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Selective Constraint on Noncoding Regions
of Hominid Genomes
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An important challenge for human evolutionary biology is to understand the genetic basis of human-chimpanzee
differences. One influential idea holds that such differences depend, to a large extent, on adaptive changes in gene
expression. An important step in assessing this hypothesis involves gaining a better understanding of selective
constraint on noncoding regions of hominid genomes. In noncoding sequence, functional elements are frequently
small and can be separated by large nonfunctional regions. For this reason, constraint in hominid genomes is likely to
be patchy. Here we use conservation in more distantly related mammals and amniotes as a way of identifying small
sequence windows that are likely to be functional. We find that putatively functional noncoding elements defined in

this manner are subject to significant selective constraint in hominids.

Citation: Bush EC, Lahn BT (2005) Selective constraint on noncoding regions of hominid genomes. PLoS Comput Biol 1(7): e73.

Introduction

Thirty years ago, King and Wilson [1] raised a key question
in human evolutionary genetics: Given that humans and
chimpanzees have extremely similar genomes, what can
account for the large biological differences between the two
species? They proposed the provocative hypothesis that
changes in the regulation of gene expression have played a
central role in defining these differences.

Since then, some progress has been made toward under-
standing the genetic basis of human-chimpanzee differences.
Most studies have focused on protein coding regions [2-10].
In comparison, much less progress has been made toward
understanding the functional significance of noncoding
sequence evolution, and as a result, it has been hard to assess
King and Wilson’s hypothesis.

An important step in assessing that hypothesis is to
examine the level of selective constraint in hominid non-
coding regions. The approach taken in a recent study was to
divide noncoding sequences upstream of genes into 500-bp
blocks [11]. Divergence in these blocks was then compared
with divergence in putatively neutral regions. This analysis
suggested that hominid noncoding regions are essentially
evolving free of selective constraint.

Here we take a different approach. Functional elements in
noncoding regions can be quite small. As a result, significant
variation in hominid divergence may occur on relatively
small scales, e.g., less than 50 bp. To capture variation in
divergence on this fine scale, we use conservation in more
distantly related mammals and amniotes to identify small
sequence windows that are likely functional. Interspecies
comparisons between different orders of mammals and
between mammals and other vertebrates have been used for
many years to identify potentially functional noncoding
sequences [12-14]. Using this method, we find that that
human-chimpanzee divergence is highly correlated with the
degree of conservation across mammals and amniotes. That
is, using conservation in more distantly related species allows
us to find regions that are under strong constraint in
hominids. Our results argue that hominid noncoding regions
are not evolving free of constraint.

@ PLoS Computational Biology | www.ploscompbiol.org

Results/Discussion

We examined alignments of 10-kb upstream noncoding
sequence for 5,547 human-chimpanzee orthologous gene
pairs [15] (see Materials and Methods). For each pair we also
obtained 10 kb of upstream noncoding sequence for the
corresponding mouse, dog, and chicken orthologs. We
included only genes for which the 10-kb upstream sequences
do not contain any other genes as annotated in the Ensembl
database [16]. Using these data, we examined, one small
sequence window at a time, how the level of nucleotide
divergence in the human-chimpanzee alignment was influ-
enced by the degree of conservation among more distantly
related species.

We first used human-mouse-dog three-way comparisons to
obtain information on mammalian conservation. We used
exhaustive ungapped comparisons to obtain a conservation
score for every 16-bp window in the human sequence. Scores
were integers between 10 and 16, with higher numbers
indicating stronger conservation (see Materials and Methods).
We then located each human 16-bp window in the human-
chimpanzee alignment and examined the single nucleotide
positions immediately to its left and right. This allowed us to
calculate the level of human-chimpanzee divergence next to
windows of a particular conservation score. For example, we
took every window in the human-chimpanzee alignment with
a score of 12 as defined by the human-mouse-dog three-way
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comparisons and determined whether nucleotide sites ad-
jacent to it were the same or different between human and
chimpanzee. We then divided the number of sites that showed
a difference by the total number of sites, which produces a
fraction that indicates the level of human-chimpanzee
divergence at conservation score 12. We tabulated human-
chimpanzee divergence for each of the conservation scores
between 10 and 16.

