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Abstract

We examined the pattern of nucleotide substitution in 4933 conserved single-copy orthologous
protein-coding genes of human, rhesus, mouse, and rat. Consistent with previous studies, the median
ratio of the number of nonsynonymous substitutions per nonsynonymous site (dy) to the number of
synonymous substitutions per synonymous site (ds) was significantly higher in the comparison
between the two primates than in the comparison between the two rodents. This pattern was
particularly strong in the case of genes expressed in the immune system, but also occurred in other
genes, including a set of highly conserved genes involved in the regulation of transcription. Both
synonymous and nonsynonymous differences occurred independently in the same codons in the
primates and in the rodents to a greater extent than expected by chance, but the extent of the deviation
from random expectation was much greater in the case of nonsynonymous differences. Parallel amino
acid replacements occurred at the same sites in the primates and rodents far more frequently than
expected by chance, but tended to involve very conservative amino acid changes. Divergent amino
acid changes involved more chemically different amino acids than parallel changes, and divergent
amino acid replacements between the primates were significantly more radical than those between
the rodents. These results are most easily explained on the hypothesis that the evolution of these
genes has been shaped largely by purifying selection, which has been less effective in primates than
in rodents, presumably as a consequence of lower long-term effective population sizes in the former.
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1. Introduction

Abundant evidence suggests that natural selection at the molecular level predominantly takes
the form of purifying selection; that is, selection against deleterious mutations. In most protein-
coding genes, the number of synonymous of synonymous substitutions per synonymous site
(ds) exceeds the number of nonsynonymous (amino acid-altering) substitutions per
nonsynonymous site (dy), indicating that numerous nonsynonymous mutations have been
eliminated by purifying selection (Nei 1987). A number of recent studies have reported a
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surprisingly high prevalence of parallel or convergent amino acid replacements (i.e.,
homoplasy at the amino acid sequence level; Bazykin et al. 2007;Rogozin et al. 2008;Rokas
and Carroll 2008). One possible explanation of this phenomenon is that it is a consequence of
purifying selection acting to constrain the set of permissible amino acid replacements (Rokas
and Carroll 2008). In addition, the evolutionary conservation of numerous sequences outside
of protein-coding genes implies that many such motifs are also subject to purifying selection
(Bejerano et al. 2004;Casillas et al. 2007;Sakuraba et al. 2008). Moreover, in populations of a
wide variety of organisms, nonsynonymous polymorphisms tend to be rare in comparison to
synonymous polymorphisms in the same genes, indicating that purifying selection against
slightly deleterious variants is an ongoing process (Hughes et al. 2003,2008;Hughes 2005,
2007;Hughes and Hughes 2007a;lrausquin and Hughes 2008).

According to the “nearly neutral” theory of molecular evolution, the efficiency with which
slightly deleterious variants can be removed from populations is predicted to depend on the
extent of recombination and on effective population size (Ohta 1973, 2002; Lynch 2007;
Hughes 2008). Genomes or genomic regions with low recombination rates are expected to
show elevated accumulation of nonsynonymous substitutions, a prediction supported by data
from sex chromosomes (Berlin and Ellegren 2006; Wykoff et al. 2002), mitochondrial genomes
(Nachmanetal. 1994, 1996; Rand and Kann 1996), selfing and asexual organisms (Barraclough
et al. 2007; Bustamante et al. 2002), and the comparison of genomic regions with different
recombination rates (Haddrill et al. 2007). Likewise, there is evidence that the accumulation
of nonsynonymous mutations is accelerated in species with low long-term effective population
sizes due to a bottlenecked population history (Ohta 1993a; Hughes and Hughes 2007b).

As evidence for the accumulation of honsynonymous mutations in species with low effective
population size, Ohta (1993b) pointed to the observation of a higher dy/dg in primates than in
rodents or artiodactyls. This observation, which was originally based on just 17 gene loci, is
consistent with the nearly neutral theory if one assumes that effective population sizes in
primates have been smaller on average than in the other two orders of mammals studied
(Ohta1993b). Comparison of thousands of putative orthologs among complete genomes
confirmed Ohta’s (1993b) original observation of a higher dy /dg in primates than in rodents
(Chimpanzee Sequencing and Analysis Consortium 2005; Rhesus Macaque Genome
Sequencing and Analysis Consortium 2007; Ellegren 2008).

