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Introduction

New Approaches
The new approach aims to estimate the EP of observing an
amino acid residue at a protein position (focal position) in a

given species using a multispecies sequence alignment and
phylogenetic relationships among sequences, independent of
population-level information on the frequency of alleles at
the focal position. To accomplish this, we use a Bayesian
framework to calculate the posterior probability (PP) for
each possible residue state at a given position in a species
(species 1 in fig. 1), where the multispecies alignment is modified to replace the residue at the focal position with a missing
data symbol (see Materials and Methods). Then, we compute
multiple PP values by progressively pruning evolutionary lineages that are sister groups to species 1. For the example in
figure 1A, we compute PP0 using the whole data set, PP1 after
pruning sister group containing species 2, and PP2 after additional pruning of the sister group containing species 3. Then,
we obtain the EP as an average of PPi values weighted by the
evolutionary time depth of the closest relative of species 1
(human in our case) in the corresponding evolutionary tree
used. The iterative pruning and the normalization by evolutionary time is intended to ameliorate the effects caused by
incomplete species sampling and evolutionary extinction of
species. We tested the effect of decreasing species sampling by
sequentially removing the closest species to humans and their
corresponding sequences from the data set. In this analysis,
EPs showed a 23% lower variance than PPs (fig. 1B), and thus
are more robust to bias due to incomplete species coverage
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According to the neutral theory of molecular evolution, intraspecific variation is a transient phase of interspecific evolution (Kimura 1983). Therefore, patterns of genome
conservation and divergence observed across species should
predict the frequency and fate of genomic variation within a
species. Based on this principle, we developed a new method
to estimate the neutral evolutionary probability (EP) of amino
acid state at a protein position (or each possible nucleotide
state at a genomic position) in a given species using only the
interspecific evolutionary history of the position. In the new
method, population-level information on observed alleles is
not needed when deriving EPs. This independence enables EPs
to serve as null expectations when evaluating variation in one
or more populations. Collectively, EPs over all positions constitute a multistate evolutionary variome (eVar), which is unaffected by the patterns of population sampling, vagaries of
genetic drift within populations, and local changes in natural
selection. Therefore, this method can be used to evaluate
alleles at both polymorphic and monomorphic positions in
a population, including all known and unknown variants.
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Widespread sequencing efforts are revealing unprecedented amount of genomic variation in populations. Such information is routinely used to derive consensus reference sequences and to infer positions subject to natural selection. Here,
we present a new molecular evolutionary method for estimating neutral evolutionary probabilities (EPs) of each amino
acid, or nucleotide state at a genomic position without using intraspecific polymorphism data. Because EPs are derived
independently of population-level information, they serve as null expectations that can be used to evaluate selective
forces on alleles at both polymorphic and monomorphic positions in populations. We applied this method to coding
sequences in the human genome and produced a comprehensive evolutionary variome reference for all human proteins.
We found that EPs accurately predict neutral and disease-associated alleles. Through an analysis of discordance between
allelic EPs and their observed population frequencies, we discovered thousands of novel candidate sites for nonneutral
evolution in human proteins. Many of these were validated in a joint analysis of disease-associated variants and population data. The EP method is also directly applicable to the analysis of noncoding sequences and genomic analyses of
nonmodel species.
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FIG. 1. EP calculation. (A) A simple tree of four sequences. Leaf nodes are marked by open circles, where the observed amino acid residues are denoted
by z1,. . ., z4. Residues at ancestral nodes are denoted by y5 and y6. Along each branch, a branch length (b1,. . ., b5) is displayed. (B) Standard deviations of
PPs (black bars) and EPs (gray bars) when species and their corresponding sequences were progressively pruned from the data set. Data were derived
from 100 randomly selected human protein sequences and the evolutionary lineages of human and 45 species (Kumar et al. 2012).

than PPs. For a given protein, EPs were estimated for each
position independently, which collectively represent a multistate eVar. Although we described the new approach using
amino acid sequences as an example, it can be directly applied
for the analysis of nucleotide sequences, which would produce EPs for different nucleotide bases when using a nucleotide sequence alignment and phylogenetic relationships.

