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Comparisons of orthologous genomic DNA sequences can be used to characterize regions that have been subject to
purifying selection and are enriched for functional elements. We here present the results of such an analysis on an
alignment of sequences from 29 mammalian species. The alignment captures ∼3.9 neutral substitutions per site and
spans ∼1.9 Mbp of the human genome. We identify constrained elements from 3 bp to over 1 kbp in length, covering
∼5.5% of the human locus. Our estimate for the total amount of nonexonic constraint experienced by this locus is
roughly twice that for exonic constraint. Constrained elements tend to cluster, and we identify large constrained
regions that correspond well with known functional elements. While constraint density inversely correlates with
mobile element density, we also show the presence of unambiguously constrained elements overlapping mammalian
ancestral repeats. In addition, we describe a number of elements in this region that have undergone intense purifying
selection throughout mammalian evolution, and we show that these important elements are more numerous than
previously thought. These results were obtained with Genomic Evolutionary Rate Profiling (GERP), a statistically
rigorous and biologically transparent framework for constrained element identification. GERP identifies regions at
high resolution that exhibit nucleotide substitution deficits, and measures these deficits as “rejected substitutions.”
Rejected substitutions reflect the intensity of past purifying selection and are used to rank and characterize
constrained elements. We anticipate that GERP and the types of analyses it facilitates will provide further insights
and improved annotation for the human genome as mammalian genome sequence data become richer.

[Supplemental material is available online at www.genome.org and http://mendel.stanford.edu/supplementarydata/.
Original sequence data is available at http://www.nisc.nih.gov/data/.]

Recent comparisons among the human, mouse, and rat genomes
have suggested that ∼5%–6% of the bases in a mammalian ge-
nome exhibit evidence of past purifying selection (Mouse Ge-
nome Sequencing Consortium 2002; Cooper et al. 2004a; Rat
Genome Sequencing Project Consortium 2004). This small frac-
tion of the genome includes most known protein-coding exons
and the majority of known transcriptional regulatory elements
(Rat Genome Sequencing Project Consortium 2004). Considering
such estimates, as well as recent studies that successfully lever-
aged sequence conservation to identify regions of functional im-
portance in mammals (Pennacchio et al. 2001; Göttgens et al.
2002; Boffelli et al. 2003; Ghanem et al. 2003; Brugger et al.
2004), it is clear that comparative sequence analysis is a powerful
paradigm for the discovery of those functional regions in the
human genome whose experimental discovery is difficult
(O’Brien et al. 1999; Hardison 2000; Pennacchio and Rubin 2001;
Cooper and Sidow 2003). Equally important as discovery, how-
ever, is the quantification of constraint among conserved re-
gions. Stratification of elements according to the intensity of past
constraint is an important metric, which, in the form of evolu-
tionary rates, has been in use in analyses of protein evolution
since the beginnings of molecular evolutionary studies (Li 1997).

Nonexonic elements constitute a majority of the con-

strained 5%–6% of the human genome (Dermitzakis et al. 2002,
2003; Mouse Genome Sequencing Consortium 2002; Cooper et
al. 2004a; Rat Genome Sequencing Project Consortium 2004),
but the total amount of constraint that has acted upon these
classes of elements throughout mammalian evolution is un-
known. Similarly, a biologically transparent and generally appli-
cable stratification of their predicted importance has been elu-
sive. Consider a class of elements previously identified as “ultra-
conserved” on the basis of human, mouse, and rat alignments;
having only three sequences to compare necessitated defining
these elements on the basis of length and perfect identity
(Bejerano et al. 2004). With richer sequence alignments, such
criteria become obsolete, and the observed intensity of past con-
straint becomes a general scale on which to rank all elements.
Ultraconserved elements can then be appropriately defined as
those that exhibit the strongest past constraint. Another popular
means of extracting very important elements is alignment to
distant genomes, such as fish or chicken. This confounds the age
of the element with its importance for the organism, as there are
mammalian-specific elements that are under equally strong con-
straint as those detected by alignment with other vertebrates. A
universal metric for constraint that is independent of the phylo-
genetic scope of the comparison would clearly be desirable, such
that importance of the element is estimated independently from
its age.

