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Abstract The genetic code has the remarkable property

of error minimization, whereby the arrangement of amino

acids to codons is highly efficient at reducing the delete-

rious effects of random point mutations and transcriptional

and translational errors. Whether this property has been

explicitly selected for is unclear. Here, three scenarios of

genetic code evolution are examined, and their effects on

error minimization assessed. First, a simple model of ran-

dom stepwise addition of physicochemically similar amino

acids to the code is demonstrated to result in substantial

error minimization. Second, a model of random addition of

physicochemically similar amino acids in a codon expan-

sion scheme derived from the Ambiguity Reduction Model

results in improved error minimization over the first model.

Finally, a recently introduced 213 Model of genetic code

evolution is examined by the random addition of physi-

cochemically similar amino acids to a primordial core of

four amino acids. Under certain conditions, 22% of the

resulting codes produced according to the latter model

possess equivalent or superior error minimization to the

standard genetic code. These analyses demonstrate that a

substantial proportion of error minimization is likely to

have arisen neutrally, simply as a consequence of code

expansion, facilitated by duplication of the genes encoding

adaptor molecules and charging enzymes. This implies that

selection is at best only partly responsible for the property

of error minimization. These results caution against

assuming that selection is responsible for every beneficial

trait observed in living organisms.
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Introduction

The standard genetic code (SGC) is the interface between

genotype and phenotype, thus the structure of the SGC is

important in understanding many aspects of evolution. The

structure of the SGC may also reveal important aspects of

the origin and evolution of early life. The SGC has the

property of error minimization (EM), whereby the effects of

nonsynonymous translational, transcriptional, and muta-

tional errors are minimized by the structure of the SGC. The

EM property was identified by Sonneborn (1965) and led

Woese to derive the ‘Translation Error’ model (also known

as the ‘Physicochemical’ model) of genetic code evolution,

which proposes that the EM property of the SGC was

explicitly selected for (Woese 1965). A quantitative analysis

of EM in the SGC was first conducted by Alff-Steinberger

(1969), who compared the error minimizing ability of the

SGC with those of hundreds of randomly generated alternate

genetic codes, all possessing the canonical 20 amino acids.

The SGC was found to be near-optimal for the property of

EM, compared to alternate codes. Subsequently, EM has

been further explored quantitatively by numerous

researchers (e.g., Di Giulio 1989; Haig and Hurst 1992;

Goldman 1993; Ardell 1998; Freeland and Hurst 1998;

Freeland et al. 2000; Gilis et al. 2001; Sella and Ardell

2002; Goodarzi et al. 2004). These studies also utilize the
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approach of comparing the EM property of the SGC with

large numbers of randomly generated alternate codes and,

likewise, show that the SGC is optimal or near-optimal for

the property of EM. These studies have been valuable in

characterizing the error minimizing nature of the SGC.

These studies propose that EM was explicitly selected for, to

a greater or lesser extent; this view is termed the Adaptive

Code Hypothesis (Freeland et al. 2000). However, I argue

that a plausible mechanism for how EM can be explicitly

selected for is absent from the literature. Here, it is dem-

onstrated that a substantial proportion of the error

minimizing nature of the SGC can be explained as a neutral

result of the addition of amino acids to the SGC, facilitated

by aminoacyl-tRNA synthetase (aaRS) and tRNA gene

duplication.

Experimental Evidence for the Process of aaRS

and tRNA Duplication and Divergence

The primordial code likely encoded fewer than the present

20 amino acids, implying that amino acids were added to

the SGC during the course of its evolution. Key evidence is

the presence of only a portion of the 20 canonical amino

acids in abiotic synthesis experiments (e.g., Miller 1953)

and carbonaceous meteorites (e.g., Kvenvolden et al. 1970;

Lawless et al. 1971). Indeed, it appears that amino acids

are still being added to the SGC, e.g., selenocysteine and

pyrrolysine. Consequently, most models of genetic code

evolution postulate sequential addition of amino acids to

the evolving code.

