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We have conducted a comprehensive search for conserved elements in vertebrate genomes, using genome-wide
multiple alignments of five vertebrate species (human, mouse, rat, chicken, and Fugu rubripes). Parallel searches have
been performed with multiple alighments of four insect species (three species of Drosophila and Anopheles gambiae), two
species of Caenorhabditis, and seven species of Saccharomyces. Conserved elements were identified with a computer
program called phastCons, which is based on a two-state phylogenetic hidden Markov model (phylo-HMM).
PhastCons works by fitting a phylo-HMM to the data by maximum likelihood, subject to constraints designed to
calibrate the model across species groups, and then predicting conserved elements based on this model. The
predicted elements cover roughly 3%-8% of the human genome (depending on the details of the calibration
procedure) and substantially higher fractions of the more compact Drosophila melanogaster (37 %-53%), Caenorhabditis
elegans (18%-37%), and Saccharaomyces cerevisiae (47%—-68%) genomes. From yeasts to vertebrates, in order of
increasing genome size and general biological complexity, increasing fractions of conserved bases are found to lie
outside of the exons of known protein-coding genes. In all groups, the most highly conserved elements (HCEs), by
log-odds score, are hundreds or thousands of bases long. These elements share certain properties with ultraconserved
elements, but they tend to be longer and less perfectly conserved, and they overlap genes of somewhat different
functional categories. In vertebrates, HCEs are associated with the 3’ UTRs of regulatory genes, stable gene deserts,
and megabase-sized regions rich in moderately conserved noncoding sequences. Noncoding HCEs also show strong
statistical evidence of an enrichment for RNA secondary structure.

[Supplemental material is available online at www.genome.org. The multiple alignments, predicted conserved
elements, and base-by-base conservation scores presented here can be downloaded from http://www.cse.ucsc
.edu/~acs/conservation. Up-to-date versions of these data sets are displayed in the “Conservation” and “Most
Conserved” tracks in the UCSC Genome Browser (http://genome.ucsc.edu). The phastCons program is part of a
software package called PHAST (PHylogenetic Analysis with Space/ Time models), which is available by request from

acs@soe.ucsc.edu.]

Despite tremendous progress in vertebrate genomics, it is still not
clear how much of the human and other vertebrate genomes are
directly functional, in the sense of encoding proteins or RNAs
helping to regulate transcription and translation, enabling repli-
cation, altering chromatin structure, or performing other impor-
tant cellular tasks. It is even less clear exactly which regions are
functional. More is known about the functional roles of se-
quences in the genomes of model eukaryotes such as Drosophila
melanogaster, Caenorhabditis elegans, and Saccharomyces cerevisiae,
but much remains to be learned in these genomes as well. Espe-
cially in larger genomes, where functional elements are believed
to account for only a small fraction of all bases, effective general-
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purpose methods for identifying sequences likely to be func-
tional are of critical importance.

One of the best strategies known for finding functional se-
quences is to look for sequences that are conserved across species
(e.g., Hardison et al. 1997; Loots et al. 2000; Boffelli et al. 2003;
Kellis et al. 2003; Margulies et al. 2003; Woolfe et al. 2005). While
orthologous sequences from related species might appear “con-
served” (i.e., unusually similar) because of reduced mutation
rates (Wolfe et al. 1989; Clark 2001; Ellegren et al. 2003; Hardison
et al. 2003), the primary reason for cross-species sequence con-
servation is believed to be negative (purifying) selection. Thus,
orthologous sequences that are significantly more similar than
would be expected if they were evolving under some reasonable
model of neutral evolution are likely to have critical functional
roles. Thanks to a recent explosion in the number of sequenced
genomes, and to the development of tools that allow whole ge-
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nomes to be aligned (Brudno et al. 2003; Blanchette et al. 2004;
Bray and Pachter 2004), cross-species conservation is emerging as
a primary research tool in genomics. It is now possible to conduct
large-scale searches for conserved sequences and to use the re-
sults of such searches to help stimulate new hypotheses and drive
experimentation (Nobrega et al. 2003, 2004; Frazer et al. 2004;
Woolfe et al. 2005).