The motivation for examining adjacent sites, rather than
sites that are part of the 16-bp window itself, is to avoid
ascertainment bias. If we used sites within the 16-bp
conservation window to calculate human-chimpanzee diver-
gence, it would cause bias since the same human nucleotides
would contribute to both scores. By using adjacent sites, we
avoid this problem. For a description of simulations that
illustrate that our method is unbiased, see Materials and
Methods and Figure SI.

Figure 1A shows that broader mammalian conservation is
tightly correlated with conservation in hominids (see Table S1
for raw data). Sites next to highly conserved windows are
about 40% as likely to have a human-chimpanzee difference
as sites next to windows with low scores. That is, mammalian
conservation is a good predictor of human-chimpanzee
conservation.

(A) Mammalian conservation (B) Amniote conservation
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Figure 1. Levels of Human-Chimpanzee Divergence for Different
Conservation Scores

Conservation scores are calculated using either human-mouse-dog
three-way comparisons (A) or human-mouse-chicken comparisons (B).
Error bars represent 95% confidence intervals.

DOI: 10.1371/journal.pcbi.0010073.g001
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We next substituted chicken sequences for dog and
repeated the analysis (see Materials and Methods). We found
that the conservation score in the human-mouse-chicken
comparison is an even better predictor of human-chimpan-
zee divergence (Figure 1B; also see Table S2 for raw data).
These results suggest that many sequences in hominid
noncoding regions are highly constrained.

A possible explanation for this pattern is that the upstream
regions used in the study contain some surreptitious genes.
Our 10-kb sequences do not contain any genes as annotated
in the Ensembl database [16]. However, it is possible there are
some genes present that are not annotated in Ensembl. To
address this possibility, we used transcript predictions from
ab initio prediction programs [17,18] in order to eliminate all
upstream sequences that contained predicted transcripts (see
Materials and Methods). These programs have a relatively
liberal definition of genes [19], which allowed us to be more
stringent in identifying sequences that do not contain genes
in them. Our more stringent set included 2,390 genes. The
relationship between human-chimpanzee divergence and
conservation score for this set was not appreciably different
from that for the whole data set (Figure S2A).

Another possible explanation is that errors in identifying
transcription start sites might have somehow contributed to
our results. We therefore divided the 10-kb upstream region
into two equal halves and repeated the analysis with each. We
found that the 5" and 3’ halves did not differ significantly
(Figure S2B). In addition, we tried restricting our analysis to
627 genes whose transcription start site is annotated in the
Vertebrate Genome Annotation (Vega) database [20], which is
manually annotated. The results for this subset did not differ
from those for the whole set of genes (Figure S2C). This
indicates that our results are unlikely due to errors in
assigning transcription start sites.

We also repeated our analysis by examining only non-CpG
sites (i.e., sites that did not overlap a CG dinucleotide in
chimpanzee or human), and the pattern remained the same
(Table S3).

For comparison, we repeated our analysis with mouse-rat
alignments (Figure 2; also see Tables S4 and S5 for raw data).
An obvious difference with Figure 1 is that divergence values
are much higher for the murids, reflecting the greater time
since their last common ancestor and the faster substitution
rate in these lineages. As in the hominids, divergence declines
with increasing conservation score. However, in murids the
rate of this decline is about twice as high as in hominids,
which is similar to that observed by others [21]. This is true
even at the most highly conserved sites (e.g., near windows
that are the same in human, mouse, and chicken). There are a
number of possible explanations for this difference, including
sequencing errors in the chimpanzee, relaxation of con-
straint, positive selection, or the more recent common
ancestry of hominids. Errors in the draft chimpanzee genome
sequence are likely to be random relative to conservation
score and would therefore tend to bring the human-
chimpanzee plot closer to random expectation (i.e., make
the plot more shallow). Using computer simulations, we
found that an error rate of roughly 3 X 107> would be
sufficient to account for the different relative rates of decline
in hominids and murids (data not shown). The error rate in
the chimpanzee genome sequence is thought to be an order
of magnitude less than this and therefore is not enough to
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Figure 2. Levels of Mouse-Rat Divergence for Different Conservation
Scores

Conservation scores are calculated using human-mouse-dog three-way
comparisons (A) or human-mouse—chicken comparisons (B). Error bars
represent 95% confidence intervals.