A novel approach that estimates constraint directly is nec-
essary, because currently available strategies for the identification
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and characterization of constrained elements (Gumucio et al.
1992; Dubchak et al. 2000; Mayor et al. 2000; Sumiyama et al.
2001; Boffelli et al. 2003; Margulies et al. 2003; Cooper et al.
2004a; Shah et al. 2004; Siepel and Haussler 2004a) suffer from
one, or multiple, of several general drawbacks. First, some meth-
ods use simple scoring metrics such as percent identity or con-
sensus sum-of-pairs in the interest of computational efficiency,
but at the expense of interpretability or statistical robustness.
Second, to gain sufficient power for identifying constrained ele-
ments, most methods use windowing heuristics that enforce an
effectively arbitrary limit to the resolution of the analysis. Third,
some methods produce P-values, which are then used in a rule-
based framework for the discrimination of “conserved” vs. “non-
conserved,” a discrete classification that ignores variation in the
intensity of constraint; this discrete classification is used because
no quantitative relationship between P-values and intensity of
constraint has been explored. Fourth, some methods require as-
sumptions about the expected appearance or abundance of neu-
tral DNA. Finally, most methods do not deal properly with gaps,
making them prone to serious artifacts.

The future influx of large amounts of genomic sequence
data provides the opportunity to devise methods that more ef-
fectively leverage the greater power that comes with more se-
quences, and which more realistically model the evolutionary
process underlying constraint. A brief consideration of the popu-
lation genetics underlying comparative analyses underscores this
point. Due to their deleterious nature, mutations that arise
within functional elements are more likely to be subject to puri-
fying selection. They are therefore less likely to be fixed in the
population and result in evolutionary change (Kimura 1983). The
more deleterious a mutation is, the greater the tendency for pu-
rifying selection to eliminate it. Thus, the direct consequence of
purifying selection is a deficit of substitution events within func-
tional elements as compared with neutral DNA, with the magni-
tude of the deficit relating to the strength of the constraints that
have acted upon it.

It is with these considerations in mind that we developed
“Genomic Evolutionary Rate Profiling” (GERP; Fig. 1A). Using
GERP, we analyzed a multiple sequence alignment containing
∼1.9 Mbp of the human genome aligned with sequences from 28
diverse mammals capturing ∼3.85 neutral substitutions per site
(subs/site). We identify constrained elements that collectively
span ∼5.5% of the locus. The score distribution and regional clus-
tering of these elements, and their overlap with features such as
repeats and exons, reveal a variety of insights about the actions of
purifying selection on this locus. These insights foreshadow gen-
eral conclusions relevant to the future characterization of con-
strained elements throughout the human genome.

Results

Overview of GERP

GERP is a framework for the identification of constrained ele-
ments that exploits the fact that purifying constraint results in a
deficit of substitution events (see Methods for a thorough de-
scription). GERP estimates evolutionary rates for individual
alignment columns, and compares these inferred rates with a tree
describing the neutral substitution rates relating the species un-
der consideration. It subsequently identifies candidate con-
strained elements by annotating those regions that exhibit fewer
than expected substitutions. Each of these elements is scored

according to the magnitude of the substitution deficit, measured
as “rejected substitutions” (RS) (Fig. 1A).

There are several aspects of GERP that collectively distin-
guish it from previous methods. First, alignment columns are
analyzed individually rather than in sliding windows (Fig. 1A).
Second, GERP includes a null model (see below) that requires no
annotation and no assumptions about the abundance of neutral
DNA. Third, we eliminate all gaps from each column for the
determination of both “observed” and “expected” rates of evo-
lution (Fig. 1A).

