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Nucleotide substitutions in protein-coding genes can be divided into

synonymous (S) and non-synonymous (N) ones that alter amino acids

(including nonsense mutations causing stop codons). The S substitutions are

expected to have little effect on function. The N substitutions almost always are

affected by strong purifying selection that eliminates them from evolving

populations. However, additional mutations of nearby bases can modulate

the deleterious effect of single N substitutions and, thus, could be subjected

to the positive selection. This effect has been demonstrated formutations in the

serine codons, stop codons and double N substitutions in prokaryotes. In all

abovementioned cases, a novel technique was applied that allows elucidating

the effects of selection on double substitutions considering mutational biases.

Here, we applied the same technique to study double N substitutions in

eukaryotic lineages of primates and yeast. We identified markedly fewer

cases of purifying selection relative to prokaryotes and no evidence of

codon double substitutions under positive selection. This is consistent with

previous studies of serine codons in primates and yeast. In general, the obtained

results strongly suggest that there are major differences between studied pro-

and eukaryotes; double substitutions in primates and yeasts largely reflect

mutational biases and are not hallmarks of selection. This is especially

important in the context of detection of positive selection in codons

because it has been suggested that multiple mutations in codons cause false

inferences of lineage-specific site positive selection. It is likely that this concern

is applicable to previously studied prokaryotes but not to primates and yeasts

where markedly fewer double substitutions are affected by positive selection.
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Introduction

In classic population genetics, co-localized substitutions are

assumed to occur one at a time, independently of one another.

However, clustering of mutations, in particular, those occurring

in adjacent sites (multiple nucleotide mutations) has been

documented in many diverse organisms (Averof et al., 2000;

Drake et al., 2005; Drake, 2007; Schrider et al., 2011; Stone et al.,

2012; Terekhanova et al., 2013; Harris and Nielsen, 2014;

Besenbacher et al., 2016). Double substitutions within the

same codon in protein-coding genes have also been claimed

to be driven by positive selection. This conclusion stemmed from

comparisons of the observed frequencies of double substitutions

to those expected from the frequencies of single substitutions: if

the frequency of a double substitution is significantly greater than

the product of the frequencies of the respective single

substitutions, positive selection is inferred (Bazykin et al.,

2004; Rogozin et al., 2016; Belinky et al., 2018). This

observation is consistent with the possibility that a prevalence

of positively selected double nucleotide mutations is

compensation for the first deleterious mutation through

subsequent positive selection acting on the second substitution

(Bazykin et al., 2004; Rogozin et al., 2016; Belinky et al., 2018).

Positive selection affecting double substitutions has been

detected as a general trend in the rodent lineage (Bazykin

et al., 2004). Similarly, signatures of positive selection have

been found for double substitutions in stop codons in

prokaryotes (UAG → UGA and UGA → UAG), which could

be attributed to the deleterious non-stop intermediate, UGG

(Belinky et al., 2018) and double substitutions in two disjoint

series of codons for serine (Rogozin et al., 2016). Thus, multiple

nucleotide mutations in codons potentially could originate from

selection, mutational biases including clusters of mutations

(Averof et al., 2000; Drake et al., 2005; Drake, 2007; Schrider

et al., 2011; Stone et al., 2012; Terekhanova et al., 2013; Harris

and Nielsen, 2014; Besenbacher et al., 2016) or a combination of

both these factors.

Previously, we assessed the selection that affects double

substitutions within codon in prokaryotes (Belinky et al.,

2019). Briefly, we compared the frequency of each such

double substitution to the frequency of a double synonymous

substitution in adjacent codons with the same base composition

(Belinky et al., 2019). Although it is well known that transition

(A:T ↔ G:A) and transversion (A:T ↔ T:A, A:T ↔ C:G, G:C ↔
C:G) rates differ substantially, the differences between different

combinations of specific transitions and transversions are less

thoroughly characterized, and it is not clear to what extent

adjacency of mutations is modulated by base composition. We

thus compared all codon double substitutions to their respective

double synonymous substitutions with the same nucleotide

changes. In many cases, it was found that a codon double

substitution has a significantly higher double/single ratio,

compared to the same double synonymous substitution,

suggesting that these are true cases of positive selection that

acts on the second substitution and brings it to fixation in

prokaryotes (Belinky et al., 2019).

In this paper the same methodology was applied for analyses

of selection in yeasts and primates (including human). No signs

of wide-spread positive selection were detected. This result

suggests major differences in selection modes between

prokaryotes (Belinky et al., 2019) and two studied eukaryotic

lineages (primates and yeasts). This is likely to be important for

inference of lineage-specific site positive selection.