DOI: 10.1371/journal.pcbi.0010073.9002

account for the hominid-murid differences [15]. Based on
polymorphism data from human populations, relaxation of
constraint seems preferable to positive selection [11,15,21].
However, there is one other explanation to consider. Because
of the recent common ancestry of hominids, approximately
14% of the single nucleotide differences between the human
and chimpanzee genomes are at sites polymorphic in one or
both species, a value that is likely to be substantially greater
than the number for murids [15]. Such sites include some
mildly deleterious mutations that have not yet been selected
out of the population. This would tend to make the hominid
plot shallower than the murid plot. The relative contribution
of this factor versus other factors such as relaxation of
constraint and positive selection can be better accessed as we
get a better appreciation on the nature of sequence poly-
morphisms in human populations. Also, as more mammalian
species are sequenced, we will have other examples of closely
relates species that can be compared to hominids.

We also sought to confirm our results using a second,
alignment-based method. We downloaded multiple align-
ments to 1-kb upstream noncoding regions of human genes
from the University of California Santa Cruz (UCSC) Genome
Informatics Web site (http://hgdownload.cse.ucsc.edu/
goldenPath/hgl7/multiz8way/). We then examined human-
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chimpanzee divergence in these relative to the alignments of
mouse, dog, and chicken. Table 1 shows our results. We
divided nucleotide sites in the human-chimpanzee alignment
into several categories: (1) sites where mouse or dog do not
align, (2) sites where they do but have differing bases, (3) sites
where mouse and dog align and are the same, and (4) sites
where mouse, dog, and chicken all align and are the same.
Human-chimpanzee divergence decreases as we move from
category 1 to category 4. This is also true if we only examine
non-CpG sites (Table S6). This is consistent with the results of
our previous method, suggesting that sites under constraint
among mammals or amniotes generally also tend to be under
constraint in hominids.

The simplest explanation of our results is that purifying
selection is at work in hominid noncoding sequences. A
possible alternative, however, is that those sites which are
conserved in amniotes tend to have a low mutation rate and
that this low mutation rate alone explains the lower human-
chimpanzee divergence. To test this, we made use of the fact
that mutation rate variation occurs on a relatively large
spatial scale of tens of kilobases [22]. In contrast, purifying
selection can act on a much finer spatial scale. In the results
given in Table 1, we took a position in the multiple alignment,
examined the mouse and dog bases at that site, and then
looked at the human-chimpanzee bases at the same site. To
test the mutation rate hypothesis, we modified this procedure
and instead of looking at the corresponding site for human
and chimpanzee, we looked at sites 1 or 15 bases away. If the
mutation rate explanation is correct, then the divergence at
sites close by should not differ sharply from the rate at the
site corresponding to the mouse-dog position. As Table 2
shows, however, there is in fact a substantial difference as we
move away in the alignment. The state of mouse and dog at a
given alignment position has much more predictive power
for the corresponding position in chimp and human than it
does for positions 1 or 15 bp away. Again, the same is true if
we restrict the analysis to non-CpG sites (Table S7). These
results argue that our earlier observations are due to
purifying selection rather than low mutation rate.

Our findings differ from the results of Keightley et al. [11].
Their analysis suggested that hominid noncoding regions
have been evolving under exceptionally weak, if any, selective
constraint. In contrast, we find evidence that many small
sequence windows have evolved under strong constraint.
Keightley and colleagues’ analysis involved dividing upstream
regions into 500-bp blocks. In Figure 3, we present a plot of a
similar analysis done with our data, which clearly shows that

Table 1. Human-Chimpanzee Divergence Relative to Mouse, Dog, and Chicken Alignments

Site Number of Sites Where Number of Sites Where Divergence
Human-Chimpanzee Human-Chimpanzee
Is the Same Is Different

Sites where mouse or dog does not align 2,655,117 43,517 0. 0161

Sites where mouse and dog do align and are different 1,437,197 20,607 0. 0141

Sites where mouse and dog do align and are the same 2,732,089 27,159 0. 0098

Sites where mouse, dog, and chicken align and are the same 189,110 1,402 0. 0074

Alignments are whole genome alignments to 1 kb of upstream noncoding human sequence. Counts consider all nongap positions where the nucleotide was not ambiguous.