Gene duplication is a fundamental facilitator of evolu-

tion (Ohno 1970). Addition of an amino acid to the

evolving code would have required the duplication of the

enzyme responsible for charging the adaptor molecule with

an amino acid (the aaRS) and the duplication of the adaptor

molecule (tRNA) itself. When an aaRS gene duplication

occurred, it likely resulted in an enzyme that aminoacy-

lated a physicochemically similar amino acid and a tRNA

with a related anticodon. This process of code expansion

was first proposed by Crick (1968), who predicted that the

result would be that ‘‘similar amino acids would tend to

have similar codons.’’ Alternatively, new amino acids may

initially have been added to the code via chemical trans-

formation (i.e., transamidation) on an aminoacylated tRNA

(Coevolution Theory [Wong 1975]). This would still

involve duplication of the tRNA molecule, leading to

chemically similar amino acids being assigned to similar

codons. However, transamidation is a minor method of

charging extant tRNAs, and as there would seem to be no

clear rationale for replacing transamidation with direct

aminoacylation by aaRSs, this might imply that this was

not a major process in code evolution. Next, I consider the

experimental evidence for the gene duplication processes

and explain how it could give rise to EM in the SGC.

A Duplicated aaRS Likely Recognized a Related

Amino Acid

There are several lines of experimental evidence implying

that during the process of code expansion, a newly dupli-

cated aaRS would have recognized an amino acid

physicochemically similar to the original. First, phyloge-

netic analysis shows that related aaRSs recognize

physicochemically related amino acids (Nagel and Doo-

little 1995). Second, enzyme kinetics studies show that

when aaRSs mischarge tRNAs, they do so with physico-

chemically related amino acids (Jakubowski and Goldman

1992). Finally, a consideration of asparagine and glutamine

in the genetic code is informative. These amino acids are

physicochemically similar to aspartate and glutamate,

respectively. Asparagine-tRNA synthetase and aspartate-

tRNA synthetase arose from a gene duplication event, as

did glutamine-tRNA and glutamate-tRNA synthetase (Na-

gel and Doolittle 1995). Aspartate-tRNA synthetase

aminoacylates asparagine-tRNA with aspartate in a number

of prokaryotes; the aspartate is then transamidated to

asparagine on the tRNA molecule (for review see Feng

et al. 2004). Likewise, glutamate-tRNA synthetase am-

inoacylates tRNA with glutamate in several prokaryotes,

which is then transamidated to glutamine on the tRNA

molecule (Feng et al. 2004). These observations demon-

strate that duplicated aaRSs often have related substrates:

amino acids and tRNAs.

Considerations of extant aaRSs reveal a potential

problem with the duplication hypothesis: the existence of

two structurally distinct classes of aaRSs which cannot be

bridged by gene duplication. However, extant aaRSs do not

necessarily represent the ancestral enzymes responsible for

adaptor molecule aminoacylation; this is consistent with

the observation that class I aaRSs are derived proteins

(Aravind et al. 2002). Whatever the nature of the original

aaRSs, the principles of gene duplication and subsequent

divergence of substrate specificity are likely to be general,

and considerations of extant aaRSs illustrate these well.

A Duplicated tRNA Likely Recognized a Related

Codon

Addition of a new amino acid to the expanding code would

also have been facilitated by a tRNA gene duplication. The

tRNA duplicate likely recognized a new codon separated

by a point mutation from the codon recognized by the

parent tRNA. The experimental evidence for this is as

follows. First, nonsense suppressor tRNAs, with anticodons

fully complementary to a stop codon, can be generated by
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random mutation. Twelve of 13 nonsense suppressor

tRNAs in Escherichia coli that have been generated in this

manner have arisen from their parent tRNAs by a single

point mutation in their anticodons (Eggertsson and Soll

1988). Thus, these tRNAs recognize codons separated by a

single point mutation from the codon recognized by the

parent tRNA. Second, analysis of tRNA phylogenies is

informative. Although there are difficulties in analyzing

tRNA relatedness, an apparent example of tRNA related-

ness is that of phenylalanyl-tRNA and tyrosyl-tRNA in

deep-branching archaea (Xue et al. 2003). These two tRNA

alloacceptors apparently arose from an ancient gene

duplication event: phenylalanine and tyrosine are separated

by a single point mutation in the SGC.

The conclusion from these experimental considerations

is that when an aaRS duplicated, facilitating the addition of

an amino acid to the genetic code, it likely recognized a

related amino acid, and a tRNA duplicate with a related

anticodon. This would result in the new amino acid having

physicochemical properties similar to those of the ‘parent’

amino acid, and would result in its being assigned to a

codon similar to the ‘parent’ codon. The result would be

that related codons would encode related amino acids, and

this would give rise to the EM property of the SGC. Thus,

the EM property may have arisen as a simple consequence

of addition of amino acids to the genetic code, facilitated

by aaRS and tRNA gene duplication, which was a neces-

sary feature of code expansion. This prediction is tested

using computer simulations in the following sections.