Materials and methods

Datasets

To reconstruct mutations in protein-coding DNA under the

parsimony principle, we inferred and analyzed single and double

substitutions in triplets of closely related primates and yeasts as

previously described (Rogozin et al., 2016). In brief, the

parsimony principle implies that mutations occur along the

thick branches in the trees (Figure 1A) assuming that there is

no mutation or one mutation per each position. Whole-genome

alignments of three yeast species (Saccharomyces cerevisiae, S.

paradoxus, and S. mikatae) were downloaded from the

Saccharomyces Genome Database (SGD, www.yeastgenome.

org/). Local alignments of protein-coding regions were

extracted using the SGD orthology assignments (Rogozin et al.

, 2016). Protein-coding sequences for primates (Homo sapiens,

Callithrix jacchus and Otolemur garnettiiwere) and their

orthology assignments were obtained from Ensembl databases

as previously described (Belinky et al., 2018). Briefly, protein-

coding sequences were downloaded for each species from the

Ensembl database, as well as orthology assignments from

Ensembl mart (Kersey et al., 2016). Genes with ‘one-to-one’

orthology were aligned using MAFFT with the -linsi algorithm

(Katoh et al., 2005). In total, 15,234 primate and 4,100 yeast gene

alignments were used for further analyses.

Analysis of codon double substitutions

Details of analyses of double substitutions in codons are

described in (Belinky et al., 2019). Here, we provide a brief

description of the methodology. For each codon change

(Figure 1B), the frequency of change to any other codon was

the number of changes divided by the number of ancestral

reconstructions of this codon based on the parsimony

principal. For each double substitution the double/single ratio

was the observed double substitution frequency divided by the

cumulative single substitution frequency. For example, for the

change AAA→GGA the double/single ratio was the observed

frequency of AAA→GGA divided by the cumulative counts of
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AAA→AGA, AAA→GAA and AAA→GGA. Thus, for each

double substitution (Figure 1) the following data were

collected and estimated:

1) The double substitution count (b in the Figure 1).

2) The single substitution count (which is the summation of the

two single counts (a1 and a2 in the Figure 1).

We used double fractions (DFs) as a measure of selection.

The DF is calculated as the observed double substitution count (b

in the Figure 1) divided by the sum of the single (a1 and a2 in the

Figure 1) and double substitution counts:

DF � b/(a1 + a2 + b)

The selection on double substitutions was analyzed by

comparing DF for within-codon double substitutions to two

null models described below.

Analysis of double synonymous
substitutions in adjacent codons—null
models

For double synonymous substitutions in adjacent codons, we

collected the same data as for codon double substitutions in

codon-like 3-base sequences with three possible configurations

(Figure 2):

A. An invariant 2nd codon positions followed by a 4-fold

degenerate site in the 3rd codon positions, that is, followed by a 2-

fold degenerate site in the 1st codon position of the next codon

(the 231 configuration, Figure 2B).

B. A 4-fold degenerate site in the 3rd codon positions, that is,

followed by a 2-fold degenerate site in the 1st codon position of

the next codon, that is, followed by an invariant base in the 2nd

codon position of the second codon (the 312 configuration,

Figure 2C).

C. A 4-fold degenerate site in the 3rd codon positions, that is,

followed by an invariant 1st codon position in the second codon

of which the 2nd position is disregarded and followed by a 4-fold

degenerate site in the 3rd codon position (Figure 2D).

The first codon in configurations A-B can be any of the 4-fold

degenerate codons, i.e, codons for L, V, S, P Y, A, R and G, and

the second codon of configurations A-B can be either a codon for

R or L which are the only two amino acids that have a degenerate

1st codon position. An additional restriction for configurations

A-B is that the ancestral state of the 3rd codon position of the 2nd

codon is a purine (A/G) since only then the 1st codon

substitution can be synonymous. Similarly, the 1st and 2nd

codons configuration C can be any of the 4-fold degenerate

codons.

FIGURE 1
Conceptual scheme of double substitution analysis. (A)Single or double substitutions are inferred from the genomic data by construction of
genomes triplets and relying on parsimony principle (see Material and Methods). (B) Point mutations are assumed to appear one at a time, such that
observed double substitutions (B) occur through intermediate single substitutions states. For each double substitution, there are two possible single
substitution pathways (a1, a2). The double fraction DF is calculated as the ratio between the number of double substitutions (b) and the sum of
relevant single (a1+a2) and double (b) substitutions.
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Assignment of codon double substitution
types