DOI: 10.1371/journal.pcbi.0010073.t001
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Table 2. Human-Chimpanzee Divergence at Adjacent Sites in Multiple Alignments with Mouse and Dog

Position Divergence

Mouse-Dog Is the Same Mouse-Dog Is Different

Positions 1 bp apart

Positions 15 bp apart

Human-chimpanzee divergence at corresponding position in alignment
Human-chimpanzee divergence at position 1 bp to right
Human-chimpanzee divergence at corresponding position in alignment
Human-chimpanzee divergence at position 15 bp to right

0. 0099 0. 0141
0.0108 0.0124
0. 0096 0. 0139
0.0108 0.0118

Consider cases in the multiple alignment where mouse and dog are the same. Here we give human-chimpanzee divergence values at the corresponding position in the alignment and at positions 1 bp and 15 bp to the right (in the 3’
direction). The difference in divergence between mouse-dog same and mouse-dog different is greater for the human-chimpanzee position directly corresponding than for the position 1 bp to the right. This suggests that the correlation
between mouse-dog conservation on the one hand and human-chimpanzee divergence on the other has to do with purifying selection rather than mutation rate variation. Note that the population of sites with an aligned position 1 bp to
the right is slightly different than the population with an aligned position 15 bp to the right. This is why we give human-chimpanzee divergence at the corresponding position twice, and why the values differ slightly from Table 1. If we look at

positions in the 5" direction, we get the same results, which we are not showing here for simplicity.
DOI: 10.1371/journal.pcbi.0010073.t002

the range of divergence is much smaller. This likely results
from the fact that in large 500-bp blocks, functional elements
that are under constraint are mixed with large sections of
nonfunctional DNA, which are not under constraint. Because
of this, we think that our method of using small sequence
windows is a more sensitive way to detect constraint in
hominid noncoding regions.

In our data, the difference between murids and hominids is
present but is much smaller than that suggested by Keightley
and colleagues. We conclude that hominid noncoding regions
are subject to significant amounts of selective constraint,
though the magnitude of such constraint may not be equal to
that observed in other lineages such as murids.

Materials and Methods

Acquisition of sequences and alignments. We obtained a list of
human-mouse-dog orthologs via Ensmart (http://www.ensembl.org)
and selected the trios that were unique reciprocal best hits [16]. We
then used the Ensembl Perl api to identify genes among these whose
5" upstream regions do not contain another Ensembl gene within 10
kb. For each ortholog trio for which this was true in all three species,
we downloaded 10 kb of upstream sequence from the human [23,24],
mouse [25], and dog (The Broad Institute, Cambridge, Massachusetts,
United States, and Agencourt Bioscience, Beverly, Massachusetts,
United States) genomes via Ensembl. All sequences were premasked
for repetitive sequence using Repeat Masker (http://www.
repeatmasker.org). For the same set of genes, we also obtained a

Human-chimpanzee divergence in 500 bp blocks
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Figure 3. Human-Chimpanzee Divergence in 500-bp Blocks over Our 10-
kb Upstream Noncoding Sequences

Y axis range is the same as in Figure 1.
DOI: 10.1371/journal.pcbi.0010073.9003
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copy of the UCSC human-chimpanzee and mouse-rat blastz align-
ments via Ensembl’s perl api. There were 5,547 ortholog trios for
which we obtained a human-chimpanzee alignment and 5,434 trios
for which we obtained a mouse-rat alignment. We also repeated this
process to get a set of human-mouse-chicken orthologs and
downloaded the corresponding chicken genome sequence from
Ensembl [26]. There were 3,223 human-mouse-chicken ortholog
trios with a human-chimpanzee alignment.

Calculating conservation scores. To calculate conservation scores
for human noncoding sequences, we used human-mouse-dog three-
way comparisons for mammalian conservation and, separately,
human-mouse-chicken three-way comparisons for amniote conser-
vation. We chose to use exhaustive ungapped comparison methods
[27-29], which have been shown to be highly effective in finding cis-
regulatory elements [30-34]. Such methods were particularly attrac-
tive here because of their simplicity, lack of assumptions, and
suitability for producing a distribution of scores. In particular, this
approach makes no assumption about the size, amount of similarity,
or relative positions of functional elements in the noncoding
sequence of various species [29]. For these reasons, the method can
detect conserved elements even if their positions have been
scrambled during evolution, as long as these elements still lie in the
general vicinity of the gene.