The elimination of gap characters is an important feature
facilitated by the single-column approach. On some occasions, it
may sacrifice some biological information. However, stochastic
models that appropriately parameterize the spectrum of evolu-
tionary changes that lead to gaps within alignments are not
available, and will likely remain elusive for the foreseeable future.
In addition, missing data and assembly mistakes produce align-
ment gaps that should be ignored. Such data limitations will be
unavoidable in mammalian genomic sequence data, particularly
in the “draft” genomes of most nonhuman mammals, but also in
“comparative grade” sequence (Blakesley et al. 2004). Finally,
lineage-specific loss of a given element should not impair its
detection within those species in which it has remained func-
tional. This is particularly important in light of the goal of com-
prehensively identifying functional elements in the finished hu-
man sequence (Collins et al. 2003; The ENCODE Project Consor-
tium 2004).

Confidence, sensitivity, and robustness

During the evolution that generated the extant sequences, some
sites or regions experienced fewer substitutions than others, even
in the absence of selective effects. This is because substitution
events occur stochastically, and some actually neutral alignment
columns that happened to experience fewer substitutions may by
chance be grouped, and together appear as a constrained ele-
ment. It is therefore important to construct a null model for
defining significance thresholds against a neutral background.
We model the false-discovery process by randomly permuting
the alignment columns to generate a new alignment, whose con-
strained elements are viewed as false-positive predictions. The
total number of constrained bases identified in a permuted align-
ment, as a fraction of the number of constrained bases in the
original alignment, defines a reliability metric we call confidence
(Fig. 2; see Methods). The number of false-positives decreases
rapidly as the RS score threshold is raised from 0 to 25 rejected
substitutions (Fig. 2A), with the sum of the lengths of neutrally
evolving regions identified as “constrained,” dropping from
400,000 bases with a threshold of 0 RS, to 0 bases using a thresh-
old of 25 (Fig. 2B). GERP achieves ∼95% confidence with a
threshold of 8.5 RS for this alignment using a neutral rate esti-
mate of 3.85 subs/site.

While a proper estimate of sensitivity is difficult in the ab-
sence of a representative sample of “true positives,” we can de-
termine sensitivity to exons and exonic bases. GERP is highly
effective at identifying constrained sequence within exons; using
the RS threshold of 8.5, at least one constrained element is iden-
tified overlapping all but three of 151 exons in the region (see
Methods), and ∼64% of the ∼37,000 exonic bases are covered (Fig.
2C). The vast majority (∼83%) of the missing exonic bases reside
within UTRs, which are generally under weaker constraints. In-
creasing the constrained element score threshold beyond 8.5 de-
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creases sensitivity, with ∼4000 exonic bases lost as the threshold
is increased to 25. However, the majority of exons overlap at least
one constrained element, even at thresholds in excess of 100 (Fig.
2C). Overall, the exon-coverage statistics demonstrate that GERP
is effective at capturing known functional sequence, even at
stringent thresholds.

Concomitant with estimating error rates in the discovery
process, we also evaluated the effect that errors in the neutral rate
estimate might have. Neutral rate estimates can be difficult to
make with high precision, and often vary slightly depending on
the method used or on the program that generated the align-
ments (Rat Genome Sequencing Project Consortium 2004). We
therefore quantified the effect of a 10% variation in the neutral
rate estimate on constrained element discovery (Fig. 2A,B). Be-
cause the RS threshold used to define significance is estimated by
the permutation analyses, GERP maintains high confidence with

the modified neutral rate estimate. For example, using a neutral
rate estimate of 4.24 subs/site (10% higher than our estimate of
3.85), GERP calculates an RS score threshold of 10.0, which pro-
vides a similar number of total constrained bases and a similar
confidence to that observed using a threshold of 8.5 and a neu-
tral rate of 3.85 subs/site (Fig. 2A,B; compare the solid line at an
RS of 8.5 to the “+” line at an RS of 10). The null model thus
makes GERP robust to errors in the neutral rate estimates. We
consider this capacity for error correction to be an important
feature of our approach.

