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Serine is the only amino acid that is encoded by two disjoint codon
sets so that a tandem substitution of two nucleotides is required
to switch between the two sets. Previously published evidence
suggests that, for the most evolutionarily conserved serines, the
codon set switch occurs by simultaneous substitution of two
nucleotides. Here we report a genome-wide reconstruction of
the evolution of serine codons in triplets of closely related species
from diverse prokaryotes and eukaryotes. The results indicate that
the great majority of codon set switches proceed by two consecutive
nucleotide substitutions, via a threonine or cysteine intermediate,
and are driven by selection. These findings imply a strong pressure of
purifying selection in protein evolution, which in the case of serine
codon set switches occurs via an initial deleterious substitution
quickly followed by a second, compensatory substitution. The result
is frequent reversal of amino acid replacements and, at short
evolutionary distances, pervasive homoplasy.
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Point mutations are generally assumed to involve substitution
of single nucleotides, an assumption that underlies many

phylogenetic approaches (1–5). However, the presently charac-
terized mechanisms of mutation do not exclude the possibility
that two or more adjacent nucleotides change simultaneously in
a single mutational event (6–13). There is experimental evidence
that some replication and repair enzymes, for example, mammalian
DNA polymerases η (14) and ζ (15, 16), produce excessive
amounts of double (tandem) substitutions. Runs of consecutive
mismatches between closely related genomes rapidly decrease in
frequency with increasing length, following an exponential distri-
bution and thus indicating that nucleotides are mostly substituted
one at a time (17). Nevertheless, even for spontaneous mutations,
there are indications that several adjacent nucleotides can change
simultaneously in a single mutational event (2, 6–8, 18). In par-
ticular, Averof and colleagues analyzed nucleotide substitutions in
primate noncoding sequences and found a high frequency of
double (tandem) substitutions in an approximately twofold excess
over the expected frequencies (2).
Averof and colleagues further analyzed evolutionary switches

between TCN and AGY (where N is any nucleotide and Y is a
pyrimidine) codons that encode strictly conserved serine residues
in multiple protein families from diverse organisms (2). Serine is
unique among amino acids in that it is encoded by two disjoint
codon sets, TCN and AGY, which cannot be interconverted by a
single-nucleotide mutation. Accordingly, switches between serine
codons from the two sets can occur either directly, by simulta-
neous double (tandem) mutation (TC > AG), or indirectly, via
two consecutive single-nucleotide substitutions (TC > AC > AG
or TC > TG > AG). In the latter case, the switch would involve
as an intermediate either threonine ACN or cysteine TGY,
amino acid residues with properties substantially different from
those of serine (19), so that such changes are unlikely to be
tolerated at critical functional or structural sites of a protein.
Nevertheless, TCN > AGY switches have been observed at sites

encoding extremely conserved serine residues, for example, in
ubiquitins (20) and in the active sites of serine proteases (21).
Given the likely low fitness of threonine or cysteine intermedi-
ates, switches at such sites could be attributed to simultaneous
double (tandem) mutations, which in this context are synony-
mous and most likely selectively neutral. Alternatively, mecha-
nisms have been hypothesized to explain switches in serine codon
sets through nondeleterious intermediates (21–23). For example,
a transient substitution of serine by another amino acid could be
complemented by the presence of a neighboring serine residue
(23), or the presence of serine codons from different sets in the
same essential site might reflect independent origins from dif-
ferent ancestral amino acids (21).
We sought to investigate the evolutionary factors that affect

serine codon set switches on the genome scale in a broad range
of organisms. Contributions from both selection and mutational
processes were identified, but the impact of selection seems to be
much more pronounced, especially in prokaryotes.