Here we analyze a set of nearly 5000 conserved single-copy orthologs from the genomes of
two primates (human and rhesus macaque) and two rodents (rat and mouse). We analyze only
single copy genes to avoid possibly confounding effects of non-reciprocal inter-locus
recombination (“‘gene conversion”) in the case of multi-gene families (Teshima and Innan
2004). Indeed, there is evidence that biased gene conversion can be a major source of slightly
deleterious nonsynonymous substitutions in primates (Galtier et al. 2008). We test whether the
tendency toward increased dy /ds in primates remains constant across different functional
categories of genes. In particular, we compare dy /ds in genes involved in the immune response
with those involved in the regulation of transcription because of previous evidence that the
former are relatively unconstrained at the amino acid level in mammals while the latter are
highly constrained (Murphy 1993; Hughes 1997; Hughes and Friedman 2008).

In addition, examining individual orthologous codons, we test the extent to which the same
codons show differences both between the two primate species and between the two rodent
species. We compare amino acid difference that occurred divergently with those that occurred
in parallel in the two lineages (Figure 1) in order to examine the kinds of amino acid
replacements involved. We test the hypothesis that purifying selection promotes parallel amino
acid replacements, by limiting acceptable replacements at many sites to a small set of
chemically similar amino acids (Rokas and Carroll 2008). Then, using parallel amino acid

Gene. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hughes and Friedman Page 3

replacements as a basis for comparison, we test the prediction that primate-specific divergent
amino acid replacement should show a greater tendency to introduce chemically dissimilar
amino acids than do rodent-specific divergent replacements, as expected if the former include
a higher proportion of slightly deleterious replacement mutations.

2. Methods

2.1. Sequences Analyzed

The following mammalian complete genomes were obtained from Ensembl version 49
(Hubbard et al. 2007; assembly version and number of loci in parentheses): Homo sapiens
(NCBI36; 19,902 transcripts), Macaca mulatta (MMUL1; 20,258), Mus musculus (NCBIM37,
21,424), Rattus norvegicus (RGSC3.4; 20,828). The protein-coding sequences (the shortest
predicted sequence per locus) were compiled from the above set and formatted into a sequence
database. To find sets of orthologs, the Blastclust software (Altschul et al. 1997) was employed
which searches for all homologous sequences in a database and then organizes the homologs
into families by a single-linkage method. This ensures that each gene is assigned to only one
family. This step was performed using the following criteria to establish homology (Hughes
et al. 2005a): a minimum E-value of 10°® and at least 70 percent similarity across at least 85
percent of the sequence lengths. Gene families were retained which had a single putative
ortholog in each of the four mammalian genomes.

This set of orthologs was then further edited to exclude a small number of genes for which
ds (see below) was very high or undefined in either the human-rhesus or mouse-rat comparison,
indicating the probable lack of a true orthologous relationship. In order to include only a set
of genes that have been subject largely to purifying selection on the amino acid sequence, we
excluded a small number of genes for which dy exceeded ds (see below) in either the human-
rhesus comparison or the mouse-rat comparison. To minimize possible effects of misalignment,
we included in the final data set only genes for which the coefficient of variation (CV) in length
(number of codons) across the four species was less than 10%. Genes in these excluded
categories amounted to only 1.6% of the original set of putative orthologs. The final data set
consisted of 4933 putative single copy orthologs (Supplementary Table S1), with a mean CV
in length across species of 1.60% (+ 0.03 S.E.) and a median CV in length of 0.62%.

Each ortholog was scored for its role in biological processes using information from the Gene
Ontology (GO) project (Gene Ontology Consortium 2000). Genes were categorized as having
a role in the immune system if the GO annotations included the biological processes immune
response and/or inflammatory response. Similarly, genes were categorized as having a role in
the regulation of transcription if the GO annotations for biological processes included
regulation of transcription. We chose to analyze these two functional categories because there
were numerous genes in our data set belonging to each category and because, on the basis of
previous literature (e.g., Murphy 1993; Hughes 1997; Hughes and Friedman 2008), we
expected immune system genes to be relatively unconstrained and genes involved in the
regulation of transcription to be subject to strong functional constraint.