We implemented the method using the python interface to the
open source Paircomp library developed by Brown et al. [29]. We
made use of several functions in that library to calculate a maximum
transitive threshold (MTT) conservation score (see Figure S3 for an
illustration). Take the example of a 16-bp window from a 10-kb
sequence upstream to a human gene. To obtain the MTT con-
servation score of this window in mammals, we compared it against
sequences upstream to the mouse and dog orthologs (10 kb each). We
first compared it against all possible 16-bp windows (and their reverse
complements) in these two species. For each comparison we obtained
a score. In our data, scores are integers between 10 and 16, with
higher scores indicating more similarity (e.g., 16 for perfect identity,
15 if there was one mismatch, and so on). Windows with scores under
10 were lumped with score 10 windows. We then considered every
combination of three windows where one window comes from each
species. For each combination we look at the three pairwise
comparisons between species and take the minimum similarity score
(e.g., if human-mouse and human-dog are 12, but dog-mouse is 11,
then we take 11). We then find the combination of three windows that
has the largest minimum similarity score. This score is the MTT,
which is a measure of mammalian conservation for the human
window. Another way to say this is: we identify the maximum
threshold we can set where the given human window has hits in both
mouse and dog, and where the mouse and dog hits also hit each other
above threshold. Figure S4 shows a plot of these scores, giving the
probability of various scores as a function of position relative to the
gene.

For comparing 10-kb sequences across distantly related species,
previous studies have found a window size of 20 to be suitable [30-34].
We chose to use a slightly smaller window size of 16. This choice
represents a tradeoff between two considerations: (1) smaller
windows are sensitive to smaller features in the sequence and (2)
smaller windows increase the probability of obtaining high scores by
random chance. Simulations showed that under our parameters (10-
kb sequences and 16-bp windows), high MTT scores are highly
unlikely by chance. In a simulation of over 5,000 repetitions where
random sequences were compared, there were no windows with an
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MTT of 15 or 16, and the bulk of scores were 10 or 11 (Table S8). We
also tried performing our analysis with nonorthologous human,
mouse, and dog upstream sequences (Table S9). The results show that
there are essentially no high scoring windows compared with data
from orthologous upstream sequences (see Table S1). This shows that
our MTT scores reflect conservation rather than random or
nonorthologous similarity.

Correlating human-chimpanzee divergence with conservation
score. For every 16-bp window in the human sequence, we calculated
a conservation score as described above. We then located this window
in the human-chimpanzee alignment and determined whether the
sites immediately to the left and right (not overlapping with the
window) were the same or different between human and chimpanzee
(Figure S5). We omitted windows that had repetitive sequences in
them. For each conservation score, we tabulated the total number of
adjacent sites that were the same or different and calculated human-
chimpanzee divergence as the number of sites that differed between
the two species divided by the total number of sites compared.

Analysis and simulations. The 95% confidence intervals for the
level of divergence were calculated by bootstrapping over genes
10,000 times. We performed several simulations to check our method
for bias and help interpret the results.

We set up a random mutation simulation, which showed that our
method is unbiased. We started with our sets of mouse-dog-human
orthologs, taking 10 kb of upstream sequence from each. We then
took the human sequence, and applied random mutations to it to
create two new “species.” We used a Jukes-Cantor substitution model,
applying enough substitutions on average so that our new species
would differ by about as much as chimpanzee and human. We then
treated these two new species the same way we treated human-
chimpanzee in the real analysis. We took one of the two new species,
species A, and calculated conservation between it and mouse and dog.
Then we examined the alignment between species A and species B.
Just as we did with the real data, we tabulated divergence scores at
sites adjacent to 16-bp conservation windows. The results for 5,547
ortholog sets are shown in Figure S1. Unlike the plots in Figure 1, this
plot is flat. That is, divergence is no different at sites next to windows
with a 16 conservation score than it is at sites next to windows with a
10 score. This shows that our method is not biased.

We also performed a simulation to assess the potential effect of
errors in the chimpanzee genome sequence. We again made two new
“species” by applying mutations to human sequences. But this time,
we applied them nonrandomly, taking mammalian conservation into
account in determining the probability of a mutation at a given
nucleotide. We then applied random errors to one of the species (in
analogy to sequencing errors in the chimpanzee). By applying
different amounts of these random errors, we explored the potential
effect of different levels of sequencing errors.