For each codon double substitution there are two distinct

paths to get from the ancestral state codon to the final

(derived) codon state, with each step in the path having a

single substitution to reach an intermediate state codon

(Figure 2). Each step can be either synonymous or non-

synonymous, and the ancestral vs. final codon could be

either non-synonymous or synonymous. Some codon

substitution could have a stop as an intermediate codon in

one of the paths, these cases were disregarded in the current

analysis. In this analysis we assigned the combination type to

each codon double substitution based on the synonymy of the

ancestral to the intermediate codons, and the synonymy of the

ancestral vs. the final codon state (Figure 3, left panels and

Supplementary Figure S2). NS denotes codon double

substitutions in which (at least) one of the intermediates is

non-synonymous while the final codon is synonymous

compared to the ancestral codon (Figure 3A and

Supplementary Figures S1D S2). SS denotes codon double

substitutions in which both intermediates and the final codon

are all synonymous codons (Figure 3B and Supplementary

Figure S2). SN denotes codon double substitutions in which (at

least) one intermediate is synonymous while the final codon is

nonsynonymous compared to the ancestral codon (Figure 3

and Supplementary Figure S2). NN denotes codon double

substitutions in which both intermediates are

nonsynonymous, and the final codon is also

nonsynonymous compared to the ancestral one (Figure 3D

and Supplementary Figure S2).

Statistical testing

Fisher’s exact test was used to compare the number of

double codon substitutions to single cumulative substitutions,

to test for significant differences in DF between codon double

substitutions and the comparable null models. An example of

the comparison of the non-adjacent codon double substitution

FIGURE 2
Double synonymous substitutions in adjacent codons used as null models. (A) The selection on double substitutions inferred by comparing the
DF for codons and their respective null models shown in orange (NM1 and NM2). Two adjacent codons are illustrated, and the nucleotide position
within the codon is indicated according to the reading frame. The three null models are artificial codons constructed by considering positions from
two adjacent codons. (B) Null model NM1 (the 321 configuration). An invariant 2nd codon positions in the first codon, followed by a 4-fold
degenerate site in the 3rd positions of the first codon, that is, followed by a 2-fold degenerate site in the 1st codon position of the 2nd codon. (C)Null
model NM1 (the 312 configuration). A 4-fold degenerate site in the 3rd codon position followed by a 2-fold degenerate site in the 1st codon position
of the second codon, that is, followed by an invariant base in the 2nd codon position of the second codon. (D)Null model NM2. A 4-fold degenerate
site in the 3rd position of the 1st codon followed by an invariant 1st position in the second codon and by a 4-fold degenerate site in the 3rd codon
position (skipping the 2nd position of the 2nd codon).
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FIGURE 3
Selective regimes of the codon double substitutions in primates and yeasts. Right panels show a classification of codon double substitution
based on the synonymy of the ancestral vs. the final codon state, and the synonymy of the ancestral to the intermediate codons. Two left panels show
comparisons of DF for each codon double substitution class to the double synonymous null models (NM1 and NM2) using the Mann–Whitney U test.
(A)NS, one non-synonymous intermediate, synonymous final codon. Primates: NM1 p-value = 0.77, NM2 p-value = 0.72. Yeasts: NM1 p-value =
0.06, NM2 p-value = 0.25. (B) SS, double synonymous codon substitutions. Primates: NM1 p-value = 0.42, NM2 p-value = 0.17. Yeasts:
NM1 p-value = 0.82, NM2 p-value = 0.45. (C) SN, at least one synonymous intermediate codon, non-synonymous final codon. Primates:
NM1 p-value = 2.38 × 10−63, NM2 p-value = 8.73 × 10−34. Yeasts: NM1 p-value = 4.28 × 10−38, NM2 p-value = 5.64 × 10−98. (D)NN—both intermediates
and the final codon are non-synonymous to the ancestral. Primates: NM1 p-value = 0.059, NM2 p-value = 2.53 × 10−5. Yeasts: NM1 p-value = 7.16 ×
10−27, NM2 p-value = 5.61 × 10−56.
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CTT→TTA is shown in the Supplementary Figure S1D. The

Mann–Whitney U test was used to compare the DF values

between each of the codon double substitution types (SS, SN,

NS, NN) and each of the null models (NM1 and NM2). The

Bonferroni correction was applied to correct for multiple

testing.

Results

Different types of codon double
substitutions in primates and yeasts

Representing all within-codon double substitutions in the

general form, “ancestral-intermediate-final”, we define the

following 4 combinations of codons: 1) SS is “S

intermediate—S final” codons, 2) SN is “S intermediate—N

final” codons, 3) NS is “N intermediate—S final” codons, 4)

NN is “N intermediate—N final” codons (Figure 3, left panels

and Supplementary Figure S2) (Rogozin et al., 2016; Belinky

et al., 2018; Belinky et al., 2019).

Similar to our previous study of double substitutions in

prokaryotes (Belinky et al., 2019), we consider three types of

codon-like double synonymous substitutions that were used as

null models for the double substitutions in codons

(Supplementary Figure S1). The selection pressure on each

codon double substitution is assessed by comparing the

double/single substitution ratio DF (that is, the ratio of the

frequency of a double substitution to the sum of the

frequencies of the single and double substitutions in the

respective codon positions) to that for double

synonymous substitutions (Supplementary Figure S1). The

DF is assumed to be mostly affected by the substitution

rate at the second step (from intermediate codons to

final codons, Figure 1B). Thus, a significantly lower DF

compared to that of the corresponding double

synonymous substitution will be indicative of purifying

selection, and conversely, a higher ratio will point to

positive selection.

