in Escherichia coli. A) There is a negative correlation 462 

between selection acting on codon biosynthetic cost (Sc) and mRNA abundance. The line 463 

of best fit has an R2 value of 0.18. B) There is a positive correlation between selection acting 464 

to increase codon translational efficiency (St) and gene expression. The line of best fit has 465 

an R2 value of 0.13.  466 
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 468 

Fig. 5. 469 

Selection-driven optimisation of resource allocation is a critical factor that determines 470 

molecular evolution rate. Highly cost-efficiency optimised genes have a higher proportion of 471 

deleterious A) synonymous (y = 1.15x - 8, R2 = 0.81) and B) non-synonymous (y = 1.71x -472 

38, R2 = 0.78) mutations. Orthologous genes in Escherichia coli and Salmonella enterica 473 

show a negative correlation between sequence cost-efficiency optimisation and the rate of 474 

C) synonymous mutations (𝐾𝑠) (y = -11x + 61, R2 = 0.26) and D) non-synonymous mutation 475 

(𝐾𝑎) (y = -9x + 48, R2 = 0.28). 476 
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 478 

Figure S1 479 

Example cost-efficiency Pareto frontier for a short amino acid sequence. A) Scatter plot of 480 

the 64 possible coding sequences encoding the amino acid sequence MTGCD. Red dots 481 

indicate coding sequences that are positioned on the best cost-efficiency Pareto frontier (the 482 

least expensive most translationally efficient sequences possible). Blue dots indicate coding 483 

sequences that are positioned on the worst cost-efficiency Pareto frontier (the most 484 

expensive least translationally efficient sequences possible). B) Evaluating the cost-485 

efficiency optimality of a coding sequence. d1 is the minimum distance between a given 486 

coding sequence and the best cost-efficiency Pareto frontier (red) for that amino acid 487 

sequence. d4 is the minimum distance of the same gene to the worse cost-efficiency Pareto 488 

frontier for that amino acid sequence (blue). The percent optimality of the coding sequence 489 

is evaluated as (
𝑑4

𝑑1+𝑑4
) ∗ 100. 490 

Supplementary Table S1 491 

Full details of species names, genome accession numbers, strain details and selection 492 

coefficients. 493 
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