2.2. Data Analysis

Members of each ortholog set were globally aligned at the amino acid level using ClustalW
(Thompson et al. 1994), and the alignment was imposed on the corresponding nucleotide
sequence. The number of synonymous of synonymous substitutions per synonymous site
(ds) and the number of nonsynonymous substitutions per nonsynonymous site (dy) were
estimated by Yang and Nielsen’s (2000) method and by the Nei and Gojobori method
(1986), using the PAML software (Yang 1997). The correlation between dy estimates by the
two methods was > 0.99 in both primates and rodents, while the correlation between the

Gene. Author manuscript; available in PMC 2010 July 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hughes and Friedman

3. Results

Page 4

estimates of dy /dg by the two methods was 0.945 in primates and 0.967 in rodents. Because
the results of the two methods were very similar, only those of Yang and Nielsen’s (2000)
method are reported below.

Synonymous and nonsynonymous nucleotide differences between human and rhesus and
between mouse and rat were counted at each individual aligned codon using Nei and Gojobori’s
(1986) method. The latter simple method was used in this case because more complicated
methods estimate parameters (such as nucleotide content) from the data, which is not applicable
in the case of a single codon (Hughes and Friedman 2005). In addition, Nei and Gojobori’s
(1986) method averages across evolutionary pathways, thereby providing a conservative count
for the occurrence of synonymous and nonsynonymous differences.

At codons that showed an amino acid difference both between human and rhesus and between
mouse and rat, we focused on two specific patterns of amino acid change (Figure 1). In
parallel change, the same two amino acid residues occurred in the two primate species and in
the two rodent species (Figure 1A). With sequences of just these four species it was not possible
to determine which of the two residues was ancestral, it could be inferred that amino acid
replacements had occurred in parallel (Figure 1A). In divergent change, the same amino acid
residue was found in one of the two primate species and in one of the two rodent species, while
two different residues were found in the other primate and in the other rodent (Figure 1B). In
the latter case, the principle of parsimony leads to the inference that the ancestral residue was
the one shared now by one primate and one rodent (Figure 1B). Thus, at such a site, it can be
inferred that independent divergent changes (away from the ancestral state) have occurred in
both the primate and rodent lineages.

The chemical similarity between pairs of amino acid was measured by the chemical distances
of Miyata, Miyazawa, and Yasunaga (1979) and of Xia and Xie (2002). Since the results using
the two distances were essentially identical, only the former is reported here (designated MMY
distance in the following). The MMY distance has an arbitrary scale ranging from 0.06 to 5.23,
with a median value for the 190 possible amino acid pairs of 2.365. Because the variables
analyzed were generally not normally distributed, we report statistical tests using
nonparametric methods; however, in every case, analogous parametric tests yielded essentially
identical results (not shown).

3.1. Synonymous and Nonsynonymous Substitutions

In comparisons of 4933 single-copy orthologous genes, the mean dg between human and rhesus
was 0.0900 £ 0.0009 S.E., with a median value of 0.0733 and a range of 0.0075 to 0.4957; and
mean dy was 0.0181 + 0.004, with a median of 0.0102 and a range of 0.0000 to 0.2666. When
the same set of orthologs were compared between mouse and rat, mean dg was 0.1955 £ 0.0010
(median = 0.1885; range = 0.0187 to 0.7112); and mean dy was 0.0263 + 0.004 (median =
0.0191; range = 0.0000 to 0.2742). In spite of the overall higher levels of both synonymous
and nonsynonymous substitution in the mouse-rat comparison than in the human-rhesus
comparison, both the mean (0.196 + 0.003) and median (0.138) of the ratio dy /dg were higher
in the case of the human-rhesus comparison than in the rat-mouse comparison (0.134 + 0.002
and 0.102, respectively). Figure 2A illustrates the distribution of the difference between dy /
ds for the two primate species and dy /dg for the two rodent species. Both mean and median
values of the difference were substantially greater than zero (Figure 2A). Overall, dy /dg for
the primates was greater than that for the rodents in 3355 genes (68.0%), while the reverse was
true in 1578 genes (32.0%). The difference between median dy /dg between primates and
rodents was highly significant (Sign test; P < 0.001).
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Genes were classified with regard to their function in the immune system and in regulation of
transcription; 4186 genes had neither of these functions, 603 functioned in regulation of
transcription but not in the immune system, 122 functioned in the immune system but not in
regulation of transcription, and 22 had both functions (Figure 2B). In comparisons between
the two primate species, median dy /ds differed significantly among the four categories of
genes (P < 0.001; Kruskal-Wallis test), with the highest median value (0.190) occurring in
genes with immune system function only and the lowest median value (0.094) occurring in
genes that function in regulation of transcription but not in the immune system (Figure 2B).
Likewise, in comparisons between the two rodent species, median dy /dg differed significantly
among the four categories of genes (P < 0.001; Kruskal-Wallis test), with the highest median
value (0.157) occurring in genes with immune system function only and the lowest median
value (0.076) occurring in genes functioning in the regulation of transcription but not in the
immune system (Figure 2C).