Results and Discussion
We applied the new method to estimate eVar for all proteins
in the human genome, which were compiled based on the
National Center for Biotechnology Information (NCBI) RefSeq
annotations of the human genome build GRCh37 (also
known as hg19). For genes producing multiple isoforms of
proteins, the longest isoform was used (see Materials and
Methods). We used a phylogenetic tree that included 46 vertebrate species spanning over 500 My (Kumar et al. 2012). For
each position in a given human protein, EP was calculated for
each of the 20 possible amino acid residues (alleles) using the
protein sequence alignment. Figure 2 shows eVar for a small
protein (NP_000064, CD3G). In eVar, evolutionarily likely alleles will have high EP values and evolutionarily unlikely alleles
will have low EP values. Conserved positions tend to have one
dominant allele with high EP and variable positions tend to
have multiple alleles with EP 4 0.05.

Proteome-Wide EP Estimates
For the human protein collection, EPs of alleles were calculated for 10,575,180 amino acid positions in 18,390 protein
246

sequences. Collectively, these estimates constitute the proteomic eVar for human. Consistent with the expectation that
most new mutations are deleterious, 94.4% of alleles in eVar
had EPs lower than 0.05. For alleles with EP  0.05, the allelic
EP distribution was right skewed at ultraconserved positions
(fig. 3A), because these positions are constrained to allow only
one amino acid. In contrast, the distribution is left skewed at
least conserved positions, which have permitted multiple
amino acids over the long-term evolutionary history
(fig. 3D). A scarcity of alleles with intermediate EPs evokes
the U-shaped theoretical distribution of allele frequencies of a
population under the neutral models (Crow 2005; Haegeman
and Weitz 2012).

Comparing EPs Versus Population Frequencies
We first constructed a consensus sequence for each human
protein based on the reference genome (GRCh37) and the
1000 Genomes (1KG) data (phase 3). This consensus sequence consists of 10,324,216 monomorphic positions
(allele frequency = 100%) and major alleles at 250,964 polymorphic positions. At 96% of all positions, human consensus
alleles had the highest EPs. At polymorphic positions, allelic
EPs were strongly correlated with observed population frequencies (Pearson correlation coefficient = 0.99, P << 0.01;
fig. 4A). These observations confirm the neutral theory
(Kimura 1983) prediction that relates long- and short-term
evolutionary patterns.
However, we observed high dispersion in EP distributions,
where alleles with similar population frequencies showed a
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FIG. 2. eVar for a small protein (NP_000064, CD3G). At each position, the black bar represents the allele with the highest EP and the gray bar represents
the allele with the second highest EP. All other alleles contribute EPs (aggregated and represented by white space) such that the total EP is 1.0.
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drift that has driven most standing alleles toward loss or fixation in the population (Kimura 1983). In general, low EP
alleles showed lower allele frequencies (fig. 4B), whereas
high EP alleles had rather high frequencies (fig. 4D).

EPs for Disease-Associated Alleles

Putatively Deleterious Population Variation

FIG. 3. Distributions of allelic EPs at positions over a spectrum of conservation level, from highly conserved to highly variable. A total of
10,575,180 amino acid positions in 18,390 proteins were grouped into
ultraconserved (A), well conserved (B), less conserved (C), or least conserved (D). Only alleles with EP 4 0.05 are included.

wide range of EPs (shaded area in fig. 4A). This is because the
frequencies of alleles segregating today are a product of their
time of origin, the intensity of natural selection, and genetic
drift. Ultimately, large variances can be attributed to genetic