Methods

Measure of Error Minimization

The Grantham (1974) matrix was used as a measure of the

physicochemical properties of the 20 amino acids. The

matrix integrates three properties of amino acids—com-

position, polarity, and volume—and avoids the circularity

associated with using knowledge-based substitution

matrices in analyses of genetic code evolution (for a crit-

icism of the latter approach see Di Giulio 2001). For each

code, the average ‘cost’ of a point mutation was calculated

for all 61 sense codons. Mutations were not weighted and

mutations to stop codons were not included in the calcu-

lation. This measure of error minimization is termed ‘EM’:

EM ¼
X61

i¼1

XNt

N¼1

dNi=Nt

 !
=61

where there are i sense codons, Nt is the total number of

sense codons separated by a single point mutation from the

ith codon under consideration, and dNi is the physico-

chemical distance between the amino acids coded for by

the ith sense codon and the Nth sense point mutation,

according to the Grantham matrix.

There follows a description of the three models exam-

ined in this paper. In each model the codon blocks and stop

codons used were those of the SGC, as were the 20 amino

acids. Programs for conducting these simulations are

available from the author.

Model 1

An initial random amino acid was assigned to a random

codon block. Subsequent amino acids were randomly

selected and were accepted according to their similarity to

the previous amino acid added to the code (similarity cri-

teria were derived from amino acid differences of the

Grantham matrix listed in Table 1). In order to escape from

‘local minima’ (that is, an absence of a sufficiently similar

amino acid in the set of available amino acids), if none of

the remaining amino acids fulfilled the similarity criterion,

an amino acid was accepted at random. This technique was

also applied to Models 2 and 3. The new codon block that

the new amino acid was assigned to was randomly selected,

and was accepted if it differed from the previous codon

block by a single point mutation. Again, to escape local

minima, if none of the remaining codon blocks fulfilled this

criterion, one of the remaining codon blocks was accepted

at random. After all amino acids were assigned to all codon

blocks, the EM value was calculated. This was repeated

10,000 times.

Model 2

As in Model 1, new amino acids were randomly selected,

and if they fulfilled a criterion of similarity (listed in

Table 2), they were added to a new codon block. The order

of addition of amino acids to codon blocks is illustrated in

Fig. 1a and b; these are consistent with the Ambiguity

Reduction Model. Initially, the code codes for two amino

acids. This may be achieved by two adaptor molecules that

recognize all four bases at the first anticodon and third

anticodon positions, and either purines or pyrimidines in

the middle position of the anticodon. Two different

schemes of codon expansion are followed (Fig. 1a, b).

Note that amino acid ambiguity is not a feature of the

simulation. After all amino acids were assigned to all

codon blocks, the EM value was calculated. This was

repeated 10,000 times.

Model 3

A scheme consistent with the 213 Model of genetic code

expansion (Massey 2006) is illustrated in Fig. 2. The initial

four amino acids of the primordial genetic code were
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chosen as Val, Ala, Asp, and Gly, which represent the

middle nucleotides of the triplet codon (T, C, A, and G,

respectively). This scheme is similar to the GNC-SNS

hypothesis proposed independently by Ikehara and Niihara

(2007), although their scheme does not propose that the

first nucleotide became informational before the third,

which is the crux of the 213 Model. Evidence from abiotic

syntheses (e.g., Miller 1953), the Murchison and Murray

meteorites (e.g., Kvenvolden et al. 1970; Lawless et al.

1971), and a consideration of relative positions in biosyn-

thetic pathways (Wong 1975) indicate that these amino

acids are older additions to the genetic code than the three

alternative sets of amino acids, which form the initial four-

amino-acid core of the 213 Model (i.e., I/M, T, N/K, S/R;

L, P, H/Q, R; F/L, S, Y, C/W). Subsequently, amino acids

were randomly selected, and if they fulfilled a similarity

criterion (listed in Table 3), they were added to codon

blocks in a process consistent with the 213 Model. After all

amino acids were assigned to all codon blocks, the EM

value was calculated. Notably, the 213 Model proposes that

the initial assignment of amino acids to codons was

spontaneous, and did not occur by gene duplication.

According to the argument presented in this paper, this

would be unlikely to lead to EM between the initial amino

acids. An analysis where EM is calculated as amino acids

are added to the SGC, which shows that EM resulting from

the initial assignment of amino acids is low (Di Giulio and

Medugno 1999), supports this assertion.