Analysis of multiple alignments. Multiple alignments of chimpan-
zee, mouse, dog, rat, chicken, zebrafish, and fugu to 1 kb of human
upstream sequence were downloaded from the UCSC Genome
Informatics Web site. For consistency with our initial analysis, we
used only mouse, dog, chimp, and chicken. The genes in this data set
all have annotated 5" UTRs. We used the UCSC table browser [35] to
identify the subset of these upstream sequences that do not overlap
with genes in the UCSC Known Genes track. We then divided the
alignment positions into the categories given in Table 1 and
calculated human chimpanzee divergence at each. In order to
examine whether mutation rate variation might explain our results,
we modified the above analysis, this time examining human-
chimpanzee sites 1 or 15 bp away. We repeated this analysis with
non-CpG sites by eliminating all sites that overlapped a CG
dinucleotide in either human or chimpanzee. Analysis was done with
a combination of perl and python scripts.

Supporting Information
Figure S1. Results of a Simulation Illustrating Our Method Applied to
Truly Random Substitutions

Unlike the plots in Figure 1, this plot is flat, i.e., divergence values
next to windows with a 16 score are not different from those next to
windows with 10 scores. This shows that our method is not biased (see
Materials and Methods for details of the simulation).

Found at DOL: 10.1371/journal.pcbi.0010073.sg001 (21 KB PDF).

Figure S2. Plots of Proportions As in Figure 1

(A) Data for our full set of 5,547 genes plotted along with those for a
stringent “no gene” set of 2,390 genes. For this set we used more
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stringent criteria in eliminating upstream sequence that might
contain a gene.

(B) We divided our 10-kb sequence in half. Here we plot data for the
5" and 3’ regions separately.

(C) Data for our full set of genes plotted along with a subset of 627
that were manually annotated in Vega.

Found at DOT: 10.1371/journal.pcbi.0010073.5g002 (29 KB PDF).

Figure S3. Calculating an MTT for the Window on Top (e.g., from
Human) against Two Longer Sequences (e.g., from Mouse and Dog)
Consider all possible combinations of three 16-bp windows where
one window comes from each species. Here we highlight two such
combinations in red and blue. For each combination we consider the
three pairwise comparisons and take the minimum similarity score.
For the window combinations indicated in red, this is 12, and for the
combinations indicated in blue, it is 10. We then find the
combination (or combinations) of three windows that has the largest
minimum similarity score. This score is the MTT. Here the MTT for
the window on top is 12. Note that we also consider all the
combinations of reverse complements.

Found at DOI: 10.1371/journal.pcbi.0010073.sg003 (23 KB PDF).

Figure S4. Plots of the Probability of MTT Scores 14, 15, and 16 as a
Function of Position Upstream of the Transcription Start Site

This is for human-mouse-dog three-way comparisons. In this plot,
the probability is averaged over 50-bp regions. Conservation
increases significantly near to the gene; 26.7% of all 16 scores,
23.9% of all 15 scores, and 19.7% of all 14 scores occur within 500 bp
of the transcription start site.

Found at DOIL: 10.1371/journal.pcbi.0010073.sg004 (56 KB PDF).
Figure S5. A Section of Aligned Sequence (Made Up for Illustrative
Purposes)

We have already taken human upstream sequence and calculated
MTT conservation scores for every 16-bp window. We now take all
windows with a particular score and find them in the alignment.
Imagine for example that the three windows we have highlighted in
blue represent all the windows with a 13 score. We examine the
positions adjacent to these, here highlighted in red, and count the
number of nucleotides that are the same or different. For our
windows with a 13 score, four are the same and two are different. We
repeat this for the other possible window scores, creating a table such
as Table S1.

Found at DOI: 10.1371/journal.pcbi.0010073.5g005 (21 KB PDF).
Table S1. Human-Chimpanzee Differences Relative to Mammalian
Conservation

Found at DOI: 10.1371/journal.pcbi.0010073.5st001 (17 KB PDF).
Table S2. Human-Chimpanzee Differences Relative to Amniote
Conservation

Found at DOL: 10.1371/journal.pcbi.0010073.st002 (17 KB PDF).
Table S3. Non-CpG Version of Table S1: Human-Chimpanzee
Differences Relative to Mammalian Conservation

Found at DOL: 10.1371/journal.pcbi.0010073.st003 (17 KB PDF).
Table S4. Mouse-Rat Differences Relative to Mammalian Conserva-
tion

Found at DOI: 10.1371/journal.pcbi.0010073.st004 (17 KB PDF).
Table S5. Mouse-Rat Differences Relative to Amniote Conservation
Found at DOI: 10.1371/journal.pcbi.0010073.5st005 (17 KB PDF).