The ROC curve in figure 5A shows that an EP value of 0.0022
produced a 10% rate of false positive diagnosis for the
HumVar benchmark data. Using this threshold, we identified
putatively deleterious variation reported in the 1KG population survey (1000 Genomes Project Consortium et al. 2012)
(fig. 5B). The proportion of deleterious alleles was higher than
the false positive rate only for alleles that occur with population frequency of 1% or lower, with the highest percentage
(30%) of deleterious alleles seen in the collection of private
variants. This overall trend may be explained by the action of
negative selection, which would prevent deleterious alleles
from rising to high frequencies.
The effect of negative selection can be directly observed by
comparing EPs of minor alleles found in heterozygous and
homozygous genotypes in individuals. In 1KG data, we found
247
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We also tested the efficacy of EPs to discriminate between
neutral and disease-associated alleles, a vast majority of which
are expected to be under negative selection (Dudley et al.
2012). We made use of two existing sets of benchmark
data. The first benchmark data set (HumVar; Adzhubei
et al. 2010) contains 20,957 deleterious single nucleotide polymorphisms (SNPs) associated with diseases (positive controls)
and 18,411 common population polymorphisms (negative
controls). EPs showed a quickly rising receiver operating
characteristic (ROC) curve that contrasts the false positive
and true positive diagnosis rates at different EP thresholds
(fig. 5A). This trend shows that EPs will afford high rates of
correct diagnosis of disease alleles at low rates of false positive
diagnosis. The area under the curve (AUC) value for EPs was
high (0.89) and similar to that for classical and recently developed methods, including SIFT (0.88), PolyPhen-2 (0.89),
and CADD (0.84) for the same collection of variants (Ng
and Henikoff 2001; Adzhubei et al. 2010; Kircher et al.
2014). Thus, EPs perform comparably with other mutation
diagnosis methods that require the use of disease-associated
variants and neutral population polymorphisms to build predictive models. Dependencies on the use of such training data
in building predictive models are known to cause problems
for such classifiers, as their performances decline when applied to variants not represented in the training data sets
(Dorfman et al. 2010; Cline and Karchin 2011).
Our second benchmark data set (CNO; Capriotti and
Altman 2011) consisted of 3,128 cancer driver mutations
(positive controls) and 3,046 passenger mutations (negative
controls). Again, EP shows a quickly rising ROC curve and a
high AUC (0.84; fig. 5A). Therefore, we expect allelic EPs to be
useful in prioritizing variants in biological and clinical investigations, even when sufficient population variation data are
not available to train good predictive models.
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Liu et al. . doi:10.1093/molbev/msv198

31,835 SNPs that have at least one homozygous individual
and 213,079 SNPs that exist only in heterozygous states.
Overall, alleles found only in heterozygotes are 25 times less
evolutionarily likely than those found as homozygotes (average EP = 0.001 vs. 0.025, P << 0.01). Furthermore, this pattern
varied when we stratified SNPs by their positional conservation and population frequency (fig. 5C). The greatest difference is observed for common alleles (population
frequency 4 5%) at ultraconserved positions. EPs for homozygous and heterozygous alleles were quite similar at less
conserved positions or least conserved positions, because
they are under lower functional and, thus, evolutionary
constraints.