Comparisons of double mutation DF values with null

models NM1 and NM2 (Figure 3, central and right panels)

suggested that the dominant mode of selection is purifying

selection. In all eight studied cases in primates and yeasts the

mean DF values is smaller than DF values for null models

(Figure 3). These differences are statistically significant for NN

and SN values (Figure 3). The NM1 model tends to produce

wider distributions compared to NM2 model (Figure 3).

This is likely to be due to a higher frequency of tandem

mutations compared to mutations separated by one

nucleotide (Averof et al., 2000; Drake et al., 2005; Drake,

2007; Schrider et al., 2011; Stone et al., 2012; Terekhanova

et al., 2013; Harris and Nielsen, 2014; Besenbacher et al.,

2016).

Modes of selection in specific codon
double substitution classes in primates

We analyzed four types of double substitutions in more

detail. To characterize the modes of selection that affect each

codon double substitution in greater detail, the frequency of

each codon double substitution was compared to the same

codon-like substitution pattern in a double synonymous null

model (Figure 2). Each codon double substitution is compared

to either NM1 or NM2 depending on the distance between the

substituted bases (Supplementary Table S1). In total, of the

716 codon double substitutions compared (Supplementary

Table S1), only <1% (2 cases after Bonferroni correction)

had significantly higher DF compared to the equivalent

double synonymous substitutions (Supplementary Table

S1), which is compatible with positive selection, and 15%

(104 cases after the Bonferroni correction) had significantly

lower DF, compatible with purifying selection (Figure 4A and

Supplementary Table S1). This result suggests that positive

selection affects a negligible fraction of double substitutions in

codons although these cases may be false positives. A

substantial fraction of double substitutions is subject to

purifying selection (Figure 4A).

For NS and SS double substitutions no signs of positive or

negative selection were detected (Figure 4A). A significant

trend of purifying selection on codon double substitutions is

evident in combination SN (Figure 4A), in which double

substitutions have significantly lower DF compared to the

double synonymous DF (Figure 4A). Combination NN

(312 instances) has 2 cases with codon under positive

selection and 4 cases compatible with purifying selection,

thus neutrality cannot be rejected for the entire group

(Figure 4A). The individual cases in combination NN that

are compatible with positive selection are TTT → GGT (F →
G) and TTT → GCT (F → A) (Supplementary Table S1).

Modes of selection in specific codon
double substitution classes in yeasts

Highly similar results were obtained for yeasts (Figure 4B). In

total, of the 317 codon double substitutions compared

(Supplementary File S1), only 1% (4 cases after Bonferroni

correction) had significantly higher DF compared to the

equivalent double synonymous substitutions (Supplementary

Table S1), which is compatible with positive selection. This

result suggests that positive selection affects a negligible

fraction of double substitutions in codons although these cases

may be false positives. 34% of studied (108 cases after the

Bonferroni correction) had significantly lower DF, which is

compatible with purifying selection. A substantial fraction of

double substitutions is likely to be subject to purifying selection

(Figure 4B).
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For NS and SS double substitutions no signs of positive or

negative selection were detected (Figure 4B). A significant trend

of purifying selection on codon double substitutions is evident in

combination SN (Figure 4A), in which many double

substitutions have significantly lower DF compared to the

double synonymous DF (Figure 4A). Combination NN

contains only 4 cases with codon under positive selection and

4 cases compatible with purifying selection. Thus, neutrality

cannot be rejected for the entire group (Figure 4A). The

individual cases in combination NN that are compatible with

positive selection are ACT→ GTT (T → V), CCT→ TTT (P →
F), TCT → CTT (S → L), and TTT → CCT (F → P)

(Supplementary Table S1).

Discussion

Multiple mutations within the same codon have been

claimed to be driven by positive selection (Bazykin et al.,

2004; Rogozin et al., 2016; Belinky et al., 2018). This claim is

consistent with the possibility that a prevalence of positively

selected double nucleotide mutations is a compensation for the

first deleterious mutation through subsequent positive selection

(Bazykin et al., 2004; Rogozin et al., 2016; Belinky et al., 2018).

The main goals of this work were to consider the mutational

biases in the inference of selection in codon double substitutions

and to understand whether codon double substitutions in yeasts

and primates were under any type of selection compared to

double synonymous substitutions. Just a few cases of elevated DF

(<1 and 1% for human and yeast, accordingly) were detected for

the combination NN. Such cases are compatible with previously

reported positive selection on multiple nucleotide substitutions

(Bazykin et al., 2004). Analysis of individual cases in primates

and yeasts suggested that codons TTT (encoding phenylalanine)

and CCT (encoding proline) are most frequent in terms of

positively selected double substitutions (Supplementary

Table S1).

