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In the analysis of protein-coding nucleotide sequences, the ratio of the number
of nonsynonymous substitutions to that of synonymous substitutions (dn/ds) is
used as an indicator for the direction and magnitude of natural selection operating
at the amino acid sequence level. The ds and dy values are estimated based on
the comparison of homologous codons, which are often identified by converting
(reverse-translating) aligned amino acid sequences into codon sequences. In this
method, however, homologous codons may be mis-identified when frame-shifts
occurred or amino acid sequences were mis-aligned, which may lead to overestima-
tion of the dn/ds ratio. Here the effect of reverse-translating aligned amino acid
sequences on the estimation of dy/ds ratio was examined through a large-scale
analysis of protein-coding nucleotide sequences from vertebrate species. Appar-
ently, 1-9% of codon sites that were identified as homologous with reverse-trans-
lation contained non-homologous codons, where the dy/ds ratio was unduly
high. By correcting the dx/dg ratio for these codon sites, it was inferred that the
ratio was 5-43% overestimated with reverse-translation. These results suggest
that caution should be exerted in the study of natural selection using the dn/ds
ratio by reverse-translating aligned amino acid sequences.

Key words: nonsynonymous/synonymous rate ratio, reverse-translation, align-
ment, negative selection, positive selection

INTRODUCTION

Point mutations occurring in protein-coding nucleotide
sequences are synonymous or nonsynonymous according
to whether they retain or alter coding amino acids,
respectively (Miyata and Yasunaga, 1980; Perler et al.,
1980). Synonymous mutations are considered to be
selectively neutral or nearly neutral, where the rate of
synonymous substitution (rg) may reflect the mutation
rate. In contrast, nonsynonymous mutations are consid-
ered to be subject to natural selection operating at the
amino acid sequence level. Since fixation probabilities of
advantageous and deleterious mutations are higher and
lower than that of neutral mutations, respectively, the
rate of nonsynonymous substitution (ry) may be greater
and smaller than the mutation rate when positive and
negative selection operates, respectively. Therefore, nat-
ural selection can be detected by comparing rg and ry,
where rg < ry, rs > ry, and rg = ry indicate positive, nega-
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tive, and no selection, respectively (Kimura, 1977).

The comparison of rg and ry can be performed by com-
paring the numbers of synonymous (ds) and nonsynony-
mous (dy) substitutions that have accumulated during
the same evolutionary time period (¢), because it is
expected that dg = rgt and dy = ryt (Hughes and Nei,
1988). The nonsynonymous/synonymous rate ratio (ry/rg)
is estimated by dn/ds, which reflects the direction and
magnitude of natural selection. In haploid organisms,
dn/ds = 2N,s/(1 — e ) where N, and s denote the effec-
tive population size and the selection coefficient, respec-
tively (Nielsen and Yang, 2003). The estimation of dg
and dy is based on the comparison of homologous codons
(Nei and Kumar, 2000; Suzuki and Gojobori, 2003). In
the real data analysis, homologous codons are often iden-
tified by making a multiple alignment of amino acid
sequences and converting it into codon sequences
(Suyama et al., 2006; Wong et al., 2008; Schneider et al.,
2009; Fletcher and Yang, 2010). This conversion process
is called reverse-translation in this paper. The align-
ment of codon sequences obtained is usually treated as an
observation without errors (Wong et al., 2008).



124 Y. SUZUKI

The above approach, however, appears to contain prob-
lems that may result in mis-identification of homologous
codons. First, it is implicitly assumed that the unit of
insertions and deletions (indels) in protein-coding nucle-
otide sequences is the codon (Fletcher and Yang, 2010),
which is not always the case in reality because frame-
shifts can occur at least partially (Mills et al., 2006).
When a frame-shift occurs at some codons in a sequence,
they are no longer homologous to codons in other
sequences. Yet, non-homologous codons may be identi-
fied as homologous in the above approach, because it is
difficult to infer the occurrence of frame-shifts only from
the comparison of amino acid sequences. Second, even
when the unit of indels was the codon, aligning amino
acid sequences itself is not always easy, and non-homolo-
gous amino acids may be aligned especially at variable
sites, which may lead to mis-identification of homologous
codons (Liu et al., 2009; Fletcher and Yang, 2010). It has
been reported that excluding the sites with gaps from the
alignment of amino acid sequences was insufficient to
reduce alignment errors in the real data analysis, sug-
gesting that mis-alignment of amino acid sequences may
be common (Wong et al., 2008; Fletcher and Yang, 2010).