EPs Predict Potentially Adaptive Alleles

FIG. 4. Relationship of allelic EPs with their observed population frequencies in the 1000 Genomes (1KG) data. (A) A scatter plot showing
the relationship of population frequencies of alleles and their average
EPs. A total of 250,964 nSNVs were binned into population frequencies
in increments of 1% and plotted against average allelic EPs (black circle)
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FIG. 4. Continued
and their standard deviation (shaded area). The observed correlation is
high for the running average (Pearson correlation coefficient
[PCC] = 0.99, P << 0.01) and for individual EPs (PCC = 0.90,
P << 0.01). A similarly strong relationship was observed when EPs
were binned first and their average allele frequencies were considered
(PCC = 0.90, P << 0.01). Distributions of population frequencies of alleles with similar evolutionary probabilities: (B) EP = 0.05  0.01, (C)
EP = 0.50  0.01, and (D) EP = 0.95  0.01. Fitted lines of second order
of polynomial regression were shown.
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Analysis of EPs also revealed many alleles present at unexpectedly high frequency in humans. These constitute signs of potential nonneutral (e.g., adaptive) evolution. We found 36,691
evolutionarily unlikely alleles (EP < 0.05) that occur at 100%
frequency in the 1KG data, that is, these evolutionarily unlikely alleles appear to be fixed in modern humans. Although
this set represents a miniscule proportion of all positions analyzed (0.4%), it likely contains many candidates for adaptive
evolution. We reasoned that if the fixation of an evolutionarily
unlikely allele at a position was due to adaptation (including
functional compensation), then mutations that revert back to
an evolutionarily likely (high EP) allele would be detrimental.
To search for such cases, we examined EPs of 54,034 missense
mutations in the HGMD database (Stenson et al. 2009), which
are implicated in Mendelian disorders and absent from 1KG
data. We found ten positions where a mutation from a low EP
allele (<0.05) to a high EP allele (40.50) was associated with a
Mendelian disease (table 1).
One of these genes (USP26) was previously identified as
experiencing positive selection in a study that analyzed the
ratio of nonsynonymous to synonymous differences in the
genomes of humans and chimpanzees (Nielsen et al. 2005).
This gene is involved in spermatogenesis, and mutation to an
evolutionarily likely allele at position 165 causes Azoospermia
(Asadpor et al. 2013). For the other nine alleles, genomic
scanning that compared humans and other species failed
to infer nonneutral evolution (Nielsen et al. 2005; Zhang
et al. 2010), either due to the low statistical power of traditional methods in multispecies analysis (Arbiza et al. 2006) or
because these adaptive variants are fixed in the human population and are, thus, not detectable in population scans.
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FIG. 5. Application of EPs to diagnose disease-associated variants. (A) ROC curves displaying the true positive rates at different levels of false positive
rates when using allelic EPs to predict disease-associated alleles. Positive (disease) and negative (nondisease) control variants in two benchmark data sets
were used, one (Adzhubei et al. 2010) for diagnosing alleles associated with Mendelian diseases (solid line) and the other (Capriotti and Altman 2011) for
cancer-associated alleles (broken line). (B) Predicted proportion of nonneutral alleles in the 1000 Genomes data. EP threshold of 0.0022 corresponds to a
false positive rate of 10% (dotted line, panel A). Results are shown separately for polymorphisms with low and high frequencies. The numbers of alleles
predicted to be deleterious and the total number of alleles are shown above each bar. (C) Average EP of alleles occurring in homozygous genotypes
(black bars) and those occurring only as heterozygotes (gray bars). Alleles are grouped by their positional conservation into ultra, well, less, and least
conserved categories and minor allele frequency (MAF) in the 1KG data set (rare: MAF < 1%; low: MAF 1–5%; common: MAF 4 5%).
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Table 1. Evolutionarily Unlikely Alleles Occurring with High Frequency in Humans, But associated with Diseases and Other Traits.
Gene

Variant

Major Allele

Disease/Trait

EP

Frequency

N29T
L69V
P239L
M240K
K194E
L2696R
L165S
Q233E
G959S
P4353L

0.004
0.006
0.007
0.007
0.008
0.009
0.010
0.011
0.019
0.037

100%
100%
100%
100%
100%
100%
100%
100%
100%
100%

Hereditary pancreatitis
Hemophilia A
Pendred syndrome
21-hydroxylase deficiency
Altered activity
Polycystic kidney disease 1
Azoospermia/oligozoospermia
Rhesus blood group variant
Retinitis pigmentosa
Kabuki syndrome

Polymorphic
STAT2a
APOEa
ICAM1a
KNG1a
CFHa
COL11A1a

M594I
C130R
K469E
I581T
V62I
L1335P

0.011
0.007
0.046
0.003
0.005
0.002

95%
85%
65%
58%
57%
53%

Height
Alzheimer’s disease biomarkers
Soluble ICAM-1
Activated partial thromboplastin time
Serum myeloperoxidase levels
Glaucoma (primary open angle)

NOTE.—Allele frequencies are from the 1000 genomes data.
a
Denotes genes that have been shown to be under positive selection in past studies analyzing human population data and comparison with other species (Nielsen et al. 2005;
Zhang et al. 2010; Grossman et al. 2013; Li et al. 2014).