Distributions of DF values for NS and SS double substitutions

are not statistically different from NM1 and NM2 distributions

(Figure 3), whereas SN and NN had significantly lower DF values

suggesting that purifying selection substantially influences these

classes of double substitutions in both primates and yeasts

(Figure 3). In total, 15 and 34% double substitutions in

primates and yeasts had significantly lower DF (after the

Bonferroni correction), compatible with purifying selection.

This result suggests that purifying selection affects a

substantial fraction of double substitutions in codons.

However, it is evident that in all four categories neutrality is

the dominant mode of evolution (Figure 4).

We used synonymous sites as a control. Selection on

synonymous sites have been previously shown in prokaryotes

as well as in eukaryotes (Chamary and Hurst, 2005; Zhou et al.,

2010; Gu et al., 2012; Lawrie et al., 2013; Shabalina et al., 2013;

Long et al., 2018), while the reason behind this selection is not

completely clear and could be contributed to stability of the DNA

and staking effects (Goncearenco and Berezovsky, 2014),

translational accuracy (Stoletzki and Eyre-Walker, 2007), and

importance of secondary structure (Chamary and Hurst, 2005;

FIGURE 4
Selective pressure in different codon double substitutions classes. Positive, combinations compatible with positive selection, where a codon
double substitution has a significantly higher DF than the corresponding DF of a null model (NM1 or NM2). Negative, combinations compatible with
purifying selection, where a codon double substitution has a significantly lower DF than the correspondingDF of a null model. Neutral, combinations,
compatible with neutral evolution, where the codon DF was not significantly different from that of the corresponding DF of a null model. (A),
primates; (B), yeasts.
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Shabalina et al., 2013). Possible factors at the protein level are

protein folding/structure (Oresic and Shalloway, 1998;

Pechmann and Frydman, 2013) and a general selection at the

amino acid level interacting with nucleotide replacements

(Morton, 2001; Blazej et al., 2017). Although synonymous

positions can be under some level of purifying selection, the

same mutational forces are expected to influence codon non-

synonymous double substitutions of the same bases, e.g.,

mutation rates that are influenced by specific bases would be

similarly affected whether the mutation is synonymous or non-

synonymous.

Previously, we assessed the selection that affects double

substitutions within codons in prokaryotes (Belinky et al., 2019)

using the same approach described in this paper. In many cases, it

was found that codon double substitutions have significantly

higher double/single ratios, compared to the same double

synonymous substitutions (14%), suggesting that these are true

cases of positive selection that acts on the second substitution and

brings it to fixation in prokaryotes (Belinky et al., 2019). In

primates and yeasts, we found just a few cases of putative

positive selection (~1%). Overall, the fraction of neutrally

evolving codons is dramatically different: 11% in prokaryotes

(Belinky et al., 2019) vs. 75% in primates and 65% in yeasts.

Recently it has been claimed that positive selection is

overestimated by the branch-site test (BST), since most of the sites

supporting positive selection are due to multinucleotide mutations

(MNS) (Venkat et al., 2018). Phylogenetic tests of adaptive evolution,

such as the widely used BST (branch-site test), assume that nucleotide

substitutions occur independently. However, recent research has

shown that errors at adjacent sites often occur during DNA

repair/replication (Drake et al., 2005; Drake, 2007; Schrider et al.,

2011; Stone et al., 2012; Terekhanova et al., 2013; Harris and Nielsen,

2014; Besenbacher et al., 2016), and the resulting MNS are

overwhelmingly likely to be nonsynonymous (Venkat et al., 2018).

Simulations under conditions derived from human and fly sequence

alignments without positive selection show that realistic rates of MNS

cause a systematic bias towards false inferences of selection (Venkat

et al., 2018). This concern is certainly consistent with the observed

substantial fraction of positively evolving double substitutions

observed in prokaryotes (Belinky et al., 2019). However, the

conclusion of the Venkat and co-workers (Venkat et al., 2018)

requires a lot of caution, when applied to studied eukaryotes

(primates and yeasts), where markedly fewer double substitutions

are under positive selection (Figure 4).

The observed difference between pro- and eukaryotes

(primates and yeasts) was observed previously for serine

codons (Rogozin et al., 2016). Here, in the analyzed two

eukaryotic lineages (yeast and primates), the difference of the

DF of codon double substitutions over DF of the double

synonymous in null models was much smaller than in

prokaryotes (Belinky et al., 2019). This is consistent with the

fundamental population-genetic theory (Lynch, 2007;

Charlesworth, 2009; Loewe and Hill, 2010), whereby

eukaryotes have substantially smaller effective population sizes

than prokaryotes, and the consequent decrease in the power of

selection most likely cause weaker pressure for restoration of

amino acids that are under positive selection in prokaryotes, but

not in studied eukaryotes (primates and yeasts). This hypothesis

is also consistent with the observed larger fraction of positively

and negatively selected double substitutions for yeasts compared

to primates (Figure 4), which have much smaller population

sizes.

