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Genomic Evolutionary Rate Profiling 
(GERP)

Objective: to find constraint regions in genome subject to purifying selection
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Procedure overview:
- use evolutionary tree and multiple alignments to estimate rejected 
substitution scores (RS) on a column-by-column basis.
- Constrained elements are stretches of the multiple alignment where the 
sequences are highly conserved according to the previous score.

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.
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Data
Gene Annotation: from GENCODE v7 annotation file

- Pseudogenes: exons
- Protein coding genes: CDS, 5ʼ UTR, 3ʼ UTR and introns
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Constrain Annotation: download from ENCODE wiki
- EPO alignment of 33 mammals ( of which 22 are 2x mammal )
- Evolutionary tree
- GERP scores and constrained elements

GERP: v2.1 from Sidow lab
- Get same results when using multiple alignment and evolutionary tree 
from ENCODE wiki



Average RS Scores in Different 
Regions
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Distribution of Average RS Scores for 
Pseudo-exons
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Percentage of Genomic Region Under 
Constraint
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Composition of Constraint Elements
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Distribution of Constraint Region 
Percentage for Pseudo-exons
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Multiple Alignment Example
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>Homo_sapiens   TGGAAGGTGGTGGGTGCCACACAAGTTAAGCTGTCTTCCCTCTGGCAGGC
>Gorilla_gorilla   TGGAAGGTGGTGGGTGCCACACAAGTTAAGCTGTTTTCCCTCTGGGAGGC
>Callithrix_jacchus   TGAAAAGTGGTGGGTGCCACACAGGTTAAGCTGTCTTCCCTCTGGGAGGC
>Tarsius_syrichta   TGGAAGGTGGTGGGTGCCACACAGGTTAAGCTGTCTTCCCTCTGGGTGGC
>Microcebus_murinus  TGAAAGGTGGTGGGTGCCACACAGGTTAAGCTGTCTTCCCTCTGGGAGGC
>Otolemur_garnettii   TGGAAAGTGGTGGGTGCCACACAGGTTAAGCTGTCTTCCCTCTGGGAGGC
>Tupaia_belangeri   TGCAAGGTGGTGGGTGCCACACAGGTTAAGCCGTCTTCCCTCTGGGAGGC
>Cavia_porcellus   TGCAAGGTGGTGGGTGCCACACAGTTTAAGCTGTCTTCCCTCTGGGAGTC
>Ochotona_princeps   TGCAAGGTGGTGGGTGCCACACAGGCTAAGTGGTCTTCCTTCTG------
>Oryctolagus_cuniculus  TGCAAGGTGGTGGGTGCCACACAGGCTAAGCTGTCTTCCCTCTCGGGGGC
>Erinaceus_europaeus  TGCATTGTGGTGGGTGCCACACAGCGTAGGCTGCCTTCCCTCCCGGAAGC
>Felis_catus               TGCAGTGTTGTGGGTGCCACGCAGGTTAAGCTGTCTTCCCTCTGGGAGGC
>Pteropus_vampyrus  TGCAACGTGGTGGGCGCCACACAGGTTAAGCCATCTTCCCTCTGGGAGGC
>Tursiops_truncatus   TGCAGTGTGGTGGGCGCCACACAGGTTAAGCTGTCTTCTCTCTGGGAGGC
>Choloepus_hoffmanni  TGCAACGAGGTGGGTGCCACGCATATCAAGCTGCCCTTCTTCTGGGGAGC
>Dasypus_novemcinctus  TGCAACGTGGTGGGCGCCGCACAGGTCAGGCCGGCTGTCCTCTGGGGTGC
>Loxodonta_africana   TGCAACGTGGTGGATGCTACACAGGTTAGGCTGTCTTTCCTCTGGGATGC
>Procavia_capensis   TGCAAGGTGGTGGATGCCACACAGTGTCGGCTGTCTTTCCTCTGGGATAC

chr4:3925799-3926001, ENSG00000253917.2, ENST00000513501.1



Multiple Alignment Example
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>Homo_sapiens   TTGGGATGACTCCTTTCGTTCTCACCTCCGCATAGGGAGGCTGACACCTC
>Pan_troglodytes   TTGGAATGACTCCTTTCGTTCTCACCTCCGCATAGGGAGGCTGACACCTC
>Gorilla_gorilla   TTGGGATGACTGCTTTCGTTCTCACCTCCGCATAGGGAGGCTGACACCTC
>Pongo_pygmaeus   TTGGGATGACTCCTTTCGTTCTCACCTCCGCATAGGGAGGCTGACACCTC
>Macaca_mulatta   TTGAGATGACTCCTTTAGTTCTCACCTCCGCGTAGGGAGGCTGACACCTC
>Callithrix_jacchus   TTGGGATGACTCCTTTCGTTCTCACCTCTGGGTAGGGAGGCTGACACCTC
>Tarsius_syrichta   GAGGGGGGGACCCTTT--TCTTCACC-CCGGGTAGGAAGGCTGACACCTC
>Tupaia_belangeri   ACGGATTGCTCCTTTTCTTTCCAGCCTCAGGGTCAGAAGGCTGACACTTC
>Cavia_porcellus   gtgtgCACACGTCCCTTTTCCTCCCTCCAGGGC--GGAGGCTGATCCCTC
>Mus_musculus   CAGGTGTAGCTCTT--TTCTCTCACCTCAGGGTAGGGAAGCTGACACCTC
>Rattus_norvegicus   CGGGTGTAGCTCTT-TTTCTCTCACCTCAGGGTAGGGAAGCTGACACCTC
>Oryctolagus_cuniculus  GGGGGCTGGCTCCC----TTCTCACCCCAGCATAGGT-GGCTGACACTTC
>Bos_taurus               GAGGAATGGCTCCT----CTCTCACCTCAGGGTGGGGAAGCTGACATTTC
>Tursiops_truncatus   GGGGAATGGC----TTCGTTCACACCTCAGGGTGGGGAGGTTGACACCTT
>Sus_scrofa               AGGTTATGGCTTCT----CCCTCACCTTAGGGTAGGAAGGCTGACACCTC
>Felis_catus               CGGGACTGGCTTTTTTC---CTCACCTCATGGTGGGGAGGCTGACACCTC
>Equus_caballus   CGGGAACGGCTCCT----TTCTCACCTCAGGGTAGGGGGGCTGACACCTC
>Myotis_lucifugus   CCGGGATGGCTCCT----TTCTCACCT-------------TTAACACCTC
>Pteropus_vampyrus  TAGGAATGG-----TCCTTTCCCAACTCAGAGCAGGGAGGTTAACACCTT
>Loxodonta_africana   GGGAGATGGCTCTTTTCTTCCTCACCTCAGGGCAGAGAAGCTGACGCCTC
>Procavia_capensis   GGAGGATGGGTTTCTTTTCTCTCACCATAGGGTAGGGAGGCTGATGCCTC

chr3:12045877-12046428 ENSG00000157152.11, ENST00000426379.2