EPs for Coding Alleles Implicated in Complex Diseases
We also looked for evidence of nonneutral evolution in the
collection of variants that have been strongly associated with
complex diseases or quantitative traits in genome-wide association studies (GWAS). We found 376 positions harboring
nonsynonymous SNPs (nSNPs) in the GRASP 2.0 database,
which aggregates more than 6 million SNP–phenotype associations from 2,082 GWAS studies (Leslie et al. 2014). The
same 376 nSNPs were also found in the 18,152 high confidence variants available from the NHGRI GWAS catalog. A
substantial proportion of these positions (13%) contained low
EP alleles that have high population frequency (450%) in the
1KG data. These low EP, high-frequency alleles are potentially
involved in nonneutral evolution, including adaptive evolution. In fact, six of these positions (table 1) are located in genes
that are already implicated as targets of positive selection in
previous population genomic analyses (Li et al. 2014). This
interpretation is supported by the observation of low EP alleles at a vast majority of positions that have been implicated
in ongoing adaptive change in comprehensive population
genomic analyses (Grossman et al. 2013) (table 2). These results demonstrate the usefulness of EP to complement traditional methods in the discovery of alleles that deviate from
neutral expectations.

EP Versus Other Mutation Diagnosis Methods
Several methods are available to estimate impact scores for
alternative alleles (Sunyaev 2012); these scores are used to
diagnose alleles as functionally neutral or nonneutral. Using
100,000 randomly chosen human population polymorphisms
250

from the 1KG data, we explored the relationship of EP scores
with impact scores produced by SIFT, PolyPhen-2, EvoD, and
CADD (Ng and Henikoff 2001; Adzhubei et al. 2010; Kumar
et al. 2012; Kircher et al. 2014). In all cases, EPs showed a strong
positive correlation (fig. 6), primarily because all the
approaches use similar evolutionary information. However,
many differences were also revealed. In particular, many
minor alleles with low EPs (EP < 0.05; nonneutral) receive
“neutral” impact scores with current methods. These included potentially nonneutral alleles that are candidates for
positive selection identified by comprehensive scan of the
1KG data (table 2). Although most (85%) of them have
EP < 0.05, SIFT, PolyPhen-2, and EvoD deemed a vast majority
to be either neutral or undiagnosable (73%, 92%, and 77%,
respectively). These methods failed to diagnose these variants
because they all use intraspecific variation data along with
interspecies information during their calculation. This is also
the reason why putatively adaptive alleles fixed in human
population, as well as many other known high-frequency alleles shown in table 1, also received neutral diagnosis via these
methods but were found to be nonneutral in EP calculations.
In conclusion, our new method produces an eVar for a
given genome using interspecific evolutionary history, which
will prioritize function-impacting variants and identify positions that have undergone adaptive and other nonneutral
evolution. This method can be applied to any species to generate reference variant sets for any part of its genome as long
as multispecies sequence alignments can be assembled. The
eVar for human proteins will be publicly available on the
myPEG server (www.mypeg.info).
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Monomorphic
PRSS1
F8
FOXI1
CYP21A2
CYP2A6
PKD1
USP26a
RHCE
CRB1
MLL2
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Table 2. Putative Positively Selected Alleles and Their Diagnosis.
Varianta

Protein

T111A
F374L
M50V
V370A
M140R
M26V
F616L
L2436V
L480S
V324M
D435A
D5E
R482Q
P267L
I2587V
S112A
L367V
T324P
V1019A
Q454R
A179T
R2141W
R390Q
L474F
V238L
A111G

CEU
CEU
CHB,
CHB,
YRI
CHB,
YRI
YRI
YRI
YRI
CHB,
CHB,
YRI
CHB,
CEU
YRI
YRI
CEU
YRI
CEU
CEU
YRI
YRI
YRI
CEU
CHB,

Evolutionarily Unexpected High-Frequency Allele
Amino Acid
T
F
V
A
M
M
F
L
S
M
A
D
Q
L
I
S
V
P
A
Q
T
W
Q
F
V
G