The observed low fraction of deleterious intermediates

associated with further positive selection (Figure 3) could

be also due to various compensatory mechanisms at the

RNA or protein level (Ellis, 1990; Fink, 1999; El-Brolosy

and Stainier, 2017). For example, one reason for the higher

complexity of eukaryotes compared to prokaryotes is the

increased number of domain combinations found in

eukaryotes, where, for example, binding domains have been

added to existing catalytic proteins (Bjorklund et al., 2005).

Thus, compensatory mechanisms at the level of interactions

between proteins and domains within multidomain proteins

are expected to be more abundant in eukaryotes compared to

prokaryotes (Ekman et al., 2006; Bhaskara and Srinivasan,

2011). It should be noted that involvement of other non-trivial

compensatory mechanisms in eukaryotes cannot be excluded.

Future analyses of the impact of various compensatory

mechanisms are likely to provide a clearer picture of

eukaryote-specific trends of evolution.

Data availability statement

Publicly available datasets were analyzed in this study. This

data can be found here: www.yeastgenome.org https://www.

ensembl.org/index.html.

Author contributions

Formal analysis: FB and AB. Supervision: VY and IR.

Original draft writing: FB and IR. Text editing: all authors.

Funding

This research was supported in part by the Intramural

Research Program of the National Library of Medicine at the

National Institutes of Health (FB and IR). The content is solely

the responsibility of the authors and does not necessarily

represent the official views of the National Institutes of

Health. Work in VY lab is supported by the European

Regional Development Funds (CZ.02.1.01/0.0/0.0/16_019/

0000759). AB was supported by the grant SGS/PřF/2022 from

the University of Ostrava. The funders had no role in study

Frontiers in Genetics frontiersin.org08

Belinky et al. 10.3389/fgene.2022.991249

www.yeastgenome.org
https://www.ensembl.org/index.html
https://www.ensembl.org/index.html
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.991249


design, data collection and analysis, decision to publish or

preparation of the manuscript.

Acknowledgments

IR thanks Youri Pavlov and Eugenia Poliakov for the useful

discussion.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fgene.

2022.991249/full#supplementary-material

References

Averof, M., Rokas, A., Wolfe, K. H., and Sharp, P. M. (2000). Evidence for a high
frequency of simultaneous double-nucleotide substitutions. Science 287, 1283–1286.
doi:10.1126/science.287.5456.1283

Bazykin, G. A., Kondrashov, F. A., Ogurtsov, A. Y., Sunyaev, S., and Kondrashov,
A. S. (2004). Positive selection at sites of multiple amino acid replacements since rat-
mouse divergence. Nature 429, 558–562. doi:10.1038/nature02601

Belinky, F., Babenko, V. N., Rogozin, I. B., and Koonin, E. V. (2018). Purifying
and positive selection in the evolution of stop codons. Sci. Rep. 8, 9260. doi:10.1038/
s41598-018-27570-3

Belinky, F., Sela, I., Rogozin, I. B., and Koonin, E. V. (2019). Crossing fitness
valleys via double substitutions within codons. BMC Biol. 17, 105. doi:10.1186/
s12915-019-0727-4

Besenbacher, S., Sulem, P., Helgason, A., Helgason, H., Kristjansson, H.,
Jonasdottir, A., et al. (2016). Multi-nucleotide de novo Mutations in Humans.
PLoS Genet. 12, e1006315. doi:10.1371/journal.pgen.1006315

Bhaskara, R. M., and Srinivasan, N. (2011). Stability of domain structures in
multi-domain proteins. Sci. Rep. 1, 40. doi:10.1038/srep00040

Bjorklund, A. K., Ekman, D., Light, S., Frey-Skott, J., and Elofsson, A. (2005).
Domain rearrangements in protein evolution. J. Mol. Biol. 353, 911–923. doi:10.
1016/j.jmb.2005.08.067

Blazej, P., Mackiewicz, D., Wnetrzak, M., and Mackiewicz, P. (2017). The impact
of selection at the amino acid level on the usage of synonymous codons. G3
(Bethesda) 7, 967–981. doi:10.1534/g3.116.038125

Chamary, J. V., and Hurst, L. D. (2005). Evidence for selection on synonymous
mutations affecting stability of mRNA secondary structure in mammals. Genome
Biol. 6, R75. doi:10.1186/gb-2005-6-9-r75

Charlesworth, B. (2009). Fundamental concepts in genetics: effective population
size and patterns of molecular evolution and variation. Nat. Rev. Genet. 10,
195–205. doi:10.1038/nrg2526