Results
Double and Single Mutations in Serine Codons in Prokaryotes. To
accurately reconstruct the nucleotide substitutions that lead to
serine codon switches, we analyzed triplets of species with un-
ambiguous phylogeny for which the substitutions can be polar-
ized (Fig. 1). Specifically, the analysis involved 37 triplets of
closely related prokaryotic genomes from the Alignable Tight
Genome Clusters (ATGC) database and two groups of eukary-
otes (see Materials and Methods and SI Appendix for details). We
first determined the frequencies of double substitutions between
the two serine codon sets (Fig. 2). Altogether, there were 856
TCY > AGY substitutions and 809 AGY > TCY substitutions
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(Fig. 2), numbers that are high enough to allow reliable statistical
inferences. The frequencies of double substitutions in the first
two serine codon positions were 0.002 for the TCY > AGY re-
placements and 0.0015 for the AGY > TCY replacements (Fig.
2). These frequencies are, respectively, 43 and 52 times greater
than expected from the estimation of the double substitution
frequencies as the products of the respective single-mutation
frequencies (e.g., 0.002/(0.000043 + 0.000004) = 42.6) (SI Ap-
pendix, Fig. S1). Analysis of five individual ATGCs with the
highest numbers of serine codon switches revealed considerable
variability of the substitution frequencies (SI Appendix, Fig. S2),
but the lowest excess of TCY ↔ AGY double mutations over the
expected frequencies was more than 10-fold (SI Appendix, Fig.
S2, ATGC199).

AGY ↔ TCY Mutations in Prokaryotic Noncoding DNA. In the non-
coding ATGC sequences, we identified 53 TCY > AGY re-
placements and 49 AGY > TCY replacements (Fig. 3). The
frequencies of these double substitutions (0.0002 for TCY >
AGY and 0.0003 for AGY > TCY) were substantially and sig-
nificantly [P(Fc_obs/exp > Fn_obs/exp) < 0.0001] lower than the
respective frequencies in the protein-coding regions but still
approximately threefold greater than expected from the fre-
quencies of single substitutions (Fig. 3).
The small number of AGY ↔ TCY double substitutions in

noncoding DNA (due to the generally low fraction of noncoding
DNA in prokaryotic genomes) within the analyzed genome set
calls for caution in interpretation. Therefore, we performed
additional control measurements. Analysis of the AGR > TCR
(R stands for a purine) substitutions detected no significant ef-
fect of the third position on the frequency of the double substi-
tutions (SI Appendix, Fig. S3). Although the number of double
substitutions was slightly greater than it was with pyrimidines in
the third position [87 TCR > AGR substitutions and 63 AGR >
TCR substitutions], these numbers still translate into frequencies
that are 3–4 times greater than those estimated as the product of
single-mutation frequencies (SI Appendix, Fig. S3). We also an-
alyzed substitutions in the shuffled triplets GAY and CTY (SI
Appendix, Fig. S4) and identified 62 CTY > GAY substitutions
and 90 GAY > CTY substitutions, again corresponding to
double-substitution frequencies that were 3–5 times greater than
expected from the single substitution frequencies (SI Appendix,
Fig. S4). Thus, the frequencies of double substitutions in dif-
ferent dinucleotides in noncoding DNA are closely similar (Fig.
3 and SI Appendix, Figs. S3 and S4) and reflect a three- to
fivefold excess over the random expectation.

Double Substitutions in Serine Codons in Yeast and Mammals. We
additionally analyzed a triplet of yeast species and two mam-
malian triplets. Altogether, there were 25 TCY > AGY substi-
tutions and 16 AGY > TCY substitutions in yeast (Fig. 4). The
frequencies of double substitutions in the first two positions were
0.0004 for both TCY > AGY and AGY > TCY replacements
(Fig. 4). These frequencies are approximately 2–3 times greater
than expected from the estimation of the double-substitution
frequencies as the product of the respective single-substitution
frequencies (Fig. 4). In the yeast noncoding DNA sequences, we
identified 59 TCY > AGY mutations and 54 AGY > TCY
mutations (Fig. 5). In this case, the frequencies of double sub-
stitutions (0.0009 for both TCY > AGY and AGY > TCY
substitutions) were not significantly different [P(Fc_obs/exp >
Fn_obs/exp) = 0.079] from those expected from the frequencies
of single mutations (Fig. 5).
Despite the small numbers of double substitutions in the

coding regions, a qualitatively similar result was obtained for
primate and rodent species triplets, with the frequencies of
double substitutions being about 2–8 times greater than expected
from the respective single-mutation frequencies (SI Appendix,
Fig. S5). The difference between primate coding and noncoding
DNA was not statistically significant [P(Fc_obs/exp > Fn_obs/
exp) = 0.827], but a marginally significant difference was found
for rodent species [P(Fc_obs/exp > Fn_obs/exp) = 0.029].