JPT
JPT
JPT

JPT
JPT
JPT

JPT

Frequency (%)
100
98
96
95
92
90
89
85
84
84
83
82
81
79
74
67
64
63
62
62
59
57
54
43
42
40

EP
0.001
0.004
0.006
0.002
0.002
0.005
0.237
0.002
0.003
0.031
0.002
0.005
0.006
0.089
0.013
0.005
0.022
0.009
0.046
0.111
0.002
0.023
0.040
0.007
0.110
0.001

SIFT
Non-N
Non-N
N
Non-N
Non-N
N
N
N
N
N
N
N
N
N
N
N
Non-N
N
N
N
N
Non-N
N
Non-N
N
N

PolyPhen-2
—
Non-N
N
N
—
—
—
—
N
N
Non-N
—
N
N
—
—
N
N
N
—
N
—
N
N
—
N

EvoD
—
—
N
Non-N
—
—
—
—
Non-N
N
Non-N
—
N
N
—
—
N
N
N
—
Non-N
N
N
Non-N
—
Non-N

NOTE.—Alleles potentially involved in positive selection, reported in a comprehensive scan of 1000 Genome data by Grossman et al. (2013) are shown.
a
Each variant is shown in the format of reference allele as defined in hg19 RefSeq annotation followed by position and alternative allele. For each evolutionary unexpected allele
reported to be under positive selection, its population frequency, EP, and neutrality predictions from SIFT (Ng and Henikoff 2001), PolyPhen-2 (Adzhubei et al. 2010), and EvoD
(Kumar et al. 2012) are shown. N, neutral; Non-N, nonneutral; —, no result because the mutant high-frequency population-specific allele is found in the reference genome as the
consensus allele. Allele frequencies are from the corresponding populations in the 1000 Genomes data.

Materials and Methods
Computation of EP
To estimate the EP of observing an amino acid residue at a
sequence position in a given species, we employ a Bayesian
framework, a multispecies alignment consisting of orthologous sequences, and the phylogenetic tree relating the species
in the alignment. For a simple data set consisting of four
aligned orthologous sequences, let zi represents the residue
at the focal position in the contemporary sequence Si, such
that z = (z1, z2, z3, z4), and the ancestral states are given by the
vector y = (y5, y6) (fig. 1A). We aim to estimate the relative
likelihood of different residues at node 1. The PP for each
possible residue is given by


PP ¼ f ðz1 j z ; b Þ ¼

acid alignment where the amino acid at the focal position is
replaced by a missing data symbol. Under a time-reversible
model of amino acid substitution, the evolutionary change of
state can be assumed to start from any node of the tree, say
y5. Then, the first component in equation (1) is given by
f ðz1 Þ ¼ gy5  Py5 z1 ðb1 Þ;

ð2Þ

where Py5 z1 ðb1 Þ is the probability of change from residues y5
to z1. gy5 is the frequency of residue y5 in the sequence data in
the altered alignment as specified above. The second component in equation (1) is given by
f ðz j y; b Þ ¼ Py5 z2 ðb2 Þ  Py6 z3 ðb3 Þ  Py6 z4 ðb4 Þ  Py6 y5 ðb5 Þ:
ð3Þ



f ðz1 Þ  f ðz j y; b Þ
;
f ðz ; b Þ

ð1Þ

where z* is the vector of observed residues at the given position with the constraint that the residue in species 1 at that
position is unknown, that is, z* = (“?”, z2, z3, z4). And, b* is the
vector of branch lengths (b1,. . ., b5) that is computed by using
a maximum-likelihood method for the protein-specific amino

And, the denominator in equation (1) is given by
X X X
g  Py5 z1 ðb1 Þ
f ðz ; b Þ ¼
z
y
y y5
1