Drake, J. W., Bebenek, A., Kissling, G. E., and Peddada, S. (2005). Clusters of
mutations from transient hypermutability. Proc. Natl. Acad. Sci. U. S. A. 102,
12849–12854. doi:10.1073/pnas.0503009102

Drake, J. W. (2007). Too many mutants with multiple mutations. Crit. Rev.
Biochem. Mol. Biol. 42, 247–258. doi:10.1080/10409230701495631

Ekman, D., Light, S., Bjorklund, A. K., and Elofsson, A. (2006). What
properties characterize the hub proteins of the protein-protein interaction
network of Saccharomyces cerevisiae? Genome Biol. 7, R45. doi:10.1186/gb-
2006-7-6-r45

El-Brolosy, M. A., and Stainier, D. Y. R. (2017). Genetic compensation: a
phenomenon in search of mechanisms. PLoS Genet. 13, e1006780. doi:10.1371/
journal.pgen.1006780

Ellis, R. J. (1990). The molecular chaperone concept. Semin. Cell Biol. 1, 1–9.

Fink, A. L. (1999). Chaperone-mediated protein folding. Physiol. Rev. 79,
425–449. doi:10.1152/physrev.1999.79.2.425

Goncearenco, A., and Berezovsky, I. N. (2014). The fundamental tradeoff in
genomes and proteomes of prokaryotes established by the genetic code, codon
entropy, and physics of nucleic acids and proteins. Biol. Direct 9, 29. doi:10.1186/
s13062-014-0029-2

Gu, W., Wang, X., Zhai, C., Xie, X., and Zhou, T. (2012).
Selection on synonymous sites for increased accessibility around miRNA
binding sites in plants. Mol. Biol. Evol. 29, 3037–3044. doi:10.1093/molbev/
mss109

Harris, K., and Nielsen, R. (2014). Error-prone polymerase activity causes
multinucleotide mutations in humans. Genome Res. 24, 1445–1454. doi:10.1101/
gr.170696.113

Katoh, K., Kuma, K., Toh, H., and Miyata, T. (2005). MAFFT version 5:
improvement in accuracy of multiple sequence alignment. Nucleic Acids Res. 33,
511–518. doi:10.1093/nar/gki198

Kersey, P. J., Allen, J. E., Armean, I., Boddu, S., Bolt, B. J., Carvalho-Silva, D., et al.
(2016). Ensembl genomes 2016: More genomes, more complexity. Nucleic Acids
Res. 44, D574–D580. doi:10.1093/nar/gkv1209

Lawrie, D. S., Messer, P. W., Hershberg, R., and Petrov, D. A. (2013). Strong
purifying selection at synonymous sites in D. melanogaster. PLoS Genet. 9,
e1003527. doi:10.1371/journal.pgen.1003527

Loewe, L., and Hill, W. G. (2010). The population genetics of mutations: good,
bad and indifferent. Philos. Trans. R. Soc. Lond. B Biol. Sci. 365, 1153–1167. doi:10.
1098/rstb.2009.0317

Long, H., Sung, W., Kucukyildirim, S., Williams, E., Miller, S. F., Guo, W., et al.
(2018). Evolutionary determinants of genome-wide nucleotide composition. Nat.
Ecol. Evol. 2, 237–240. doi:10.1038/s41559-017-0425-y

Lynch, M. (2007). The frailty of adaptive hypotheses for the origins of organismal
complexity. Proc. Natl. Acad. Sci. U. S. A. 104, 8597–8604. doi:10.1073/pnas.
0702207104

Morton, B. R. (2001). Selection at the amino acid level can influence synonymous
codon usage: implications for the study of codon adaptation in plastid genes.
Genetics 159, 347–358. doi:10.1093/genetics/159.1.347

Oresic, M., and Shalloway, D. (1998). Specific correlations between relative
synonymous codon usage and protein secondary structure. J. Mol. Biol. 281,
31–48. doi:10.1006/jmbi.1998.1921

Pechmann, S., and Frydman, J. (2013). Evolutionary conservation of codon
optimality reveals hidden signatures of cotranslational folding. Nat. Struct. Mol.
Biol. 20, 237–243. doi:10.1038/nsmb.2466

Rogozin, I. B., Belinky, F., Pavlenko, V., Shabalina, S. A., Kristensen, D. M., and
Koonin, E. V. (2016). Evolutionary switches between two serine codon sets are
driven by selection. Proc. Natl. Acad. Sci. U. S. A. 113, 13109–13113. doi:10.1073/
pnas.1615832113

Schrider, D. R., Hourmozdi, J. N., and Hahn, M. W. (2011). Pervasive
multinucleotide mutational events in eukaryotes. Curr. Biol. 21, 1051–1054.
doi:10.1016/j.cub.2011.05.013