The percentage optimization of alternate codes gener-

ated according to the above models was calculated by

comparison to the EM value of the SGC (60.7) and the

average EM value of 10,000 randomly generated alternate

codes (74.5). Thus,

Average percentage optimization

¼ 74:5 � average EM value of alternate codes

74:5� 60:7
� 100

Results and Discussion

Rather than examining explicit pathways of genetic code

evolution (of which there are many proposed scenarios in

Table 1 Error minimization

(EM) properties of random

genetic codes generated

according to the constraints of

Model 1

New amino acids were added to

new codon blocks separated by

a point mutation (a) at any of

the three codon positions or (b)

at the first or second codon

position only. Ten thousand

random codes were generated

for each selective criterion.

Calculations are described

under Methods

SGC standard genetic code

Selective criterion (amino acid

difference according to

Grantham matrix)

Average EM

value of

alternate codes

Average percentage

optimization of alternate

codes vs. SGC

Percentage of alternate codes

that have equal or superior

EM vs. SGC

a) All three positions

\150 72.7 13 0.1

\140 72.2 16.7 0.1

\130 71.7 20.3 0.1

\120 71.3 23.2 0.1

\110 71 25.4 0.2

\100 70.6 28.3 0.4

\90 69.9 33.3 0.6

\80 69.5 36.2 0.8

\70 69.6 35.5 0.7

\60 69.8 34.1 0.6

\50 70.2 31.2 0.6

\40 71.1 24.6 0.3

b) First two positions

\150 72.5 14.5 0.1

\140 72 18.1 0.1

\130 71.6 21 0.1

\120 71.3 23.2 0.1

\110 70.9 26.1 0.3

\100 70.5 29 0.3

\90 70 32.6 0.4

\80 69.8 34.1 0.6

\70 69.9 33.3 0.5

\60 70.2 31.2 0.5

\50 70.6 28.3 0.4

\40 71.4 22.5 0.3
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the literature), random codes were generated under general

constraints. This approach has the advantage of avoiding

explicit assumptions about the precise order of addition of

amino acids to the code. The SGC has an EM value (see

Methods for calculation) of 60.7. Ten thousand random

codes have an average EM value of 74.5, and only 0.03%

of these have equal or greater optimality than the SGC.

These calculations once again illustrate the remarkable

‘optimization’ of the genetic code for EM. When alternate

codes are generated under Model 1, the alternate codes

generated are significantly error minimized. The average

optimization ranges from 13 to 36.2%, depending on the

selective criterion. As expected, as the selective criterion

becomes more stringent, the average percentage optimi-

zation increases. When the selective criterion reaches a

certain stringency (Grantham value,\70), then the average

percentage optimization begins to decrease. This is because

only a limited number of amino acids are sufficiently

highly related to be added to the code at each step. If none

are available, the algorithm then adds a random, potentially

unrelated, amino acid; this leads to a reduction in the EM

value of the alternate code. Under Model 1, 0.1–0.8% of

the alternate codes have equal or better error minimization

properties than the SGC, according to the EM parameter

(Table 1). Although the proportion of superior error mini-

mizing codes is increased under Model 1, they are

insufficient to reject the selectionist hypothesis. Finally, the

data show that adding amino acids to codons that have

arisen by a point mutation of the first two nucleotides of the

codon, as opposed to a mutation of any three of the codon

nucleotides, makes little difference. The codon block

structure of the SGC means that mutations to the third

codon position are mostly degenerate. Whether the

degenerate nature of the SGC reflects the properties of the

anticodon, or vice versa, remains to be determined.

Under Model 2, the average optimization of the alternate

codes ranges from 19.6 to 52.9%, depending on the

selective criterion, and 0.1 to 2.1% of the alternate codes

possess EM properties equal to or better than those of the

SGC (Table 2). Two different pathways were explored,

with little difference between the results of the analyses,

implying that the conclusions are robust to differences in

Table 2 Error minimization

(EM) properties of random

genetic codes generated

according to codon expansion

schemes consistent with the

Ambiguity Reduction Model

(Model 2)

Two alternate schemes, A and

B, were followed (illustrated in

Fig. 1). Ten thousand random

codes were generated for each

selective criterion. Calculations

are described under Methods

SGC standard genetic code

Selective criterion (amino acid

difference according to

Grantham matrix)