When each of the four categories was analyzed separately, median dy /dg in primates was
significantly greater than that in rodents (P < 0.001 for each categories except that of genes
functioning in both the immune system and regulation of transcription, where P = 0.017; Sign
tests). The median difference between dy /dg in primates and dy /dg in rodents also differed
significantly among the four categories (P < 0.001; Kruskal-Wallis test). The median difference
was highest (0.106) in genes with immune system function only and lowest (0.024) in genes
functioning in regulation of transcription but not in the immune system.

Across all genes, there were 2,592,614 aligned codons at which both synonymous and
nonsynonymous differences were possible (i.e., excluding stop codons and methionine and
tryptophan codons). At 81,283 of these codons (3.1%), there was a nonsynonymous difference
between human and rhesus, while at 124,540 (4.8%), there was a nonsynonymous difference
between mouse and rat. If nonsynonymous differences occurred independently in the primates
and the rodents, one would expect 3904.6 codons to show nonsynonymous differences both
between human and rhesus and mouse and rat. In fact, there were 9837 codons which showed
nonsynonymous differences both between human and rhesus and mouse and rat, about 2.52
times as many as expected. The deviation from independence was highly significant (x2 =
9774.9; 1 d.f.; P <0.001).

Synonymous differences occurred at 159,690 (6.2%) codons between human and rhesus and
at 359,071 (13.8%) codons between mouse and rat. There were 28,402 codons showing
synonymous differences both between the two primates and between the two rodents. This
value was again greater than that (22,116.7) expected under the hypothesis of independence,
and the deviation from independence was highly significant (32 = 2209.5; 1 d.f.; P < 0.001).
However, the ratio of observed to expected numbers was much lower in the case of synonymous
differences (1.28) than in the case of nonsynonymous differences (2.52).

3.2. Amino Acid Replacements

Among the codon sites at which nonsynonymous differences occurred both between the two
primates and between the two rodents, 2198 showed a parallel pattern of amino acid
replacement (Figure 1A), whereas 5303 showed a divergent pattern of amino acid replacement
(Figure 1B). Thus, divergent amino acid replacements occurred 2.41 times as frequently as
parallel amino acid replacements, implying that the latter have occurred at a far higher level
than expected. On the unrealistic assumption that all amino acid changes are equally likely,
one would expect divergent changes to outnumber parallel changes by 18:1. We used the
frequency of occurrence of different amino acid replacements in the set of divergent changes
to construct a more realistic null hypothesis. On this basis we predict, that divergent changes
should outnumber parallel changes by about 4.08:1. The difference between observed an
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expected numbers was highly significant (x2 = 439.5; 1 d.f.; P < 0.001), indicating a significant
excess of parallel amino acid changes in comparison to divergent changes.

When genes were categorized by function in the immune system and in regulation of
transcription, there was a significant difference among categories with respect to the frequency
of occurrence of genes with one or more parallel changes (y* = 27.5; 3 d.f.; P < 0.001; Figure
3A). The highest percentage of genes with one or more parallel changes (39.3%) occurred in
genes functioning in the immune system but not in regulation of transcription, while the lowest
percentage (19.9%) occurred in genes functioning in regulation of transcription but not in the
immune system (Figure 3A).

Likewise, there was a significant difference among categories with respect to the frequency of
occurrence of genes with one or more divergent changes (x= = 41.9; 3 d.f.; P < 0.001; Figure
3B). The percentage of genes with one or more divergent changes was highest in genes
functioning in both the immune system and in the regulation of transcription (63.6%) and
almost as high in genes functioning in the immune system but not in regulation of transcription
(59.8%; Figure 3B). By contrast, the lowest percentage of genes with one or more divergent
changes (35.2%) was seen in genes functioning in regulation of transcription but not in the
immune system (Figure 3B).

