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A comprehensive phylogenetic framework is indispensable for
investigating the evolution of genomic features in mammals as a
whole, and particularly in humans. Using the ENCODE sequence
data, we estimated mammalian neutral evolutionary rates and
selective pressures acting on conserved coding and noncoding
elements. We show that neutral evolutionary rates can be ex-
plained by the generation time (GT) hypothesis. Accordingly,
primates (especially humans), having longer GTs than other mam-
mals, display slower rates of neutral evolution. The evolution of
constrained elements, particularly of nonsynonymous sites, is in
agreement with the expectations of the nearly neutral theory of
molecular evolution. We show that rates of nonsynonymous sub-
stitutions (dN) depend on the population size of a species. The
results are robust to the exclusion of hypermutable CpG prone
sites. The average rate of evolution in conserved noncoding se-
quences (CNCs) is 1.7 times higher than in nonsynonymous sites.
Despite this, CNCs evolve at similar or even lower rates than
nonsynonymous sites in the majority of basal branches of the
eutherian tree. This observation could be the result of an overall
gradual or, alternatively, lineage-specific relaxation of CNCs. The
latter hypothesis was supported by the finding that 3 of the 20
longest CNCs displayed significant relaxation of individual
branches. This observation may explain why the evolution of CNCs
fits the expectations of the nearly neutral theory less well than the
evolution of nonsynonymous sites.
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ifferent evolutionary forces shape the various classes of

functional genomic elements. Whereas the majority of the
genome evolves neutrally, functional elements undergo selec-
tion, either purifying selection (maintaining functions) or posi-
tive selection (favoring new functions) (1, 2).

Several diverse mechanisms that shape the evolution of a
genome have recently been described. Of particular interest is
the generation time (GT) hypothesis, which suggests that species
with long GTs exhibit slower molecular clocks than species with
short GTs because most germ-line mutations originate from
errors in DNA replication (3-5). The GT hypothesis also ex-
plains the hominoid slowdown phenomenon, in which hominoids
have been shown to evolve at a slower rate than Old World
monkeys (cercopithecoids) (4-11). In contrast to the rest of a
mammalian genome, CpG dinucleotides accumulate mutations
independently from DNA replication. Substitutions in CpG sites
occur relatively quickly and are constant over time because of
methylation/deamination (12-14). Because CpG prone sites
(followed by G or preceded by C) are hypermutable, they are
often excluded from genomic comparisons (14-16).

The nearly neutral theory posits that all slightly deleterious
and slightly beneficial mutations [with a selection coefficient (s)
whose absolute value is less than the inverse of the effective
population size (Ne)] behave as if they were neutral and may
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spread throughout the population because of random genetic
drift (17). Because the effect of positive selection is negligible
(i.e., most new mutations have s < 0), the nearly neutral theory
deals mainly with slightly deleterious mutations. Given that the
probability of fixation of slightly deleterious mutations depends
on the effective population size, there is a class of these
mutations that can be fixed in small populations because of
random drift but are counter-selected, through purifying selec-
tion, from large populations. Thus, the nearly neutral theory
predicts that the probability of fixation of slightly deleterious
mutations and, consequently, the rate of evolution of con-
strained elements in small populations should be higher than in
large populations (17, 18).

The prediction that species with small populations should have
a higher probability of fixation of slightly deleterious mutations
was corroborated in comparative studies of primates and rodents
(10, 19, 20); mammals, birds, and drosophilids (21); island vs.
continent-inhabiting populations of the same species (22); and
large vs. small-bodied mammals (23).

Recent comparisons among several mammalian genomes have
suggested that ~5% of nucleotides have evolved under purifying
selection and may therefore be functional (24-30). These con-
strained elements include protein-coding sequences (CDSs) and
conserved noncoding sequences (CNCs). The latter group rep-
resents features such as transcriptional regulatory elements,
matrix attachment regions, interchromosomal interactions, and
other sequences of unknown function (31-36). Contrasting the
modes of evolution between CDS and CNC genomic elements is
important for understanding the difference in selection that acts
on these candidate functional sequences. Previous attempts to
determine the evolutionary patterns of these two classes of
functional sequences used only a few species comparisons, such
as the human, chimpanzee, mouse, and rat genomes (37-40).