Serine Codon Set Switches in Slow- and Fast-Evolving Genes. Under
the hypothesis that the greater-than-expected rate of serine co-
don set switches results from selection pressure to maintain the
serines, it can be predicted that this effect should be more pro-
nounced in slow-evolving (subject to strong selection) than in
fast-evolving (weakly selected) genes. We split genes in each
ATGC (SI Appendix, Table S1) into two bins that included, re-
spectively, “conserved,” slow-evolving genes with dN/dS (ratio of
nonsynonymous-to-synonymous substitution rates) equal or
smaller than the median and the remaining “nonconserved,”
fast-evolving genes (Fig. 6). We found that the frequency of
double (tandem) mutations was more than twofold higher in
conserved genes than in nonconserved genes in full agreement
with the selection hypothesis (Fig. 6).

Ingroup Species 1 Ingroup Species 2 Outgroup Species

TCT

TCTTCTAGT

TCT > AGT

TCT

Fig. 1. Reconstruction of the history of nucleotide substitutions in three
closely related genomes. The reconstructed ancestral codons are underlined.
Under the parsimony principle, one or no mutation per site per branch was
allowed.

TCY 

AGY 

Ser 

Ser 

ACY TGY 
Cys Thr 

0.0015 0.0020 

0.000043 0.000004 

0.000003 0.000026 

Fig. 2. Frequencies of double (tandem) nucleotide substitutions leading to
serine codon set switches and the contributing single substitutions in pro-
tein-coding sequences in prokaryotic species triplets. The frequency of sub-
stitutions was estimated as the number of substitutions in a given codon
divided by the number of the respective codons in the reconstructed an-
cestral sequence (Fig. 1). The expected number of two consecutive mutations
A > B > C was calculated as a product of the frequencies of the mutations
A > B and B > C (see SI Appendix, Fig. S1, for details). The frequencies of
single substitutions are shown in black, the frequencies of double substitu-
tions are shown in green, and the expected frequencies of two consecutive
substitutions are shown in blue.
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Discussion
Analysis of the evolutionary switches between serines encoded by
the codons of the two disconnected sets offers a rare opportunity
to disambiguate the evolutionary effects of biased mutation and
selection. The results of comparative analysis presented here
indicate that switches from one serine codon set to another,
which require two nucleotide substitutions in adjacent codon
positions, occur in bacterial and archaeal protein-coding se-
quences up to 50 times more frequently than expected by chance
and an order of magnitude more frequently than the corre-
sponding tandem nucleotide substitutions in noncoding regions.
These findings imply that, in microbial evolution, serine codon
sets switch mostly by rapid succession of single-nucleotide sub-
stitutions driven by selection via a threonine and/or cysteine in-
termediates. In other words, once a serine is replaced by a
threonine or cysteine, typically, there is a strong selective pres-
sure for the reversal to serine. Such reversal involves either
restoration of the original sequence, which is undetectable in
genome comparisons, or a switch to a different codon set, which
was detected in the analyses described here. The character of the
selective processes that govern the serine codon set switch merits
closer attention. The overall outcome of these processes can be
naturally interpreted as purifying (stabilizing) selection whereby
the selection pressure maintains the ancestral state (serine) be-
cause substitutions are often deleterious. Microscopically, how-
ever, the switches involve the initial, deleterious substitution
resulting in the replacement of serine by threonine or cysteine
that is rapidly followed by a second, beneficial substitution
through which the site reverts to serine. This second step reflects
positive, “compensatory” selection.
In the analyzed eukaryotic genomes (yeast and mammals), the