Comparative studies suggest that mammalian genomes con-
tain large numbers of functional elements that have yet to be
identified and characterized. Analyses of human and rodent ge-
nomes (Mouse Genome Sequencing Consortium 2002; Chiaro-
monte et al. 2003; Roskin et al. 2003; Cooper et al. 2004; Rat
Genome Sequencing Project Consortium 2004) indicate that
about 5% or more of bases in mammalian genomes are under
purifying selection, while protein-coding genes are believed to
account for only about 1.5% of bases, leaving at least 3.5% that
are thought to be functional, but not to code for proteins. (A high
rate of turnover of constrained bases might put this fraction con-
siderably higher; see Smith et al. 2004.) This conserved noncod-
ing sequence—the “dark matter” of the genome—has been the
subject of intense recent interest (e.g., Frazer et al. 2001, 2004;
Shabalina et al. 2001; Dermitzakis et al. 2002; Bejerano et al.
2004a,b; Nobrega et al. 2004; Woolfe et al. 2005) but remains, for
the most part, poorly understood. While there is less “dark mat-
ter” in the genomes of insects, worms, and yeasts, these genomes
also contain many conserved sequences whose functions are not
yet known (Bergman et al. 2002; Kellis et al. 2003; Stein et al.
2003).

Most groups have used pairwise alignments and simple, per-
cent identity-based methods for identifying conserved elements.
For example, Dermitzakis et al. (2002) and Nobrega et al. (2003)
have defined conserved elements as intervals of at least 100 bp
with >70% identity. Tools such as VISTA (Mayor et al. 2000),
PipMaker (Schwartz et al. 2000), and zPicture (Ovcharenko et al.
2004) can be used to construct alignments, visualize annotations
and percent identity levels, and/or define conserved elements
according to length and identity thresholds. As more genomes
have become available, however, it has become essential to make
use of multiple (n-way) rather than just pairwise (2-way) align-
ments, and to consider the phylogeny of the species that are
represented. A few methods for detecting conserved elements in
multiple alignments have been described, some using a phylog-
eny (e.g., Stojanovic et al. 1999; Boffelli et al. 2003; Margulies
et al. 2003; Chapman et al. 2004; Cooper et al. 2004; Ovcharenko
et al. 2005a). Of the methods described so far, however, only the
“phylogenetic shadowing” method (Boffelli et al. 2003) (to our
knowledge) makes use of the branch lengths of the phylogeny,
allows for multiple substitutions per site on single branches of
the tree, and considers the “pattern” of substitution (e.g., the
tendency for transitions to occur more frequently than trans-
versions). In addition, most methods (including phylogenetic
shadowing) use a sliding window of fixed size, which can be a
limitation. For example, if the window size is small, it may be
difficult to discriminate effectively between conserved and non-
conserved regions, but if it is large, small conserved elements
may be missed, even if highly conserved.

In this study, we describe a new program, called phastCons,
that is designed to identify conserved elements in multiply
aligned sequences. PhastCons is based on a phylogenetic hidden
Markov model (phylo-HMM), a type of statistical model that con-
siders both the process by which nucleotide substitutions occur
at each site in a genome and how this process changes from one

site to the next (Yang 1995; Felsenstein and Churchill 1996;
Siepel and Haussler 2004). Phylo-HMMs provide a principled,
mathematically rigorous framework in which to address prob-
lems of “segmentation” using comparative sequence data—i.e.,
problems in which aligned sequences are to be parsed into seg-
ments of different classes (e.g., “conserved” and “nonconserved”
or “coding” and “noncoding”). For several reasons, they are at-
tractive tools for the problem of identifying conserved elements;
they can be used with a general phylogeny and the best available
continuous-time Markov models of nucleotide substitution, they
do not require a sliding window of fixed size, they allow nearly
all parameters to be estimated from the data by maximum like-
lihood, and they permit all necessary computations to be carried
out efficiently on large-scale data sets.