In this study, we used a representative dataset of 44 different
genomic regions selected by the ENCODE pilot project (36, 41,
42). By analyzing 1% of 18 mammalian genomes and their
reconstructed ancestral states, we investigated how life-history
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traits drive molecular evolution on the genomic scale at synon-
ymous sites (also known as silent sites), nonsynonymous sites,
and CNCs.

Results and Discussion

We analyzed the pilot ENCODE sequence data of a represen-
tative set of mammalian species (36) to characterize and com-
pare (i) neutral evolutionary rates [approximated by the number
of synonymous substitutions per synonymous site (dS) (2)], (ii)
evolutionary rates of constrained protein coding elements [rep-
resented by the number of nonsynonymous substitutions per
nonsynonymous site (dN)], and (iii) evolutionary rates of con-
served noncoding (CNC) genomic elements using a robust
evolutionary framework (43). We created two alignments, one
covering all coding sequences (205 kb, 218 genes) and the other
containing all CNC elements longer than 15 bp (a total of 539
kb). Mammalian tree branch lengths were calculated separately
for synonymous sites, nonsynonymous sites, and CNC sequences
by using maximum likelihood methods [supporting information
(SI) Fig. 5].

Neutral Evolutionary Rates Depend on GT. We asked whether
potentially neutral sites (represented here by synonymous sites)
evolve according to the GT hypothesis. Trees based on substi-
tutions at synonymous sites clearly show shorter branch lengths
in primates, particularly in the human lineage. To test whether
hominoids, and more specifically humans, display significantly
lower synonymous substitution rates relative to other primates or
non-primate mammals, we performed relative rate tests (44). We
found that primates exhibit a significantly slower accumulation
of substitutions at synonymous sites compared with all other
mammalian lineages (P < 0.001) except for Xenarthra, which is
represented by armadillo (P = 0.39) (SI Table 1). These results
also clearly indicate that within primates, hominoids (chimpan-
zees and humans) have undergone a significant slowdown in the
rate of silent substitutions compared with cercopithecoids (rep-
resented by macaques and baboons, P < 0.001). The trend of a
slowdown in hominoids reaches a peak in humans, where dS is
~2% smaller than in the chimpanzees (P < 0.05). Our results are
compatible with the “hominoid slowdown” proposal, which may
be related to the GT effect, because hominoids generally have
longer GTs compared with other primates (7, 45-47).

Does the GT effect explain differences in other mammalian
lineages as well? To address this question, we have calculated the
ratios between the evolutionary rates of synonymous substitu-
tions for 11 pairs of sister clades (dS1/dS2) and correlated them
with the ratios of corresponding generation times (GT1/GT2)
(SI Table 2). As expected by the GT hypothesis, our data show
that species with longer GTs accumulate fewer synonymous
substitutions over time. There is a robust linear regression
between GT and dS (dS1/dS2 = 0.72533 — 0.01437 X GT1/GT2,
R? = 0.4787, P = 0.01833; Fig. 1) and a statistically signifi-
cant inverse rank correlation (Kendall tau = —0.6363636,
P = 0.002854).

Because CpG prone sites are expected to evolve fast and may
lead to underestimation of branch lengths due to saturation, we
also created a CDS alignment depleted of CpG prone sites. This
resulted in the exclusion of 39% (+0.8%) of the positions (SI
Table 3). Kim et al. (14) concluded that CpG prone sites are not
subjected to GT effects; therefore, by eliminating these sites, we
expected an improved correlation between GT and dS. Indeed,
with CpG prone sites excluded, we found a slightly better
correlation between GT and dS [when the comparison was
performed without the chimpanzee branch due to a very small
dS and a large standard error (SE) (see Materials and Methods)].
After excluding the CpG prone sites, the length of the dS tree
became 53% shorter.