excess of the frequencies of the observed double (tandem) mu-
tations over expected frequencies and nucleotide substitutions in
coding regions was much smaller than in prokaryotes whereas, in
the noncoding regions, there was virtually no excess. These ob-
servations are compatible with the fundamental population-
genetics theory (24–27) whereby eukaryotes have substantially
smaller effective population sizes than prokaryotes, and the
consequent decrease in the power of selection most likely ac-
counts for weaker pressure for serine restoration. This hypoth-
esis predicts that genes subject to stronger purifying selection
should have a higher frequency of synonymous double (tandem)
mutations in serine codons. Indeed, a comparison of the slow-
evolving vs. fast-evolving prokaryotic genes revealed a twofold
excess of serine codon set switches in the former compared with
the latter (Fig. 6). These findings are fully consistent with the
hypothesis that compensatory selection largely determines the
frequency of serine codon set switches.

There are several potential methodological issues with the
genome-wide analysis of nucleotide substitutions including ef-
fects of selection on noncoding DNA, violations of parsimony
(more than one mutation per site per branch), and possible
biases in the alignment procedures. We found that, in noncoding
regions, the frequencies of tandem substitutions in dinucleotides
of the same composition as the first two bases of serine codons
are consistently several fold higher than predicted from the
frequencies of the respective single mutations in prokaryotic
genomes (this effect was much less pronounced in eukaryotes).
This excess of double substitutions apparently reflects the ag-
gregate effect of various potential biases along with mutational
processes that result in simultaneous substitution of two bases
(11). The existence of any factors that would specifically suppress
tandem mutations of AG, GA, TC, and CT dinucleotides in
noncoding regions and instead favor single mutations in these
dinucleotides appears extremely unlikely (28). Thus, the much
greater excess of tandem substitutions in the coding regions most
likely reflects purifying selection that drives reversal to serine.
The approach used here for the reconstruction of mutational
events in triplets of species, based on the maximum parsimony
principle, allows one to control for uncertainty in the branching
order of large species trees and for saturation of substitutions at
synonymous sites and noncoding DNA (29).
As discussed above, there are two paths for the serine codon

set switch by two consecutive single-nucleotide substitutions, via
cysteine and via threonine (Fig. 2). The serine-to-cysteine re-
placements are about threefold less frequent than the serine-to-
threonine replacements (Fig. 2), arguably because the former are
more likely to be deleterious than the latter. Thus, the path
through threonine can be expected to be the principal route of
serine codon set switching. The selective pressure for a cysteine
to revert to serine is likely to be substantially stronger than that
for threonine, potentially increasing the contribution of the
cysteine route. Nevertheless, given that the frequency of double
substitutions leading to switches is slightly greater than the fre-
quency of serine-to-cysteine replacements (Fig. 2), the “smooth”
serine–threonine–serine path appears to be dominant.
The results described here are not at odds with the previous

findings and conclusions on serine codon set switches (2). In-
deed, Averof and colleagues analyzed tandem nucleotide
substitutions in codons for extremely conserved, most likely
essential, serine residues (such as those in active sites of en-
zymes) for which the evolutionary trajectories through threonine
or cysteine are likely to be inaccessible. The codon set switches in
such positions indeed could be attributed to the moderate excess
of double mutations that was observed both in the study of

TCY 

AGY 

Ser 

Ser 

ACY TGY 
Cys Thr 

0.0004 0.0004 

0.000102 

0.000134 

0.000033 

0.000041 

Fig. 4. Frequencies of double (tandem) nucleotide substitutions leading to
serine codon set switches and contributing single substitutions in protein-
coding sequences from three yeast species. The estimates and designations
are as in Fig. 2.