Overall, 2260 genes showed at least one divergent amino acid change, and 926 of these (41.0%)
showed at least one parallel change as well. By contrast, one or more parallel changes were
observed in only 422 (15.8%) of the 2673 genes lacking a divergent change. The difference in
the proportions was highly significant (y< = 391.2; 1 d.f.; P < 0.001), indicating a positive
association between the occurrence of parallel and divergent changes in the same gene.

Of the 3355 genes having dy /dg greater in the primates than in the rodents, 1931 (57.6%) had
at least one divergent amino acid change. By contrast, one or more divergent amino acid
changes occurred in only 329 of 1578 (20.8%) genes having dy /dg greater in the rodents than
in the primates. The difference in proportions was highly significant (y2 = 582.5; 1 d.f.; P <
0.001). Similarly, at least one parallel change occurred in 1144 (34.1%) of genes having dy /
ds greater in the primates than in the rodents but in only 204 (12.9%) of the remaining genes.
The difference in proportions was highly significant (y< = 242.2; 1 d.f.; P < 0.001).

3.3. Amino Acid Chemical Distances

The pairs of amino acids involved in cases of parallel amino acid replacement included 137
(72.1%) of the 190 possible amino acid pairs. Yet certain amino acid pairs occurred with much
greater frequency than others. Of the 2198 cases of parallel amino acid replacement, 28.5%
were due to just three amino acid pairs: 1-V (272 cases or 12.4%), A-T (199 cases or 9.1%),
and N-S (155 cases or 7.1%). Using the pairs of amino acids involved in divergent changes as
a basis for comparison, we used 2 tests of independence to test for over-representation of each
amino acid pair in the set of parallel amino acid replacements. Six amino acid pairs showed
significant over-representation (at the 5% level or better, Bonferroni-corrected for multiple
testing; Figure 4A). These six pairs all involved relatively conservative changes from the point
of view of the chemical distances between amino acids (MMY distances in parentheses): I-V
(0.85), A-T (0.90), N-S (1.31), Q-R (1.13), K-R (0.40), and H-R (0.82; Figure 4A). The median
MMY distance of the 2198 parallel amino acid changes was 0.90. This value was significantly
lower than the median MMY distance for divergent amino acid changes either in rodents (1.13)
or in primates (1.14; P < 0.001 in each case; Mann-Whitney test; Figure 4B).

In the case of divergent amino acid replacements, although the median MMY distance in the
primates (1.14) was only slightly higher than that in the rodents (1.13), the difference was
highly significant statistically (P < 0.001; Sign test; Figure 4B). Of the 5303 sites with divergent
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amino acid replacements, the MMY distance for the primates was greater than that for the
rodents in 2784 (52.5%), whereas the MMY distance for rodents was greater than that for
primates at 2510 sites (47.3%) and equal to that for primates at 9 sites (0.2%). The median
MMY distance for divergent amino acid replacements in primates was nonetheless
significantly lower than the median value (2.365) for the 190 possible amino acid pairs (Sign
test; P < 0.001). Of the 5303 sites with divergent amino acid replacements, at 4048 (76.3%)
the MMY distance was less than 2.365.

We further analyzed MMY at divergently evolving amino acid sites by looking separately at
sites (N = 4806) in genes for which dy /dg was greater in primates than in rodents and at sites
(N =497) in genes for which dy /dg was greater in rodents than in primates. In the former set
of sites, there was a highly significant difference in median MMY distance between primates
(1.31) and rodents (1.13; Sign test; P < 0.001). By contrast, in the latter sites, there was no
significant difference in median MMY distance between primates (0.91) and rodents (1.13;
Sign test; n.s.). Thus, the effect of greater MMY distance in the case of divergent amino acid
replacements in primates was essentially a feature of the subset of genes where dy /dg was
greater in primates than in rodents.

4. Discussion

Examination of the pattern of nucleotide substitution in 4933 conserved single-copy
orthologous protein-coding genes of human, rhesus, mouse, and rat showed significantly higher
median dy /ds in the comparison between the two primates than in the comparison between
the two rodents, consistent with previous analyses (Ohta 1993d; Chimpanzee Sequencing and
Analysis Consortium 2005; Rhesus Macaque Genome Sequencing and Analysis Consortium
2007; Ellegren 2008). On the assumption that effective population sizes have generally been
larger in the rodents than in the primates, this result supports the prediction of the “nearly
neutral” theory that nonsynonymous substitution will be elevated in species with small
effective population sizes (Ohta 1993b). This effect is expected if many nonsynonymous
mutations are slightly deleterious, since the efficiency of purifying selection in removing
slightly deleterious mutations is reduced when effective population size is low (Ohta 1993b).