In general, majority of amino acid sites in proteins are
under functional constraint with dy/ds < 1 (Suzuki and
Gojobori, 2001; Suzuki, 2006). However, the dy/dgs ratio
is known to be inflated at mis-aligned codon sites (Wong
et al., 2008; Mallick et al.,, 2009; Schneider et al.,
2009). It has also been reported that as more non-homol-
ogous codons are aligned, more amino acid sites are
falsely identified as positively selected (Vamathevan et
al., 2008; Wong et al.,, 2008; Mallick et al., 2009;
Schneider et al., 2009; Fletcher and Yang, 2010). The
purpose of the present study was to examine the effect of
reverse-translating aligned amino acid sequences on the
estimation of dy/dg ratio, through a large-scale analysis of
protein-coding nucleotide sequences from vertebrate spe-
cies.

MATERIALS AND METHODS

Sequence data The entire sets of protein-coding nucle-
otide sequences for 10 vertebrate species (human [Homo
sapiens; GRCh37], chimpanzee [Pan troglodytes;
CHIMP2.1], orangutan [Pongo pygmaeus abelii; PPYG2],
macaque [Macaca mulatta; MMUL_1.0], mouse [Mus
musculus; NCBIM37], cow [Bos taurus; Btau_4.0], opos-
sum [Monodelphis domestica; monDomb], chicken [Gallus
gallus; WASHUC?2], frog [Xenopus tropicalis; JGI4.1], and
zebrafish [Danio rerio, Zv8]) (Nei et al., 2010) were
retrieved from Ensembl Genes 57 through BioMart
(Durinck et al., 2005). Distantly related species, such as
chicken, frog, and zebrafish, were included in the analysis
of dn/dg ratio in the present study for the following
reasons. First, the ds and dx values did not appear to be

saturated but increased linearly along with time for these
species (Nei et al.,, 2010). Second, even for distantly
related species, the ds and dy values are considered to be
estimated reliably when the number of codon sites ana-
lyzed is relatively large (Nei and Kumar, 2000). Third,
natural selection has been detected based on the dy/ds
ratio even when distantly related species, such as chicken
and frog, were included (Uddin et al., 2008; Goodman et
al., 2009; Goodman and Sterner, 2010).

The possible orthology data for human sequences to
sequences of other vertebrate species were also available
in BioMart. It should be noted, however, that the
possible orthology data in BioMart were generated based
on the topology of the phylogenetic tree constructed from
the multiple alignment of nucleotide sequences that was
obtained by reverse-translating aligned amino acid
sequences (Vilella et al., 2009). If homologous nucle-
otides were mis-identified in this process, the number of
nucleotide substitutions may be overestimated for some
pairs of sequences, which may result in construction of
incorrect topology. It was therefore possible that ortho-
logues were identified as paralogues, and vice versa.
Although the identification of paralogues as orthologues
may be problematic in the present study, the probability
for the occurrence of mis-identification appears to be
small, because it is unlikely that a particular topology
(species tree) is generated by random effects. In addi-
tion, the probability may be further reduced by focusing
only on one-to-one possible orthologues between species.

Data processing Using the possible orthology data, a
list of one-to-one possible orthologues was generated
between human and other vertebrate species. Nine lists
of one-to-one possible orthologues obtained were com-
bined using human sequences as the reference, to gener-
ate 4,313 sets of possible orthologues that were shared by
10 vertebrate species. The sets of possible orthologues
whose member sequence contained a premature termina-
tion codon or an ambiguous nucleotide were discarded,
and 3,878 sets of possible orthologues were retained for
the next step.

For each of 3,878 sets of possible orthologues, multiple
alignments of amino acid and nucleotide sequences for 10
vertebrate species were made by using the computer pro-
gram CLUSTAL W (version 1.8) (Thompson et al., 1994)
with the default parameter settings. The alignment of
amino acid sequences was reverse-translated into codon
sequences, and the alignment of codon sequences obta-
ined was compared with the alignment of nucleotide
sequences. The codon sites that were aligned consis-
tently in these alignments for all of 10 vertebrate species
(class-1 codon sites) were extracted to construct another
alignment of codon sequences. It should be noted that
the class-1 sites represent the codon sites that were
aligned consistently using the amino acid and nucleotide
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sequences. The sets of possible orthologues for which the
number of class-1 codon sites was < 100 were discarded
to reduce the possibility that they do not encode a real
protein, and 3,325 sets of possible orthologues were
retained for the next step.