Distribution of constrained elements

The size distributions of elements identified with a score of 8.5 or
better differ significantly between exonic and nonexonic groups,
and also between those elements identified in the actual and
permuted alignments (Fig. 2D). As expected, constrained ele-

Figure 1. Overview of GERP. (A) Each column of the compressed alignment (corresponding to each base of the human sequence) is analyzed
independently. Number of substitution events is inferred, giving “observed” values (see Methods); the “expected” rate for each column is determined
by summing the branches of the neutral tree that remain after removing species with a gap character (compare the black, red, and blue neutral trees
with the correspondingly colored expected rates). Candidate constrained regions are identified as consecutive columns of observed rates smaller than
the expected rates (black boxes). Nearby candidates are merged (gray box) across a limited number of unconstrained columns. Finally, each candidate
is scored as the sum of the deviations from expectation at each column, collectively termed as “rejected substitutions.” (B) Neutral tree for the complete
set of species analyzed here (see Methods); the tree is rooted arbitrarily for display purposes only, and analyses are performed using an unrooted tree.
Primates are in green, non-primate placental mammals are in red, and marsupials are in blue.

Constrained elements in mammalian genomes

Genome Research 903
www.genome.org



ments identified in the permuted alignments tend to be smaller
than those in the real alignment. The largest element discovered
in 10 independent permutations is 30 bp with an RS score of 9.6,
while the highest scoring element in these same 10 permutations
is a 14-bp element with a score of 20.7. Constrained elements
discovered in the actual alignment range in size from 3 bp to
>300 bp. We find over 2000 elements below 10 bp in size, indi-
cating a resolution that is well within the range of typical tran-
scription-factor binding sites. While a fraction of these small el-
ements are probably false positives, we observe elements as small
as 7 bp at an RS threshold of 21, a threshold that excludes all of
the constrained elements identified in the permuted alignments.
If we enrich for small, high-scoring elements, we identify 4-mers
that score over 15 (>99.8% confidence) and 6-mers that score
over 21, further confirming the rigorous detection of small con-
strained elements.

Exonic regions show a clear enrichment for larger, higher
scoring elements, with over half of the exonic elements being
larger than 18 bp, compared with only 20% of the nonexonic
elements (Fig. 2D). This size differential is consistent with the
likely influence of false-positive elements within the nonexonic
group, but is also probably related to biological differences be-
tween these two classes. Consistent with many previous studies
(Dermitzakis et al. 2002, 2003; Mouse Genome Sequencing Con-

sortium 2002; Margulies et al. 2003; Cooper et al. 2004a; Rat
Genome Sequencing Project Consortium 2004), the majority of
constrained elements that we identify do not overlap exons, even
at high stringency. Nonexonic elements outnumber exonic ele-
ments approximately seven to one, with the number of nonex-
onic constrained bases exceeding exonic bases approximately
three to one. However, the ratio between exonic and nonexonic
constrained bases does get closer to one as only the larger, higher
scoring elements are considered. To obtain the total constraint
under which nonexonic and exonic elements of this locus have
evolved, we summed the total number of rejected substitutions
estimated for these regions. This cumulative estimate is ∼100,000
rejected substitutions for nonexonic constraint vs. ∼50,000 for
exonic constraint, suggesting that purifying selection eliminated
twice as many nonexonic as exonic polymorphisms during the
mammalian evolution of the locus.

Clustering and density of constrained elements
The density of constrained elements fluctuates significantly
across the length of the locus (Fig. 3A). This fluctuation is weakly
correlated with the density of exonic sequence (data not shown)
and is inversely correlated to the density of repetitive elements; a
simple linear regression model estimates that 32% of the variance
in constrained element density is explained by repeat density