Other interpretations of our results are possible, including the hypothesis that positive selection
on amino acid replacements has occurred more frequently between the two primate species
than between the two rodent species. However, it is hard to imagine what sort of selection
would occur broadly at isolated codons across a large number of single-copy genes in primates
but not in rodents. Note also that the genes in question are generally conserved at the amino
acid sequence level, with dy less than dg in every case. Moreover, there were several lines of
evidence that argued against the hypothesis of positive selection and favored that of inefficient
purifying selection. This evidence involved the patterns of nucleotide substitution in genes of
different functional categories and the patterns of parallel and divergent amino acid
replacement. Taken together, the overall pattern suggested a predominant role for purifying
selection in the evolution of nonsynonymous sites in these genes, with differences in
evolutionary rate attributable mainly to differences in the strength and/or effectiveness of
purifying selection.

Consistent with previous analyses (Murphy 1993; Hughes 1997; Hughes and Friedman
2008), we found that, in both primates and rodents, median dy /ds was elevated in genes with
immune system function, particularly in comparison to a set of highly conserved genes involved
in the regulation of transcription. Again, this pattern also might be explained either by positive
selection on immune system genes or by relaxation or inefficiency of purifying selection on
immune system genes. But, whatever process explains the elevated dy /dg in the immune system
genes, it is worth noting that the dy /dg ratio was greater in primates than in rodents even in
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the conserved genes involved in the regulation of transcription. Even if there were certain
instances of positive selection on the immune system genes, it seems unlikely that the same
type of selection could be involved in the case of the conserved genes functioning in the
regulation of transcription. Thus, it seems unlikely that positive selection can account for the
elevated dy /dg in primates across functional categories of genes.

It is important to note that the immune system genes involved in the present analyses did not
include the highly polymorphic genes of the major histocompatibility complex, which are
subject to a form of balancing selection that accelerates the rate of amino acid substitution in
the peptide-binding region of the molecule (Hughes and Nei 1988) nor the other multi-gene
families of immune system effectors for which there is evidence of past diversifying selection
(Hughes 2002). In the human population, immune system genes show significantly reduced
evidence of ongoing purifying selection on nonsynonymous variants in comparison to other
genes (Hughes et al. 2005b), consistent with the hypothesis that the elevated values of dy /dg
in immune system genes occurs mainly as a result of reduction in the stringency of purifying
selection.

We found that both synonymous and nonsynonymous changes occurred at the same codon
independently in the primate and rodent lineages significantly more frequently than expected
by chance. As regards synonymous changes, this effect may reflect differences in mutability
of certain codons. However, the effect was much more pronounced in the case of
nonsynonymous changes than in the case of synonymous changes, with nonsynonymous
changes occurring in the same codon independently in the two lineages over two and a half
times as frequently as expected by chance. The distinctive pattern at nonsynonymous sites
implicates purifying selection, suggesting that certain codon positions are more likely to
undergo amino acid replacements because they are less subject to purifying selection.

Analysis of parallel amino acid changes in the two lineages further supported the hypothesis
that purifying selection plays a key role in shaping evolution of these genes. Parallel amino
acid change has sometimes been taken as a sign of positive selection (Zhang and Kumar
1997), but studies showing the wide prevalence of parallel amino acid changes provide
evidence against this interpretation (Bazykin et al. 2007; Rogozin et al. 2008; Rokas and Carroll
2008). In our data set, parallel amino acid changes disproportionately involved a small set of
very conservative amino acid replacements, and the median chemical distance was
significantly lower in parallel changes than in divergent changes. Thus, by permitting only
certain conservative changes at certain sites, purifying selection seems to increase the
likelihood of parallel amino acid changes at those sites. These results support the hypothesis
that parallel amino acid changes occur mainly as a result of purifying selection, rather than
positive selection (Rokas and Carroll 2008). In our data set, parallel amino acid replacements
occurred in the two lineages at a far higher level than expected, based on the patterns of amino
acid replacement that occurred in the case of divergent changes. This high level of parallel
change suggests that sites there are numerous sites where a limited set of conservative amino
acid changes are permitted.