For each of 3,325 sets of possible orthologues, two
alignments of codon sequences generated above, by
reverse-translating aligned amino acid sequences and by
extracting class-1 sites, were used for estimating the dg
and dy values between human and other vertebrate spe-
cies by the method of Nei and Gojobori (1986) taking into
account the transition/transversion rate ratio (Kondo et
al., 1993; Zhang et al., 1998; Suzuki et al., 2009), which
has been estimated to be 4 in mammals (Rosenberg et al.,
2003; Jiang and Zhao, 2006; Zhang et al., 2007). The
codon sites shared by all of 10 vertebrate species without
gaps were used for the estimation. The sets of possible
orthologues for which the dg or dy value between human
and any of other vertebrate species was incalculable were
discarded to reduce the possibility that they contained
paralogous sequences. Finally, the remaining 3,222 sets
of possible orthologues were considered as orthologues
and used for the analysis of dy/dg ratio.

Analysis of dy/ds ratio Two alignments of codon sequ-
ences generated above, by reverse-translating aligned
amino acid sequences and by extracting class-1 sites,
were concatenated, after eliminating the codon sites with
gaps, for 3,222 sets of orthologues to make the alignments
of codon sequences with 1,318,081 codon sites and
1,128,326 codon sites, respectively. Using these align-
ments, the ds and dy values as well as the dy/dg ratio
were estimated between human and other vertebrate spe-
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cies, as described above.

RESULTS AND DISCUSSION

dy/ds ratio by reverse-translating aligned amino
acid sequences The dg and dy values as well as the
dn/ds ratio estimated between human and other verte-
brate species using the alignment of codon sequences con-
structed by reverse-translating aligned amino acid
sequences are summarized in Table 1. The dy/dg ratio
between human and non-human primates ranged from
0.260 to 0.272 (The Chimpanzee Sequencing and Analysis
Consortium, 2005; Bakewell et al., 2007; Rhesus Macaque
Genome Sequencing and Analysis Consortium, 2007). In
contrast, smaller dy/ds ratios, ranging from 0.131 to
0.217, were observed between human and non-primate
mammals and non-mammalian vertebrates (Mouse
Genome Sequencing Consortium, 2002; International
Chicken Genome Sequencing Consortium, 2004; Rat
Genome Sequencing Project Consortium, 2004).

It should be noted that the effect of natural selection is
positively correlated with the effective population size of
organisms (Kimura, 1983). Therefore, the difference in
the dy/ds ratio observed above appears to reflect the fact
that effective population sizes of primates are smaller
than those of other vertebrate species analyzed in the
present study. In fact, the effective population size has
been estimated to be ~10,000 for human (Takahata,
1993), ~25,000 for chimpanzee (Won and Hey, 2005),
~15,000 for orangutan (Becquet and Przeworski, 2007),
and ~25,000 for macaque (Bonhomme et al., 2009), which
are smaller than the estimates of ~400,000 for mouse
(Geraldes et al., 2008) and ~90,000 for cow (MacEachern