Using phastCons, we have conducted comprehensive
searches for conserved elements in four separate genome-wide
multiple alignments, consisting of five vertebrate genomes, four
insect genomes, two Caenorhabditis genomes, and seven Saccha-
romyces genomes. This study contains a detailed discussion of our
results. Some highlights are as follows:

® Roughly 3%-8% of the human genome consists of sequences
conserved in vertebrates and/or other eutherian mammals.
Much higher fractions of the more compact D. melanogaster
(37%-53%), C. elegans (18%-37%), and S. cerevisiae (47%-68%)
genomes are conserved across closely related species. From
yeasts to vertebrates, in order of increasing genome size and
general biological complexity, increasing fractions of con-
served bases are found to lie outside of known or suspected
exons of protein-coding genes, apparently reflecting the im-
portance of regulatory and other noncoding sequences in com-
plex eukaryotes.

® In all species groups, the most highly conserved elements
(HCEs), by log-odds score, are hundreds or thousands of bases
long and show extreme levels of conservation, but not the
perfect identity seen in ultraconserved elements. Less than half
(42%) of the vertebrate HCEs overlap exons of known protein-
coding genes, in contrast to insects, worms, and yeasts, where
nearly all (>93%) HCEs overlap such exons.

® Some of the most extreme conservation in vertebrates is seen
in 3" UTRs, particularly of genes that regulate other genes,
possibly reflecting widespread post-transcriptional regulation.
This trend is less pronounced in insects and was not observed
in worms. (Data for yeasts was not available.)

® HCEs in vertebrate 3’ UTRs, and to a lesser extent, HCEs in 5’
UTRs, show strong statistical evidence of an enrichment for
local RNA secondary structure, consistent with the hypothesis
of a role in post-transcriptional regulation. HCEs in introns
and intergenic regions also appear to be enriched for local RNA
secondary structure, indicating that many may encode func-
tional RNAs.

® In vertebrates, intergenic HCEs are strongly enriched (nearly
fivefold) in stable gene deserts, suggesting that many of them
may act as distal cis-regulatory elements for precisely regulated
genes (Ovcharenko et al. 2005b).

Results

Predicted conserved elements

Four separate genome-wide multiple alignments were prepared
for the four species groups, with the human, D. melanogaster, C.

Genome Research 1035

www.genome.org



Siepel et al.

elegans, and S. cerevisiae genomes serving as reference genomes
(see Methods and Table S2 in the Supplemental material). Using
the phastCons program, a two-state phylogenetic hidden Markov
model (phylo-HMM) (see Fig. 1) was then fitted separately to
each alignment by maximum likelihood, subject to certain con-
straints (see Methods). The estimated parameters included
branch lengths for all branches of the phylogeny and a parameter
p representing the average rate of substitution in conserved re-
gions as a fraction of the average rate in nonconserved regions
(Fig. 2). The tree topologies were assumed to be known (see
Supplemental material).

The estimated “nonconserved” branch lengths for verte-
brates were fairly consistent with recent results based on (appar-
ently) neutrally evolving DNA in mammals (Cooper et al. 2004),
but were not accurate representations of the neutral substitution
process in all respects. In particular, the branches to the more
distant species (chicken and Fugu) were significantly under-
estimated, because the genomes of these species are, in general,
alignable to the human, mouse, and rat genomes only in regions
that are under at least partial constraint. Similar effects were ob-
served with the insect, worm, and yeast phylogenies. Neverthe-
less, inaccuracies in the estimates of some (particularly longer)
nonconserved branch lengths do not appear to have strongly
influenced our results (see Supplemental material). Moreover,
our method has certain advantages over more traditional meth-
ods for estimating neutral substitution rates, such as by using
fourfold degenerate (4d) sites in coding regions—e.g., it does not
depend on 4d sites being free from selection or being suitable
proxies for neutrally evolving sites in general; and as an “unsu-
pervised” learning method (see Methods), it is not dependent on
possibly incomplete and/or erroneous annotations.

As an approximate way of calibrating our methods across
species groups, we constrained the model parameters such that
the coverage of known coding regions by predicted conserved
elements (i.e., the fraction of coding bases falling in conserved
elements) was equivalent in all groups. We chose a target cover-
age of 65% (£1%), as estimated from human/mouse compari-

TCGC TAGGE. . .
X = TTGG GTGGGT . . . >
pXele) cceeaa. . .