Both divergent and parallel amino acid changes were disproportionately likely to occur in genes
for which dy /dg was greater in primates than in rodents. Moreover, in the latter genes, divergent
changes tended to introduce more divergent amino acids in the primate lineage than in the
rodent lineage, as indicated by significantly greater median MMY distance in the primates than
in the rodents. Note that, even though the median MMY distance at these sites in primates
(1.31) was higher than that in rodents, it was still significantly lower than the median MMY
distance for all possible amino acid pairs (2.365). In fact, 1.31 corresponds to the N-S pair, at
about the 22" percentile of the distribution of MMY distance values. This finding is consistent
with the hypothesis that the elevated dy /ds in primates is due mainly to the fixation of slightly
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deleterious mutations, since slightly deleterious mutations are likely to involve greater
chemical dissimilarity of amino acid residues than those that are strictly neutral, yet are less
likely to involve extremely radical changes.

In summary, our results showed evidence of elevated dy /dg in primates in comparison to
rodents, and this pattern was particularly enhanced in genes with immune system function.
Moreover, elevated dy /dg was statistically associated with increased frequencies of both
convergent and divergent amino acid replacements; and with larger chemical distances in the
case of divergent amino acid changes. These patterns are most easily explained by a greater
rate of fixation of slightly deleterious mutations in primates than in rodents as a consequence
of lower effective population sizes in the former. Thus our results provide support for the
nearly-neutral theory of molecular evolution.

Supplementary Material
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Examples of parallel (A) and divergent (B) patterns of amino acid replacement, illustrated by
aligned amino acid sites (A) 147 and (B) 453 of 78Kd centrosomal protein (encoded by
CEP78). Amino acids are indicated by the single-letter code.
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Figure 2.

(A) Frequency distribution of the difference between dy /ds in the primates and dy /ds in the
rodents for 4933 orthologous single-copy genes from human, rhesus, mouse, and rat. (B)
Median dy /dg between human and rhesus in orthologous genes categorized by presence (Im
+) or absence (Im-) of immune system function and by presence (RT+) or absence (RT-) of
function in regulation of transcription. Numbers of genes in each category are shown. The
difference among categories with respect to median dy /ds was highly significant (P < 0.001;
Kruskal-Wallis test). (C) Median dy /ds between mouse and rat in orthologous genes
categorized by presence (Im+) or absence (Im-) of immune system function and by presence
(RT+) or absence (RT-) of function in regulation of transcription. Numbers of genes in each
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category are as in Figure 2B. The difference among categories with respect to median dy /ds
was highly significant (P < 0.001; Kruskal-Wallis test).
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Figure 3.

Percentages of genes with parallel (A) and divergent (B) amino acid replacements in
orthologous genes categorized by presence (Im+) or absence (Im-) of immune system function
and by presence (RT+) or absence (RT-) of function in regulation of transcription. In each case,
there was a significant difference among categories: (A) x2 = 27.5; 3 d.f.; P < 0.001; (B) ¥% =
41.9; 3d.f; P<0.001.

Gene. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hughes and Friedman

A)
300 — —
RV e
~
-
o
- 200 - AT -
[«}] s
b N-S
? .
0 _,./
O e
100 — KR QR s
HR, .'-tg,»-"'
0 a®my
0 /#
I 1 I
100 200 300
Expected
B)
5303
1.2 —
1.0 -
& 2198
&
E 08 —
0
> 06
=
=
c 04 —
.©
3
s 02—
00 — T T
Rodent Primate
Parallel
Divergent

Figure 4.

Page 16

(A) Observed vs. expected numbers of amino acid pairs involved in parallel amino acid
replacements. Expected numbers were based on divergent amino acid replacements. The six
amino acid pairs (single-letter code) are shown for which the observed number significantly
(P < 0.05; Bonferroni-corrected) exceeded the expected number. The line is a 45° line. (B)
Median MMY chemical distance between amino acids in parallel and divergent amino acid
replacements. The median distance for parallel replacements was significantly different from
that for divergent amino acid replacements either in rodents or in primates (Mann-Whitney
test; P < 0.001 in each case). The median distance for divergent amino acid replacements in
primates was significantly different from that in rodents (Sign test; P < 0.001).
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