Table 1. The ds and dy values and the dn/ds ratio between human and other vertebrate species
) Reverse-translated® Class-1° Class-2-1° Class-2-2¢ Estimated®
Species ds dx dy/ds ds dx dy/ds ds dx dx/ds ds dy  dnlds ds dx dy/ds
Chimpanzee 0.0125° 0.00337 0.270 0.0114 0.00195 0.171 0.0122 0.00451 0.369 0.0989 0.101 1.02 0.0115 0.00232 0.201
Orangutan 0.0354 0.00921 0.260 0.0321 0.00496 0.154 0.0339 0.0114 0.337 0.265 0.277 1.05 0.0324 0.00589 0.182
Macaque 0.0678 0.0185 0.272 0.0616 0.0101 0.164 0.0635 0.0223 0.351 0.478 0.525 1.10 0.0619 0.0118 0.191
Mouse 0.436 0.0571 0.131 0.431 0.0430 0.0997 0.442 0.124 0.280 0.668 0.375 0.561 0.433 0.0541 0.125
Cow 0.311 0.0497 0.160 0.303  0.0359 0.118 0.320 0.0962 0.301 0.654 0.499 0.762 0.306 0.0443 0.145
Opossum 0.666 0.105 0.158 0.655 0.0783 0.120 0.675  0.209 0.310 1.04 0.797 0.764 0.658 0.0957 0.146
Chicken 0.909 0.158 0.173 0.899 0.121 0.135 0.907 0.286 0.315 1.18 0.992 0.844 0.900 0.143 0.159
Frog 1.27 0.232 0.183 1.27 0.177 0.140 1.20 0.382 0.319 1.34 1.34 1.00 1.26 0.203 0.162
Zebrafish 1.39 0.303 0.217 1.40 0.238 0.171 1.30 0.369 0.284 1.42 148 1.04 1.38 0.256 0.185

?Alignment of codon sequences was constructed by reverse-translating aligned amino acid sequences.
bAlignment of codon sequences was constructed by extracting the codon sites that were aligned consistently using the amino acid and

nucleotide sequences for all of 10 vertebrate species.

°Codon sites that were aligned inconsistently using the amino acid and nucleotide sequences for any of 10 vertebrate species but
consistently for the pairwise comparison of human and other vertebrate species.
4Codon sites that were aligned inconsistently using the amino acid and nucleotide sequences for the pairwise comparison of human and

other vertebrate species.

°Estimated values of ds and dy as well as the dn/ds ratio by correcting the dn/ds ratio for the class-2-2 sites.
fStandard errors were mostly more than two orders of magnitude smaller than the estimates.
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et al., 2009). These observations suggest that functional
constraint has operated less effectively in primates com-
pared to other vertebrate species.

dn/dg ratio by extracting the codon sites aligned
consistently using the amino acid and nucleotide
sequences In the above analysis, the alignment of
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aligned amino acid sequences. In this method, however,
non-homologous codons may be aligned when frame-shifts
occurred or amino acid sequences were mis-aligned,
which may lead to overestimation of the dy/ds ratio, as
discussed above. It may be difficult to measure the
degree of overestimation accurately in the real data anal-
ysis, because the correct alignment of codon sequences is

codon sequences was constructed by reverse-translating

usually unknown.