TCY 

AGY 

ACY TGY 0.0003 0.0002 

0.000041 

0.000033 

0.000040 

0.000044 

Fig. 3. Frequencies of double (tandem) and single substitutions in non-
coding DNA from prokaryotic species triplets. The estimates and designa-
tions are as in Fig. 2.
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Averof et al. (2) and in this work. In contrast, here we analyzed
all serines that are conserved in multiple triplets of closely re-
lated species for many (if not most) of which the threonine and
cysteine-containing states are likely to be only mildly deleterious,
and the evolutionary routes through these intermediates are
accordingly passable. The results of this work indicate that, when
all serines are analyzed, the vast majority of double (tandem)
mutations leading to codon set switches is explained by the
pressure of purifying selection.
In the phylogenetic context, the high frequency of serine co-

don set switches (Fig. 2) corresponds to an extremely high fre-
quency of reversals that are an important source of homoplasy at
the sequence level (30–34). Furthermore, it has been shown that
extensive parallel changes in the evolution of Drosophila species
are largely explainable by effects of purifying selection driven by
similar functional constraints in closely related organisms (35) in
agreement with the conclusions of the present study. From the
data in Fig. 2 and SI Appendix, Fig. S1, it can be estimated that in
prokaryotic genomes, a substantial fraction of serine-coding sites
that mutate to either threonine or cysteine [0.0015/(0.0075 +
0.0019) = 16% for the AGY to TCY switch and 0.002/(0.0062 +
0.0013) = 27% for the TCY to AGY switch (SI Appendix, Fig.
S1)] have reverted to serine. In the setting of this analysis, we
detect about half of the serine-to-serine reversals, namely those
that lead to codon set switch, whereas the other half, those that
involve return to the original codon, remain invisible. Further-
more, there is no reason to believe that serines are in any way
special with respect to the frequency of reversals. Reversals are
expected to be as common for other amino acids, only not as
easily detectable because, apart from serine, all amino acids are
encoded by sets of codons that are connected through single
substitutions. Homoplasy, arguably, is the principal impediment
for all (broadly defined) cladistic approaches in phylogenetics
although it creates numerous problems for phylogenetic methods
in general (31, 34–39). The results of this work provide a strong
indication that homoplasy is extremely common in the evolution
of closely related species. A related but more general conclusion
is that a large fraction, possibly the majority of amino acid res-
idues in proteins, is subject to purifying selection that is strong
enough to drive frequent reversal on the scale of divergence of
closely related species.
The results of our genome-wide analysis of serine codon set

switches indicate that, at least in prokaryotes, double-nucleotide
substitutions required for such switches occur primarily via
rapid succession of two single-nucleotide substitutions. The
first of these substitutions results in the replacement of serine
by threonine or cysteine and is often deleterious, whereas the
second one restores serine and is apparently driven by positive,
compensatory selection. We estimated that the fraction of
serine-to-threonine and serine-to-cysteine replacements that

revert to serine is quite substantial, over 15% under conser-
vative estimates. These findings imply unexpectedly high levels of
selection that result in extensive homoplasy in short-term evolu-
tion, potentially leading to artifacts in phylogenetic analysis.

Materials and Methods
Genomic data for bacteria and archaea were obtained from an updated
version of the ATGC. The ATGCs consist of bacterial and archaeal genomes
with a high level of conserved gene synteny and a synonymous substitution
rate (dS) <1.5 (40, 41). To reconstruct mutations in protein-coding and
noncoding DNA, we used triplets of closely related species (Fig. 1) (29). The
triplets of species were extracted from the ATGC database as follows. We
aimed for a pair of species with dS in the range of 0.25–1.0, preferentially
choosing those as close to 0.25 as possible, to balance the requirements
for a sufficient number of substitutions for reliable analysis and for the
lack of mutational saturation. Then, the third species was chosen such
that the distance from each member of the initially selected pair of
species was at least 1.2 (preferably 1.5) times greater than the distance
within the pair, so that it would represent an unambiguous outgroup.
The dS values were maximum-likelihood estimates calculated using the
CODML program of the PAML4.8 package (42). The dN/dS value (the
measure of protein-level selection) was estimated using the Pamilo-
Bianchi-Li method (43).