Figure 1. State-transition diagram for the phylo-HMM used by phast-
Cons, which consists of a state for conserved regions (c) and a state for
nonconserved regions (n). Each state is associated with a phylogenetic
model (. and ,,); these models are identical except for a scaling pa-
rameter p (0 = p = 1), which is applied to the branch lengths of y_and
represents the average rate of substitution in conserved regions as a
fraction of the average rate in nonconserved regions (see Methods). Two
parameters, u and v (0 = p, v = 1), define all state-transition probabili-
ties, as illustrated. The probability of visiting each state first (indicated by
arcs from the node labeled “begin”) is simply set equal to the probability
of that state at equilibrium (stationarity). The model can be thought of as
a probabilistic machine that “generates” a multiple alignment, consisting
of alternating sequences of conserved (dark gray) and nonconserved
(light gray) alignment columns (see example at bottom).

sons (Chiaromonte et al. 2003). This number was adjusted for
alignment coverage in coding regions, yielding 56% for the
worm data set and 68% for the insects and yeasts. The degree of
“smoothing” of the phylo-HMM was also constrained by forcing
the expected amount of phylogenetic information (in an infor-
mation theoretic sense) required to predict a conserved element
to be equal for all data sets (see Methods). Our results are, in
general, not highly sensitive to the precise level of target cover-
age used in this calibration procedure (see Supplemental mate-
rial).

Based on the estimated parameters, conserved elements
were then identified in each set of multiple alignments, using the
phastCons program (see Methods). About 1.31 million conserved
elements were predicted for the vertebrate data set, about
472,000 for the insects, about 98,000 for the worms, and about
68,000 for the yeasts. Each predicted element was assigned a
log-odds score indicating how much more likely it was under the
conserved state of the phylo-HMM than under the nonconserved
state (see Supplemental material). A synteny filter, designed to
eliminate predictions that were based on alignments of nonor-
thologous sequence (especially transposons or processed pseudo-
genes), reduced the numbers of predictions for vertebrates and
insects to about 1.18 million and 467,000, respectively; align-
ments of nonorthologous sequence were less prevalent in the
worm and yeast data sets, so the filter was omitted in these cases.
The remaining predicted elements cover 4.3% of the human ge-
nome, 44.5% of D. melanogaster, 26.4% of C. elegans, and 55.6%
of §. cerevisiae. These numbers are somewhat sensitive to the
methods used for parameter estimation. Various different meth-
ods produced coverage estimates of 2.8%-8.1% for the verte-
brates, 36.9%-53.1% for the insects, 18.4%-36.6% for the worms,
and 46.5%-67.6% for the yeasts (see Supplemental material).
Note that the vertebrate coverage is similar to recent estimates of
5%-8% for the share of the human genome that is under puri-
fying selection (Chiaromonte et al. 2003; Roskin et al. 2003; Coo-
per et al. 2004), despite the use of quite different methods and
data sets.

(In the discussion that follows, specific estimates of quanti-
ties of interest will be given, rather than ranges of estimates. The
reader should bear in mind that, while these estimates are gen-
erally not highly sensitive to the method used for parameter
estimation, they do change somewhat from one method to an-
other. Further details are given in the Supplemental material.)

The 1.18 million vertebrate elements, in addition to cover-
ing 66% of the bases in known coding regions (approximately
the target level), cover 23% of the bases in known 5’ UTRs and
18% of the bases in known 3’ UTRs—15.5-fold, 5.3-fold, and
4.3-fold enrichments, respectively, compared with the expected
coverage if the predicted conserved elements were distributed
randomly across 4.3% of the genome (Fig. 3). Almost nine of 10
(88%) known protein-coding exons are overlapped by predicted
elements, as well as almost two of three known UTR exons (63%
of 5'-UTR exons and 64% of 3'-UTR exons; when an exon con-
tains both UTR and coding sequence, the UTR portion is consid-
ered to be a separate “UTR exon”). Regions not in known genes,
but matching publicly available mRNA or spliced EST sequences
(“other mRNA” in Fig. 3) show 9.2% coverage by conserved ele-
ments (a 2.1-fold enrichment), and regions not in known genes
or other mRNAs, but transcribed according to data from the Af-
fymetrix/NCI Human Transcriptome project (“other trans”; see
Methods), which presumably include a mixture of undocu-
mented coding regions, UTRs, noncoding RNAs, and other

1036 Genome Research
www.genome.org













