Table S6. Non-CpG Version of Table 1
Found at DOI: 10.1371/journal.pcbi.0010073.5st006 (26 KB PDF).

Table S7. Non-CpG Version of Table 2
Found at DOI: 10.1371/journal.pcbi.0010073.st007 (27 KB PDF).

Table S8. MTT Scores Based on Random Sequence
Found at DOIL: 10.1371/journal.pcbi.0010073.st008 (17 KB PDF).
Table S9. MTT Scores from 10 kb of Upstream Human Noncoding

Sequence Compared to Nonorthologous 10-kb Upstream Sequences
from Mouse and Dog

Found at DOI: 10.1371/journal.pcbi.0010073.5st009 (17 KB PDF).

December 2005 | Volume 1 | Issue 7 | €73



Acknowledgments

We thank Su Yeon Kim, Rizvan Mamet, Nathan M. Pearson, Jonathan
Pritchard, and Eric J. Vallender for helpful discussions. We are
grateful to Titus Brown for timely support on the Paircomp library.
Conversations with Peter McCullagh and Chris Hart contributed to
the early direction of the project.

References

1.

2.

~1

10.

11.

12.

17.

18.
. Yandell M, Bailey AM, Misra S, Shu S, Wiel C, et al. (2005) A computational

King MC, Wilson AC (1975) Evolution at two levels in humans and
chimpanzees. Science 188: 107-116.

Enard W, Przeworski M, Fisher SE, Lai CS, Wiebe V, et al. (2002) Molecular
evolution of FOXP2, a gene involved in speech and language. Nature 418:
869-872.

Zhang ] (2003) Evolution of the human ASPM gene, a major determinant of
brain size. Genetics 165: 2063-2070.

Evans PD, Anderson JR, Vallender EJ, Gilbert SL, Malcom CM, et al. (2004)
Adaptive evolution of ASPM, a major determinant of cerebral cortical size
in humans. Hum Mol Genet 13: 489-494.

Kouprina N, Pavlicek A, Mochida GH, Solomon G, Gersch W, et al. (2004)
Accelerated evolution of the ASPM gene controlling brain size begins prior
to human brain expansion. PLoS Biol 2: e126.

Wang YQ, Su B (2004) Molecular evolution of microcephalin, a gene
determining human brain size. Hum Mol Genet 13: 1131-1137.

Evans PD, Anderson JR, Vallender EJ, Choi SS, Lahn BT (2004)
Reconstructing the evolutionary history of Microcephalin, a gene control-
ling human brain size. Hum Mol Genet 13: 1139-1145.

Stedman HH, Kozyak BW, Nelson A, Thesier DM, Su LT, et al. (2004)
Myosin gene mutation correlates with anatomical changes in the human
lineage. Nature 428: 415-418.

Dorus S, Vallender EJ, Evans PD, Anderson JR, Gilbert SL, et al. (2004)
Accelerated evolution of nervous system genes in the origin of Homo sapiens.
Cell 119: 1027-1040.

Wang YQ, Qian YP, Yang S, Shi H, Liao CH, et al. (2005) Accelerated
evolution of the PACAP precursor gene during human origin. Genetics
170: 801-806.

Keightley PD, Lercher MJ, Eyre-Walker A (2005) Evidence for widespread
degradation of gene control regions in hominid genomes. PLoS Biol 3: e42.
Tagle DA, Koop BF, Goodman M, Slightom JL, Hess DL, et al. (1988)
Embryonic epsilon and gamma globin genes of a prosimian primate (Galago
crassicaudatus). Nucleotide and amino acid sequences, developmental
regulation and phylogenetic footprints. ] Mol Biol 203: 439-455.

. Hardison RC, Oeltjen J, Miller W (1997) Long human-mouse sequence

alignments reveal novel regulatory elements: A reason to sequence the
mouse genome. Genome Res 7: 959-966.

. Bejerano G, Pheasant M, Makunin I, Stephen S, Kent WJ, et al. (2004)

Ultraconserved elements in the human genome. Science 304: 1321-1325.