As an additional approach, we used the phylogenetic inde-

20444 | www.pnas.org/cgi/doi/10.1073/pnas.0705658104

<

%
© .
o 1.8

dS1/dS2

0 5 10 15 20 25
GT1/GT2

Fig. 1. Relationship between neutral evolutionary rates (dS) and GTs based
on 11 sister lineage comparisons. For the sister taxa, plotted on the x axis are
the values of the rates of the generation times (GT1/GT2), and plotted on the
y axis are the values of the rates between branch lengths (d51/dS2). Identifi-
cation of each point is as in Sl Table 2 (top-down numeration, so that 1 is the
human/chimpanzee clade and 11 is the elephant/tenrec clade).

pendent contrasts (PIC) method, after which we obtained 16
statistically independent contrasts of GT and dS (see Materials
and Methods). Using the contrasts, we constructed linear regres-
sions through the origin, which were significant for complete
sequences [n = 16: slope = —0.0094, P = 0.033] and marginally
significant for sequences with eliminated CpG prone sites [n =
16: slope = —0.004382, P = 0.058; n = 15 (without contrast
chimpanzee minus human): slope = —0.0047, P = 0.0565].

Evolutionary Rates of Constrained Elements Depend on the Effective
Population Size. Because synonymous substitutions reflect the
baseline rate at which genomes evolve, the substitution rate of
constrained elements (nonsynonymous sites and CNCs) is ex-
pected to be proportionally lower depending on the intensity of
negative selection acting on them. To assess the extent of
selection at nonsynonymous and CNC sites, we estimated their
evolutionary rates in a phylogenetic framework. For this pur-
pose, we performed relative rate tests (SI Table 1) using fully
resolved trees based on constrained elements. This analysis
revealed a slowdown in evolutionary rates of nonsynonymous
substitutions and CNCs in the genomes of primates (P < 0.001)
similar to the effect detected for silent substitutions. Within
primates, hominoids display lower evolutionary rates at nonsyn-
onymous sites and CNC sequences than cercopithecoids (P <
0.01), whereas humans show the lowest absolute rates (P < 0.01
compared with chimpanzees). There is a strong correlation
between the rate of neutral evolution (as approximated by
synonymous changes) and the rate of constrained genomic
elements (R? > 0.94; Fig. 2). On average, nonsynonymous sites
evolve 5.2 times more slowly than silent sites (red line in Fig. 2),
whereas CNCs evolve 3.1 times more slowly than silent sites (blue
line in Fig. 2).

The evolution of constrained elements may not be primarily
driven by GT (18). Indeed, there is no significant correlation
between GT and dN (linear regression: dN1/dN2 = 0.698402 —
0.005653 x GT1/GT2, R? = 0.09065, P = 0.3683; Kendall rank
correlation tau = —0.2568915, P = 0.1371), but there is a
significant negative trend (although with a very small slope)
when using the PIC method (slope = —0.00158, P = 0.0164 for
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Fig. 2. Correlation of mammalian branch lengths between constrained
elements [dN (red) and CNC (blue)] and neutral evolutionary rates (dS)
categories.

original sequence; slope = —0.000747, P = 0.038 for sequences
without CpG prone sites). This is most likely due to the fact that
nonsynonymous sites undergo strong constraints and thus devi-
ate from neutral evolution. The evolutionary rates of CNCs
(CNCrate) are also not significantly correlated to GT by linear
regression (CNCr1/CNCr2 = 0.741398 — 0.014054 X GT1/GT2,
R? = 0.2404, P = 0.1258). However, they do show a significant
rank correlation (Kendall rank correlation tau = —0.4909091,
P = 0.02027). The trend is also significant when using the PIC
method (slope = —0.0034, P = 0.022 for original sequences;
slope = —0.0028, P = 0.0154 for sequences without CpG prone
sites).