5

6

 Py5 z2 ðb2 Þ  Py6 z3 ðb3 Þ  Py6 z4 ðb4 Þ  Py6 y5 ðb5 Þ;
ð4Þ
251
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NP_995322
NP_057264
NP_006336
NP_071731
NP_057645
NP_002033
NP_003259
NP_002215
NP_006585
NP_057565
NP_001136235
NP_006579
NP_002199
NP_861445
NP_055861
NP_062818
NP_001122087
NP_073594
NP_002199
NP_060224
NP_057457
NP_114157
NP_061139
NP_004160
NP_001009894
NP_060328

Population
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To estimate EP, we compute multiple PP values by progressively pruning evolutionary lineages that are sister groups
to the species of interest (species 1 here). For the example in
figure 1A, we compute PP0 using the whole data set, PP1 after
pruning S2 that previously induced ancestral node 5, and PP2
after additionally pruning S3 that previously induced ancestral
node 6. Then, we obtain the EP as an average of PPi values
weighted by the evolutionary time depth of the closest relative of species 1 (human) in the evolutionary tree used (Ti).
Specifically,
X PPðz1 ¼ Ala; wÞ  TðwÞ
X
EPðz1 ¼ AlaÞ ¼
; ð6Þ
TðwÞ
w
w

where z1, y5, and y6 are allowed to take all possible amino acid
states. Using the probabilities f ðz1 j z ; b Þ for all possible
combinations of amino acid states z1, y5 and y6, the probabilities of all sets of allele (e.g., z1 = Ala, y5, y6) are summed to
get the PP of any amino acid state (e.g., Ala) at z1:
X
f ðAlaÞ  f ðz j y; b Þ
y;z1 ¼Ala
: ð5Þ
PPðz1 ¼ AlaÞ ¼
f ðz ; b Þ
For computing transition probabilities, we used a timereversible model of substitution with equal probability of
change from one amino acid to another (uniform prior at a
given position) in order to avoid imposing a specific model of
substitution on individual positions. This is important because it is becoming clear that the instantaneous substitution
matrix for different positions is not the same (Lartillot and
Philippe 2004). So, it is better to be conservative and not use
standard, global substitution matrices when predicting the
variome by molecular evolutionary analyses. Analyses using
an equal evolutionary rate across positions in proteins produced PP estimates similar to those obtained when using a
gamma distribution of rates across sites with 5 discrete
categories.
252

EP Analysis of Human Proteins
A total of 18,621 protein-coding genes were defined in the
NCBI RefSeq database in the human genome build GRCh37.
For each protein, the alignments of orthologous amino acid
sequences in 46 vertebrate species were downloaded from
the UCSC Genome Browser. Due to alternative splicing, multiple isoforms of proteins were found for 5,026 genes. In these
cases, the longest isoform and its alignments were used, such
that each gene and each position had only one representation
in the eVar. Because the multiple alignments were derived
based on sequence similarity and synteny (Miller et al. 2007),
they consist of homologous exons. In a given species, if an
exon homologous to a human exon was not found, these
positions were represented as missing data (or “gaps”). We
excluded 231 sequences/genes because the UCSC human sequences in the downloaded alignments were different from
the RefSeq canonical sequences (similarity <98%). This resulted in 18,390 human proteins with alignments of orthologous sequences, to which we applied the new EP method.
Here, divergence times were obtained from the Timetree resource (Kumar and Hedges 2011).
We set EP to 1 for the observed human allele and 0 for all
other alleles at positions where only human sequences identified an amino acid residue (i.e., missing or insertion/deletion
for the rest of the species in the UCSC alignments). Changes
in the first position in a protein, early termination via gain of
stop codons, and extension via loss of stop codons were not
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FIG. 6. Relationship of EPs of human population polymorphisms with
their impact scores produced by PolyPhen-2, SIFT, CADD, and EvoD.
Using the 1KG data (1000 Genomes Project Consortium et al. 2012),
100,000 population polymorphisms were randomly selected. EPs and
impact scores were calculated for minor alleles. Variants were grouped
according to their EPs and violin plots produced to display the spread of
impact scores from (A) SIFT, (B) PolyPhen-2, (C) CADD, and (D) EvoD. A
violin plot displays the distribution of the impact scores for each group
of variants; the white circle shows the median score and the black box
shows the interquartile range.