However, the codon sites that are

Table 2. The numbers of synonymous and nonsynonymous sites and differences, and the proportions of different sites between human
and other vertebrate species
Reverse-translated® Class-1° Class-2-1° Class-2-2¢
Species
Site Difference Proportion Site Difference Proportion Site Difference Proportion Site Difference Proportion
Chimpanzee Synonymous 1,119,714 13,870  0.01241 956,930 10,831  0.0113 149,568 1,814 00121 13,215 1,225 0.0927
(1.00¢ (100 (0.855)  (0.781) (0.134)  (0.131) (0.0118)  (0.0883)
Nonsynonymous 2,697,860 9,075  0.00336 2,310,381 4,503  0.00195 355,994 1,601 0.00450 31,485 2,972  0.0944
(1.00) (1.00) (0.856)  (0.496) (0.132)  (0.176) (0.0117)  (0.327)
Orangutan Synonymous 1,119,651 38,722  0.0346 956,874 30,100  0.0315 145,807 4,839  0.0332 16,971 3,784 0.223
(1.00) (1.00) (0.855)  (0.777) (0.130)  (0.125) (0.0152)  (0.0977)
Nonsynonymous 2,697,941 24,705  0.00916 2,310,419 11,430  0.00495 347,169 3,942  0.0114 40,353 9,332 0.231
(1.00) (1.00) (0.856)  (0.463) (0.129)  (0.160) (0.0150)  (0.378)
Macaque  Synonymous 1,119,917 72,613  0.0648 957,001 56,605  0.0591 142,108 8,649  0.0609 20,808 7,358 0.354
(1.00) (1.00) (0.855)  (0.780) 0.127)  (0.119) (0.0186)  (0.101)
Nonsynonymous 2,697,811 49,235  0.0183 2,310,356 23,146  0.0100 338,014 7,421  0.022 49,442 18,669 0.378
(1.00) (1.00) (0.856) (0.47) (0.125)  (0.151) (0.0183)  (0.379)
Mouse Synonymous 1,121,273 370,520  0.330 958,166 314,142  0.328 145223 48,473  0.334 17,884 7,906 0.442
(1.00) (1.00) (0.855)  (0.848) (0.130)  (0.131) (0.0160)  (0.0213)
Nonsynonymous 2,697,505 148,365  0.055 2,310,105 96,527  0.0418 345,144 39,373  0.114 42257 12,465 0.295
(1.00) (1.00) (0.856)  (0.651) (0.128)  (0.265) (0.0157)  (0.0840)
Cow Synonymous 1,121,675 285,406  0.254 958,461 239,172  0.250 141,899 36,929  0.26 21,316 9,305 0.437
(1.00) (1.00) (0.854)  (0.838) (0.127)  (0.129) (0.0190)  (0.0326)
Nonsynonymous 2,697,163 129,798  0.0481 2,309,825 81,0564  0.0351 337,044 30,428  0.0903 50,294 18,316 0.364
(1.00) (1.00) (0.856)  (0.624) 0.125)  (0.234) (0.0186)  (0.141)
Opossum  Synonymous 1,116,628 492,847  0.441 954,113 416,835  0.437 131,183 58,364  0.445 31,333 17,647 0.563
(1.00) (1.00) (0.854)  (0.846) (0.117)  (0.118) (0.0281)  (0.0358)
Nonsynonymous 2,699,964 265,535  0.0983 2,312,037 171,929  0.0744 313,841 57,252  0.182 74,086 36,355 0.491
(1.00) (1.00) (0.856)  (0.647) (0.116)  (0.216) (0.0274)  (0.137)
Chicken Synonymous 1,117,171 588,412  0.527 954,779 499,984  0.524 118,277 62,244  0.526 44115 26,184 0.594
(1.00) (1.00) (0.855) (0.85) (0.106)  (0.106) (0.0395)  (0.0445)
Nonsynonymous 2,701,419 384,051  0.142 2,313,190 259,366  0.112 284,564 67,644  0.238 103,666 57,040 0.550
(1.00) (1.00) (0.856)  (0.675) (0.105)  (0.176) (0.0384)  (0.149)
Frog Synonymous 1,113,482 680,724  0.611 951,870 582,089  0.612 87,910 52,603  0.598 73,702 46,033 0.625
(1.00) (1.00) (0.855)  (0.855) (0.0790)  (0.0773) (0.0662)  (0.0676)
Nonsynonymous 2,704,662 539,354  0.199 2,315,566 365,360  0.158 212,404 63,605  0.299 176,693 110,388 0.625
(1.00) (1.00) (0.856)  (0.677) 0.0785  (0.118) (0.0653)  (0.205)
Zebrafish ~ Synonymous 1,119,773 708,664  0.633 957,172 606,291  0.633 58,697 36,209  0.617 103,904 66,164 0.637
(1.00) (1.00) (0.855)  (0.856) (0.0524)  (0.0511) (0.0928)  (0.0934)
Nonsynonymous 2,700,835 672,851  0.249 2,312,432 471,966  0.204 140,763 40,990  0.291 247,639 159,894 0.646
(1.00) (1.00) (0.856)  (0.701) (0.0521)  (0.0609) (0.0917)  (0.238)

?Alignment of codon sequences was constructed by reverse-translating aligned amino acid sequences.
b Alignment of codon sequences was constructed by extracting the codon sites that were aligned consistently using the amino acid and nucleotide sequences for
all of 10 vertebrate species.
¢Codon sites that were aligned inconsistently using the amino acid and nucleotide sequences for any of 10 vertebrate species but consistently for the pairwise
comparison of human and other vertebrate species.
dCodon sites that were aligned inconsistently using the amino acid and nucleotide sequences for the pairwise comparison of human and other vertebrate species.

“Proportions of sites and differences in the alignment of codon sequences constructed by reverse-translating aligned amino acid sequences.
£ . :
Standard errors were mostly more than two orders of magnitude smaller than the estimates.
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aligned consistently using the amino acid and nucleotide
sequences for all of 10 vertebrate species (class-1 codon
sites) may be more likely to be composed of homologous
codons than those that are aligned inconsistently for any
of 10 vertebrate species (class-2 codon sites).