The nearly neutral theory of molecular evolution predicts that
mutations in nonsynonymous sites and CNC elements will be fixed
predominantly in small populations where intensive genetic drift
exists. To test this hypothesis, we first assessed the selective pressure
acting on both types of constrained elements by dividing their
evolutionary rates by dS for each branch of the tree, which displayed
highly heterogeneous dN/dS (denoted as omega) and CNCrate/dS
(CNCr/dS) ratios (SI Fig. 6). Calculation of CNCr/dS values is
analogous to the approach of Lynch (48), in which the idea is
extended to include both tRNA and rRNA genes, employing the
ratio of the observed substitution rates in such DNA regions to the
rate of synonymous substitutions in protein-coding genes.

The estimation of omega ratios for each branch of the tree (red
bars in SI Fig. 6) reveals that despite the observed hominoid
slowdown, this lineage has been accumulating more nonsynony-
mous substitutions per unit of silent substitutions than the vast
majority of the mammalian lineages analyzed here. Of the 32
branches, 7 display a relaxation of negative selection with omega
ratios clearly above the average (omega = 0.19), and these
include the terminal branches of hominoids and cercopithecoids
(omega > 0.28; SI Fig. 6). In contrast, branches leading to
mouse, rat, and rabbit show the most extensive purifying selec-
tion acting on protein-coding regions, with omega values below
0.17. This result is consistent with previous observations, sug-
gesting that purifying selection performs better in species with
larger effective population sizes (Ne), such as rodents, as pre-
dicted by the nearly neutral theory of molecular evolution (38).
Indeed, Ne was estimated to be ~10,000 in humans and ~30,000
in chimpanzees, whereas in mice the estimate is ~85,000 (38,
49-51). Weak purifying selection acting on humans because of
a small Ne has also been previously reported (52, 53).
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Fig. 3. Correlation of dN/dS (omega) ratios of 17 ENCODE species (terminal
branches) to GTs (as an approximation of effective population size). Black line,
dN/dS all codons; blue line, dN/dS conservative codons; red line, dN/dS less
conservative codons.

We have extended the analysis of the relationship between
selective pressure acting on nonsynonymous sites vs. Ne to the
full set of available species where the Ne was approximated by
GT (SI Table 3). Because GT and population size appear to be
negatively correlated (54), we expected to observe a positive
relationship between the probability of fixation of slightly del-
eterious mutations (omega of external branches of the tree) and
GT. Estimates of omega per branch significantly correlated with
GT (original alignment: omega = 0.177 + 0.010 X GT, R?> =
0.534, P < 0.0001; CpG prone minus alignment: omega = 0.0649 +
0.029 X GT, R? = 0.605, P = 0.0001) (black line in Fig. 3) and
exhibit significant rank correlation (original alignment: Ken-
dall’s tau = 0.6604, P < 0.0001; CpG prone minus alignment:
Kendall’s tau = 0.429, P = 0.006), corroborating the original
prediction. If we account for phylogenetic non-independence of
data and construct regression through the origin, which is based
on independent contrasts, the trend is still significant (original
alignment: slope = 0.0057, P = 0.0174; CpG prone minus
alignment: slope = 0.0204, P = 0.0326). To view the relationship
in more detail, we analyzed two new alignments (using the same
approach) created either from conservative (blue line in Fig. 3)
or less conservative sites (red line in Fig. 3) (as inferred from
codeml with two discrete types of sites: 73.4% of conservative
sites with average omega = 0.04 and 26.6% of less conservative
sites with average omega = 0.66). There are significant regres-
sions for conservative sites (linear regression: omega = 0.0391 +
0.004 X GT, R? = 0.689, P < 0.0001; rank correlation: Kendall’s
tau = 0.5055, P = 0.002) as well as for nonconservative sites
(linear regression: omega = 0.4396 + 0.0168 X GT, R? = 0.543,
P = 0.0005; rank correlation: Kendall’s tau = 0.633, P = 0.0001).
Both classes of sites demonstrate a positive trend, even if we
account for phylogenetic non-independence (conservative sites:
slope = 0.0074, P < 0.0001; less conservative sites: slope =
0.0537, P = 0.007). Because positive regressions between omega
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