Alignments of protein-coding and noncoding DNA sequences from 37
triplets of closely related species were analyzed (SI Appendix, Table S1).
Sequences were aligned using the MUSCLE program (44). The datasets are
available from ftp.ncbi.nlm.nih.gov/pub/shabalin/SERINE/. Evolutionary dis-
tances for the intergenic regions were generally smaller compared with
fourfold degenerate sites, suggesting that on average purifying selection is
stronger in the noncoding regions than in the synonymous sites of the
coding sequences (SI Appendix, Table S1). The smallest distances for fourfold
degenerate sites and intergenic spacers between the two in-groups were
0.065 and 0.031, respectively, and the largest distances were 0.295 and
0.152, respectively (SI Appendix, Table S1). The smallest numbers of protein-
coding sites and intergenic positions among the 37 triplets of species were
639,171 and 19,962, respectively, and the largest numbers were 4,542,510
and 279,940, respectively (SI Appendix, Table S1. Given that the triplets of
species included closely related sequences, we used the maximum-parsimony
approach to infer mutational events (45) (Fig. 1). Specifically, the frequencies
of the codon substitutions that involve exchanges between serine and
threonine as well as serine and cysteine and the serine codon set switches
were calculated by dividing the number of the corresponding nucleotide

TCY 

AGY 

ACY TGY 0.0009 0.0009 

0.000333 

0.000398 

0.000315 

0.000435 

Fig. 5. Frequencies of double (tandem) AGY ↔ TCY substitutions and the
contributing single substitutions in noncoding DNA from three yeast species.
The estimates and designations are as in Fig. 2.

TCY 

AGY 

Ser 

Ser 

ACY TGY 
Cys Thr 

0.0008 0.0010 

0.000015 0.000001 

0.000002 0.000010  

TCY 

AGY 

Ser 

Ser 

ACY TGY 
Cys Thr 

0.0022 0.0032 

0.000096 0.000010 

0.000013 0.000054  

Slow-evolving genes 
Observed frequency /  
expected frequency: 
0.0008 / 0.000012=66.7 
0.0010 / 0.000016=62.5 

Fast-evolving genes 
Observed frequency / 
 expected frequency: 
0.0022 / 0.000067=32.8 
0.0032 / 0.000106=30.2 

A

B

Fig. 6. Frequencies of double (tandem) AGY↔TCY substitutions and the
contributing single substitutions in protein-coding sequences of slow-
evolving (A) and fast-evolving (B) genes. The combined protein-coding genes
from all ATGCs were split into a slow-evolving (dN/dS equal to or less than
the ATGC-specific median, green) and fast-evolving (dN/dS greater than the
median, red) gene bins. The other designations and estimates are as in Fig. 2.
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substitutions in the ungapped alignment columns by the number of the
respective codons in the ancestral sequence that was reconstructed using
maximum parsimony (43). Alignments of three yeast species (Saccharomyces
cerevisiae, S. paradoxus, and S. mikatae) were extracted from the Saccha-
romyces Genome Database (46); protein-coding regions and 3′ regions were
used for analysis. Mammalian alignments (human–green monkey–bush baby
and mouse–rat–rabbit triplets of species) of protein-coding genes and 3′
regions (5,000 bases downstream from stop codons) were downloaded from
the University of California at Santa Cruz Table Browser (47).

The significance of the differences between the ratios of observed and
expected nucleotide substitution frequencies in coding and noncoding DNA
was estimated using random sampling of positions from multiple alignments
of the respective sequences. For each triplet of species, 10,000 sampled
alignments were produced. Alignment columns containing AGY or TCY
triplets were sampled from coding or noncoding DNA sequences depending
on the sizes of the datasets. If the number of AGY↔TCY changes was greater

in the coding sequences, we sampled columns from coding alignments until
the number of AGY↔TCY changes was the same in coding and noncoding
sequences. Conversely, if the number of AGY↔TCY changes was greater in
the noncoding sequences, the respective columns from the noncoding se-
quence alignments were sampled until the number of AGY↔TCY changes
was the same in the coding and noncoding sequences. For each sampled
alignment, the observed and expected frequencies (Fc and Fn for coding and
noncoding sequences, respectively) of the AGY↔TCY substitutions were
calculated, and the probability P(Fc_obs/exp > Fn_obs/exp) was calculated
based on 10,000 sampled alignments.
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