Frontiers in Genetics frontiersin.org09

Belinky et al. 10.3389/fgene.2022.991249

https://www.frontiersin.org/articles/10.3389/fgene.2022.991249/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.991249/full#supplementary-material
https://doi.org/10.1126/science.287.5456.1283
https://doi.org/10.1038/nature02601
https://doi.org/10.1038/s41598-018-27570-3
https://doi.org/10.1038/s41598-018-27570-3
https://doi.org/10.1186/s12915-019-0727-4
https://doi.org/10.1186/s12915-019-0727-4
https://doi.org/10.1371/journal.pgen.1006315
https://doi.org/10.1038/srep00040
https://doi.org/10.1016/j.jmb.2005.08.067
https://doi.org/10.1016/j.jmb.2005.08.067
https://doi.org/10.1534/g3.116.038125
https://doi.org/10.1186/gb-2005-6-9-r75
https://doi.org/10.1038/nrg2526
https://doi.org/10.1073/pnas.0503009102
https://doi.org/10.1080/10409230701495631
https://doi.org/10.1186/gb-2006-7-6-r45
https://doi.org/10.1186/gb-2006-7-6-r45
https://doi.org/10.1371/journal.pgen.1006780
https://doi.org/10.1371/journal.pgen.1006780
https://doi.org/10.1152/physrev.1999.79.2.425
https://doi.org/10.1186/s13062-014-0029-2
https://doi.org/10.1186/s13062-014-0029-2
https://doi.org/10.1093/molbev/mss109
https://doi.org/10.1093/molbev/mss109
https://doi.org/10.1101/gr.170696.113
https://doi.org/10.1101/gr.170696.113
https://doi.org/10.1093/nar/gki198
https://doi.org/10.1093/nar/gkv1209
https://doi.org/10.1371/journal.pgen.1003527
https://doi.org/10.1098/rstb.2009.0317
https://doi.org/10.1098/rstb.2009.0317
https://doi.org/10.1038/s41559-017-0425-y
https://doi.org/10.1073/pnas.0702207104
https://doi.org/10.1073/pnas.0702207104
https://doi.org/10.1093/genetics/159.1.347
https://doi.org/10.1006/jmbi.1998.1921
https://doi.org/10.1038/nsmb.2466
https://doi.org/10.1073/pnas.1615832113
https://doi.org/10.1073/pnas.1615832113
https://doi.org/10.1016/j.cub.2011.05.013
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.991249


Shabalina, S. A., Spiridonov, N. A., and Kashina, A. (2013). Sounds of silence:
synonymous nucleotides as a key to biological regulation and complexity. Nucleic
Acids Res. 41, 2073–2094. doi:10.1093/nar/gks1205

Stoletzki, N., and Eyre-Walker, A. (2007). Synonymous codon usage in
Escherichia coli: selection for translational accuracy. Mol. Biol. Evol. 24,
374–381. doi:10.1093/molbev/msl166

Stone, J. E., Lujan, S. A., Kunkel, T. A., and Kunkel, T. A. (2012). DNA polymerase
zeta generates clustered mutations during bypass of endogenous DNA lesions in
Saccharomyces cerevisiae. Environ. Mol. Mutagen. 53, 777–786. doi:10.1002/em.
21728

Terekhanova, N. V., Bazykin, G. A., Neverov, A., Kondrashov, A. S., and
Seplyarskiy, V. B. (2013). Prevalence of multinucleotide replacements in
evolution of primates and Drosophila. Mol. Biol. Evol. 30, 1315–1325. doi:10.
1093/molbev/mst036

Venkat, A., Hahn, M.W., and Thornton, J. W. (2018). Multinucleotide mutations
cause false inferences of lineage-specific positive selection. Nat. Ecol. Evol. 2,
1280–1288. doi:10.1038/s41559-018-0584-5

Zhou, T., Gu, W., and Wilke, C. O. (2010). Detecting positive and purifying
selection at synonymous sites in yeast and worm. Mol. Biol. Evol. 27, 1912–1922.
doi:10.1093/molbev/msq077

Frontiers in Genetics frontiersin.org10

Belinky et al. 10.3389/fgene.2022.991249

https://doi.org/10.1093/nar/gks1205
https://doi.org/10.1093/molbev/msl166
https://doi.org/10.1002/em.21728
https://doi.org/10.1002/em.21728
https://doi.org/10.1093/molbev/mst036
https://doi.org/10.1093/molbev/mst036
https://doi.org/10.1038/s41559-018-0584-5
https://doi.org/10.1093/molbev/msq077
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.991249

	No evidence for widespread positive selection on double substitutions within codons in primates and yeasts
	Introduction
	Materials and methods
	Datasets
	Analysis of codon double substitutions
	Analysis of double synonymous substitutions in adjacent codons—null models
	Assignment of codon double substitution types
	Statistical testing

	Results
	Different types of codon double substitutions in primates and yeasts
	Modes of selection in specific codon double substitution classes in primates
	Modes of selection in specific codon double substitution classes in yeasts

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