Average EM

value of

alternate codes

Average percentage

optimization of alternate

codes vs. SGC

Percentage of alternate

codes with equal or superior

EM vs. SGC

Scheme A

\150 71.8 19.6 0.1

\140 71.1 24.6 0.2

\130 70.7 27.5 0.1

\120 70.2 31.2 0.3

\110 69.7 34.8 0.4

\100 69.2 38.4 0.5

\90 68.6 42.8 1

\80 68.3 44.9 1.5

\70 68.5 43.5 1.5

\60 69.1 39.1 1.1

\50 69.6 35.5 0.7

\40 70.8 26.8 0.6

Scheme B

\150 71.8 19.6 0.1

\140 70.9 26.1 0.1

\130 70.3 30.4 0.2

\120 69.7 34.8 0.3

\110 69.2 38.4 0.3

\100 68.5 43.5 0.6

\90 67.5 50.7 1.7

\80 67.2 52.9 2.1

\70 67.5 50.7 1.9

\60 67.8 48.6 2

\50 68.3 44.9 2.1

\40 69.5 36.2 0.7
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the particular details of the pathway chosen. Model 2 is

more effective than Model 1 at producing EM, this is

probably because Model 1 is likely to lead to a ‘patchwork’

of related amino acids distributed throughout a genetic

code, whereas Model 2 is likely to lead to discrete regions

of a genetic code that encode related amino acids. The

latter distribution means that a random point mutation in a

codon is more likely to result in mutation to a related

amino acid.

Under Model 3, the average optimization of the alternate

codes ranges from 31.2 to 85.5%, depending on the

selective criterion, and 0.3 to 21.9% of the alternate codes

possess EM properties equal to or better than those of the

SGC (Table 3). Model 3 is superior to Model 2 at pro-

ducing EM; the reason for this is probably related to the

initial assignment of Val, Ala, Asp, and Gly to four initial

codons. Under certain conditions over 21.9% of alternate

codes generated have EM properties equal or superior to

those of the SGC. Under these conditions, the hypothesis

that the EM properties of the SGC arose entirely neutrally,

i.e., were not selected for at all, cannot be rejected, as the

probability that this arose by chance is P [ 0.05.

The purpose of this paper is to demonstrate that the EM

property of SGC can substantially arise from neutral pro-

cesses. The data presented here caution strongly against

invoking a selectionist ‘Panglossian paradigm’ (Gould and

Lewontin 1979) for the evolution of EM in the SGC.

Further work will establish whether any selection at all was

Fig. 2 Scheme for the evolution of the SGC, according to the 213

Model (Model 3)

Fig. 1 Two schemes, a and b, for the evolution of the standard

genetic code (SGC), both consistent with the codon expansion scheme

of the Ambiguity Reduction Model (Model 2). The directions of

codon expansion were chosen arbitrarily

Table 3 Error minimization

(EM) properties of random

genetic codes generated

according to the constraints of

the 213 Model (Model 3)

Ten thousand random codes

were generated for each

selective criterion. Calculations

are described under Methods

SGC standard genetic code

Selective criterion (amino

acid difference according to

Grantham matrix)

Average EM

value of

alternate codes

Average percentage

optimization of alternate

codes vs. SGC

Percentage of alternate

codes that have equal or

superior EM vs. SGC

\150 70.2 31.2 0.3

\140 69.6 35.5 0.3

\130 68.8 41.3 0.7

\120 67.8 48.6 1.2

\110 67.4 51.4 1.1

\100 66.9 55.1 2

\90 65.3 66.7 6.8

\80 64.2 74.6 13.6

\70 64.5 72.5 12.2

\60 62.7 85.5 21.9

\50 64 76.1 17.7

\40 65.2 67.4 10.1
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involved in the evolution of the EM property. This is

pertinent as, under certain scenarios demonstrated here, the

hypothesis that the entire EM property evolved neutrally

cannot be rejected. All the models of codon expansion

examined here show substantial levels of EM, indicating

that substantial amounts of EM are expected to arise irre-

spective of the specific details of the pathway of code

evolution. Examining which pathway most likely gave rise

to the EM property, however, could be used to differentiate

between different scenarios of genetic code evolution. This

would assume the complete absence of selection for the

EM property, which remains to be established. The point

should be made that explicit selection for EM seems to

necessitate both the occurrence of codon reassignments and

group selection to generate and select alternate codes. The

proposal that explicit selection for the EM did not occur,

and that EM arose neutrally from the addition of similar

amino acids to similar codons, may be termed the ‘Non-

adaptive Code’ Hypothesis, in contrast to the Adaptive

Code Hypothesis. Finally, on a fundamental level, as a

result of the analyses presented here, the presence of EM in

the SGC may be used as evidence that enzymes, whether

partially proteinaceous, RNA based, or based on some

other macromolecule, were already extant during the evo-

lution of the SGC.
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