Figure 2. Confidence and sensitivity of GERP as a function of the rejected substitution threshold used to identify constrained elements. (A) Number
of constrained element bases identified in the real alignment (solid line) and permuted alignments (dashed line). (B) Confidence is defined as the number
of constrained element bases in the actual alignment divided by the sum of the constrained element bases in the actual and permuted alignments (see
Methods). In A and B, the curves indicated with “+” and “�” characters result from analyses using a neutral rate estimate that is 10% greater or less,
respectively, than the estimate of 3.85 neutral subs/site. A vertical black line marks the RS score threshold of 8.5 (corresponding to a confidence of
∼95%). (C) The fraction of exons that overlap at least one constrained element (solid line), and the fraction of exonic bases within a constrained element
(dashed line). (D) Cumulative frequencies of the sizes of constrained elements at an RS of 8.5 or greater, with permuted alignment elements (heavy
dashed line), exclusively nonexonic constrained elements (solid line), and exonic elements (light dashed line).
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(Fig. 3B). We also find that there is a sharp elevation in the den-
sity of constraint in regions flanking constrained elements. In
fact, >25% of bases that lie between 3 and 100 bases from a
constrained element are themselves within a constrained ele-
ment, compared with a locus-wide average of only 5.5% (Fig. 3C).
Furthermore, this increase in constraint density persists, but
gradually declines, over the span of hundreds of bases away from
the border of a given constrained element. Coding exons show a
similar elevation in constrained bases nearby, with >95% of
splice sites residing in constrained elements. The opposite trend
is observed for repetitive elements, whose neighboring bases ex-
hibit a deficiency of constrained elements relative to the locus-
wide average.

Large constrained regions

We exploited the underlying regional clustering of constrained
elements by modifying our detection methodology to find
longer elements with higher cumulative constraint scores. Re-

gions containing a high density of constrained elements are
merged into single elements, while regions containing sparse or
weakly constrained elements are lost due to the increased impact
of unconstrained columns. (Unconstrained columns within a
candidate element are penalized; see Methods and Supplemental
Table 1.) The number of false-positive elements using this modi-
fied merging criterion and a rejected substitution threshold of 8.5
is trivial (Supplemental Fig. 1). Thus, while there is a significant
cost in sensitivity to small, isolated, or weakly constrained ele-
ments, there are significant increases in confidence at a per-
element level.

With this modified procedure, we retain a similar number of
total bases comprising constrained elements, while decreasing
the number of individual elements by over 10-fold, from 5961 to
581. The size distribution of constrained elements is now dra-
matically shifted toward long elements, with nearly half being
>150 bp. This shift is seen for both nonexonic and exonic ele-
ments (Fig. 4A). Because we are eliminating small and isolated

Figure 3. Constrained elements tend to cluster, and this clustering is inversely correlated with repetitive element density. (A) Densities of constrained
elements (red) and repetitive elements (blue) along the length of the human CFTR locus. Densities are determined for consecutive, nonoverlapping
25-kb windows, and each window is normalized by the locus-wide average. The solid red line corresponds to constrained elements identified with a
merging tolerance of one unconstrained column, as opposed to six unconstrained columns for the dashed line (Fig. 1A; see Methods). (B) Regional
constrained element density vs. repetitive element density. The values for each 25-kb window used in A are shown. The equation and trendline
correspond to a simple linear regression model relating the two variables, with an R2 value of 0.32. (C) Constrained element density as a function of
distance from various features (see Methods); (solid red line) constrained elements with a merging tolerance of one unconstrained column; (dashed red
line) constrained elements with a merging tolerance of six unconstrained columns; (green line) exons; (blue line) repeats. Note that the behavior of the
red lines very near the origin is a result of the fact that a pair of elements cannot be within the “merge distance” of each other (see Methods).
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elements and merging the larger, denser elements, the density of
constrained elements across the locus fluctuates more dramati-
cally (Fig. 3A; dashed line), and the elevation in the density of
constrained bases near constrained elements declines consider-
ably (Fig. 3C; dashed line).