where T(w) is the evolutionary divergence time between species 1 and species w, and PP(w) is computed by retaining only
those species in the tree that share a common ancestor with
humans starting with the ancestral node w and earlier.
The above method can be directly applied for the analysis
of nucleotide sequences, which would produce EPs for different nucleotide bases by using a nucleotide sequence alignment and their phylogenetic relationships. More generally,
one can apply this method for any sequence alignment
where the evolutionary tree relating the sequences assumed
a priori or inferred from the alignment. If evolutionary divergence times for nodes in the tree are not available, then one
could employ a simple average instead of weighted average in
equation (6) or use alternative measures of node depth (e.g.,
relative divergence times obtained using the RelTime method;
Tamura et al. 2012) or linearized tree (Takezaki et al. 1995).
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considered. To expedite calculations, we compared the EP
estimates obtained position-by-position following the above
procedure with those obtained simultaneously for all positions in a protein. This approximation involves generating PPs
without replacing the site-specific bases by a missing symbol,
which reduced the number of calculations per protein from
the length of a protein to only one. The results were either
identical or extremely similar (differ in the value in the third
decimal place). Therefore, we have reported EPs generated
using the faster method. In total, the eVar consists of alleles
and their EPs at 10,575,180 amino acid positions in 18,390
protein sequences.

controls). PolyPhen-2, SIFT, and CCAD predictions were obtained from the dbNSFP database (Liu et al. 2013).
To cross-reference different sets of variants with the corresponding EPs, variants were first mapped to chromosomal
locations in the human genome build GRCh37/hg19 and
then to amino acid positions in the longest isoform of proteins as defined in NCBI RefSeq. Affected codons were identified, based on which wild-type and mutant nucleotides were
translated into amino acid alleles. Unique variants were identified based on their chromosomal locations, RefSeq protein
IDs, amino acid positions, wild-type and mutant alleles.

Conservation Categories

EP Analysis of Variants
We analyzed EPs for a wide collection of variants in human
proteins, including population polymorphisms, variants associated with Mendelian diseases, complex diseases or somatic
cancers, and variants under positive selection. Population
polymorphisms were retrieved from the 1000 Genomes
Project phase 3 data (1KG) (1000 Genomes Project
Consortium et al. 2012) that contained 250,964 nSNPs and
their overall population frequencies. From the HGMD database, we retrieved 60,502 missense mutations implicated in
heritable diseases. We removed 6,468 mutations that contained potential annotation errors or are present in the
1KG data. The remaining 54,034 mutations were regarded
as associated with Mendelian diseases. Variants associated
with complex diseases were downloaded from the GRASP
2.0 database, which aggregates more than 6 million SNP–
phenotype associations from 2,082 GWAS studies (Leslie
et al. 2014). Among these associations, 376 unique missense
variants were identified based on their chromosomal locations and primary protein isoforms, as well as presence in the
1KG data. Positions that were previously reported to be under
positive selection were collected from studies that compared
human with other species (Nielsen et al. 2005; Zhang et al.
2010) or scanned 1000 Genome data using population statistics (Grossman et al. 2013; Li et al. 2014).
To evaluate the accuracy of EP and other methods in diagnosing disease-associated variants, we used two existing
sets of benchmark data. The first benchmark data set
(HumVar; Adzhubei et al. 2010) consisted of 20,957 deleterious SNPs associated with diseases (positive controls), and
18,411 common population polymorphisms (negative controls). The second benchmark data set (CNO; Capriotti and
Altman 2011) consisted of 3,128 cancer driver mutations
(positive controls) and 3,046 passenger mutations (negative
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Using the same set of multiple alignments of orthologous
sequences from 46 species, we estimated the evolutionary
rate (r) of a protein position as the absolute substitution
rate, reported as the number of substitutions per site per
billion years (Kumar et al. 2012). A position is regarded as
ultraconserved if r = 0, well conserved if 0 < r  1, less conserved if 1 < r  2, or least conserved if r 4 2.
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