. Chimpanzee Sequencing and Analysis Consortium (2005) Initial sequence

of the chimpanzee genome and comparison with the human genome.
Nature 437: 69-87.

. Hubbard T, Andrews D, Caccamo M, Cameron G, Chen Y, et al. (2005)

Ensembl 2005. Nucleic Acids Res 33: D447-D453.

Burge C, Karlin S (1997) Prediction of complete gene structures in human
genomic DNA. ] Mol Biol 268: 78-94.

Korf I (2004) Gene finding in novel genomes. BMC Bioinformatics 5: 59.

@ PLoS Computational Biology | www.ploscompbiol.org

0598

Noncoding Conservation in Hominids

Competing interests. The authors have declared that no competing

interests exist.

Author contributions.

ECB conceived and carried out the

project and was chiefly responsible for writing the paper. BTL
participated in critical discussions and contributed to writing the

paper.

21.

22.

23.

24.

25.

26.

27.

28.

29.

33.

34.

and experimental approach to validating annotations and gene predictions
in the Drosophila melanogaster genome. Proc Natl Acad Sci U S A 102: 1566-
1571.

. Ashurst JL, Chen CK, Gilbert JG, Jekosch K, Keenan S, et al. (2005) The

Vertebrate Genome Annotation (Vega) database. Nucleic Acids Res 33:
D459-D465.

Kryukov GV, Schmidt S, Sunyaev S (2005) Small fitness effect of mutations
in highly conserved non-coding regions. Hum Mol Genet 14: 2221-2229.
Gaffney DJ, Keightley PD (2005) The scale of mutational variation in the
murid genome. Genome Res 15: 1086-1094.

Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, et al. (2001) Initial
sequencing and analysis of the human genome. Nature 409: 860-921.
Venter JC, Adams MD, Myers EW, Li PW, Mural R], et al. (2001) The
sequence of the human genome. Science 291: 1304-1351.

Waterston RH, Lindblad-Toh K, Birney E, Rogers J, Abril JF, et al. (2002)
Initial sequencing and comparative analysis of the mouse genome. Nature
420: 520-562.

Hillier LW, Miller W, Birney E, Warren W, Hardison RC, et al. (2004)
Sequence and comparative analysis of the chicken genome provide unique
perspectives on vertebrate evolution. Nature 432: 695-716.

Sonnhammer EL, Durbin R (1995) A dot-matrix program with dynamic
threshold control suited for genomic DNA and protein sequence analysis.
Gene 167: GC1-GC10.

Brown CT, Rust AG, Clarke PJ, Pan Z, Schilstra MJ, et al. (2002) New
computational approaches for analysis of cis-regulatory networks. Dev Biol
246: 86-102.

Brown CT, Xie Y, Davidson EH, Cameron RA (2005) Paircomp, Family-
RelationsIl and Cartwheel: Tools for interspecific sequence comparison.
BMC Bioinformatics 6: 70.

. Yuh CH, Brown CT, Livi CB, Rowen L, Clarke PJ, et al. (2002) Patchy

interspecific sequence similarities efficiently identify positive cis-regulatory
elements in the sea urchin. Dev Biol 246: 148-161.

. Kirouac M, Sternberg PW (2003) cis-Regulatory control of three cell fate-

specific genes in vulval organogenesis of Caenorhabditis elegans and C. briggsae.
Dev Biol 257: 85-103.

. Romano LA, Wray GA (2003) Conservation of Endol6 expression in sea

urchins despite evolutionary divergence in both cis and trans-acting
components of transcriptional regulation. Development 130: 4187-4199.
Leung TH, Hoffmann A, Baltimore D (2004) One nucleotide in a kappaB
site can determine cofactor specificity for NF-kappaB dimers. Cell 118:
453-464.

Revilla-i-Domingo R, Minokawa T, Davidson EH (2004) RI11: A cis-
regulatory node of the sea urchin embryo gene network that controls
early expression of SpDelta in micromeres. Dev Biol 274: 438-451.

. Karolchik D, Hinrichs AS, Furey TS, Roskin KM, Sugnet CW, et al. (2004)

The UCSC Table Browser data retrieval tool. Nucleic Acids Res 32: D493-
D496.

December 2005 | Volume 1 | Issue 7 | €73