Therefore, another alignment of codon sequences was
constructed by extracting the class-1 sites, and the ds and
dy values as well as the dy/ds ratio were estimated
between human and other vertebrate species (Table 1).
Compared to the case for reverse-translating aligned
amino acid sequences, the dy/dg ratio for the class-1 sites
dropped to 0.154-0.171 between human and other pri-
mates and 0.0997-0.171 between human and non-
primate mammals and non-mammalian vertebrates.
These results indicate that the dy/dgs ratio was large for
the class-2 sites. However, it should be noted that the
codon sites under weak functional constraint or positive
selection, where the dy/dg ratio is intrinsically high, are
more difficult to be aligned compared to those under
strong functional constraint, where the dy/ds ratio is low
(Liu et al., 2009; Fletcher and Yang, 2010). Therefore,
the large dy/ds ratio for the class-2 sites may be due to
mis-alignment of homologous codons or intrinsically high
dN/dS ratio.

Overestimation of dy/ds ratio by reverse-translation
of aligned amino acid sequences To distinguish the
above possibilities, the class-2 codon sites were further
classified into those that were aligned consistently (class-
2-1 codon sites) and inconsistently (class-2-2 codon sites)
using the amino acid and nucleotide sequences for the
pairwise comparison of human and other vertebrate
species. The ds and dy values as well as the dn/ds ratio
were estimated for these classes of sites separately (Table
1). For the class-2-1 sites, the dg value was similar to
that obtained for the class-1 sites, which were considered
to be composed of homologous codons, suggesting that the
codons in the class-2-1 sites were largely homologous.
However, the dy/ds ratio for the class-2-1 sites was
greater than that for the class-1 sites, indicating that the
former and latter sites were relatively variable and con-
servative at the amino acid sequence level, respectively.
In contrast, for the class-2-2 sites, the ds value was much
greater than that for the class-1 and class-2-1 sites, sug-
gesting that non-homologous codons were included in this
class of sites. The dn/ds ratio for the class-2-2 sites was
also unduly high.

It should be noted, however, that the proportion of
class-2-2 sites in the entire alignment of codon sequences
constructed by reverse-translating aligned amino acid
sequences was only 1-9% (Table 2). The proportion
appeared to be positively correlated with the sequence
divergence between vertebrate species, reflecting the fact
that aligning sequences is more difficult when sequences
are more variable (Liu et al., 2009; Fletcher and Yang,

2010). To examine the effect of class-2-2 sites on the
estimation of dy/dg ratio, the actual ratio for the entire
alignment was estimated by correcting the ratio for the
class-2-2 sites, under the assumption that the ratio for
this class of sites was similar to that for the class-2-1
sites. This assumption is based on the fact that class-2-
1 sites in some pairs of vertebrate species may be classi-
fied as class-2-2 sites in other pairs, and vice versa. It
was observed that the dy/ds ratio obtained without
correction was 5-43% greater than that obtained with
correction (Table 1). The uncorrected ratio was still 0.3—
39% greater than the corrected ratio even when the dy/dg
ratio for the class-2-2 sites was assumed to be twice as
great as that for the class-2-1 sites (data not shown). The
degree of overestimation for the dy/dg ratio appeared to be
positively correlated with the ratios of the numbers of
synonymous and nonsynonymous differences for the
class-2-2 sites to those for other classes of sites (Table 2).

These results suggest that even if the proportion of mis-
aligned codon sites is small, they cause significant over-
estimation of the dy/dg ratio for the entire alignment of
codon sequences constructed by reverse-translating
aligned amino acid sequences (Wong et al., 2008; Mallick
et al., 2009; Schneider et al., 2009). These codon sites
may also be falsely identified as positively selected
(Vamathevan et al., 2008; Wong et al., 2008; Mallick et
al., 2009; Schneider et al., 2009; Fletcher and Yang,
2010). Therefore, caution should be exerted in the study
of natural selection using the dn/ds ratio by reverse-trans-
lating aligned amino acid sequences. It may be neces-
sary to add information from nucleotide sequences to that
from amino acid sequences for constructing reliable align-
ments of codon sequences (Fletcher and Yang, 2010). In
addition, since the alignment of codon sequences is not an
observation but an inference, it may also be useful to take
into account alignment errors for obtaining reliable esti-
mates of the dy/dg ratio (Wong et al., 2008).
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