The clustering of constrained elements may be a conse-
quence of degenerate bases interspersed among constrained
bases within the actual functional element. Certain properties of
known functional elements plausibly support this hypothesis,
including third-position wobble in exons, transcription-factor
binding sites containing degenerate bases, and clustering of tran-
scription-factor binding sites that together regulate gene expres-
sion (Arnone and Davidson 1997; Berman et al. 2002; Markstein
et al. 2002; Brugger et al. 2004). Thus, a major benefit of this
adjustment may be that GERP is more effective at identifying
regions that correspond more closely to functional units. Evi-

dence for this hypothesis can be found in the coverage of exons
by the enlarged elements. Despite failing to include five UTR
exons and six small coding exons, coverage of exonic bases is
increased by 12.5% (∼3000 bases) using the modified criteria, and
the coverage of protein-coding sequence improves from 90.1% to
96.6%. Under the original criteria, there is a median value of
three constrained elements per exon, while 115 of 128 coding
exons are captured in their entirety by a single constrained ele-
ment using the modified criteria.

Exon-associated noncoding constraint

We also sought to characterize the distribution of constraint in
noncoding elements that span an entire coding exon (identified
without the influence of the coding positions themselves; see
Methods). The level of similarity between human and mouse
sequence near exons has previously been analyzed and found to
fluctuate, being generally higher near alternatively spliced than
constitutively spliced exons (Sorek and Ast 2003). We find that
the extent to which constrained elements extend away from the
ends of exons varies substantially among the coding exons in this
locus (Fig. 4B). Some terminate within a handful of bases from
the beginning (or end) of the exon, while others extend for hun-
dreds of bases in either direction. The ST7 gene, for example, has
multiple isoforms annotated as RefSeq entries and appears to
harbor a large amount of nonexonic constraint immediately
flanking its coding exons (Fig. 4B). The dramatic gene-to-gene
variation in exon-associated constraint possibly reflects gene-
specific differences in the importance of regulated splicing.

Ancestral repeats contain constrained elements

Those mobile elements that inserted prior to the common ances-
tor of most mammals are often referred to as “ancestral repeats”
(ARs). They have well-defined consensus sequences, are consid-
ered to be predominantly nonfunctional, and are therefore gen-
erally free to evolve in the absence of selective effects. Those that
can still be aligned even among distant mammals have been used
as models for neutrally evolving DNA (Mouse Genome Sequenc-
ing Consortium 2002; Ellegren et al. 2003; Hardison et al. 2003;
Rat Genome Sequencing Project Consortium 2004; Yang et al.
2004). However, portions of such elements may have been re-
cruited for important biological functions throughout evolution.
Evidence that interspersed repeats in mammalian genomes may
acquire functional roles as both protein-coding (Nekrutenko and
Li 2001) and transcriptional regulatory regions (Chang-Yeh et al.
1991; Britten 1997; Jordan et al. 2003; Khambata-Ford et al. 2003;
Peaston et al. 2004) has existed for quite some time. In addition,
there is comparative evidence suggesting that at least some re-
petitive element fragments are conserved between human and
mouse (Silva et al. 2003). In light of these observations, we com-
pared our constrained element annotations with AR annotations
to determine whether repetitive fragments show evidence of con-
straint even when compared across many diverse mammalian
species.

As expected, the number of constrained element bases that
reside within mammalian ARs drops dramatically as the RS
threshold is increased from nonspecific to highly specific (data
not shown). This similarity in behavior between ARs and the
(false-positive) “constrained” elements identified in the per-
muted alignments supports the hypothesis that mobile elements
accumulate evolutionary divergence in a predominantly neutral

Figure 4. Description of large constrained regions in the CFTR locus. (A)
Sizes of constrained elements identified with a merging tolerance of six
unconstrained columns, with the length in base pairs of each bin along
the x-axis and the count for each bin along the y-axis. Bins are divided
according to those elements that overlap exons (black) and those that do
not (gray). (B) Large, non-coding constrained elements that overlap cod-
ing exons (see Methods). Each coding exon in the region is displayed in
ascending order along the x-axis according to human genome coordi-
nates. Exons are boxed according to which gene they belong, and tran-
scription orientation of each gene is shown with an arrow. Note that in
this format, the left-most exon is the first coding exon for all of those
genes transcribed to the right, while the opposite is true for genes tran-
scribed toward the left. The distance that the associated noncoding con-
strained elements extend away from the individual exons is plotted along
the y-axis. Positive values are indicated for the 3� direction, and negative
values for the 5� direction.
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