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Abstract

Whether or not evolutionary change is inherently irreversible remains a controversial topic. Some examples of evolutionary irrever-
sibility are known; however, this question has not been comprehensively addressed at the molecular level. Here, we use data from 221
human genes with known pathogenic mutations to estimate the rate of irreversibility in protein evolution. For these genes, we
reconstruct ancestral amino acid sequences along the mammalian phylogeny and identify ancestral amino acid states that match
known pathogenic mutations. Such cases represent inherent evolutionary irreversibility because, at the present moment, reversals to
these ancestral amino acid states are impossible for the human lineage. We estimate that approximately 10% of all amino acid
substitutions along the mammalian phylogeny are irreversible, such that a return to the ancestral amino acid state would lead to a
pathogenic phenotype. For a subset of 51 genes with high rates of irreversibility, as much as 40% of all amino acid evolution was
estimated to be irreversible. Because pathogenic phenotypes do not resemble ancestral phenotypes, the molecular nature of the high
rate of irreversibility in proteins is best explained by evolution with a high prevalence of compensatory, epistatic interactions between
amino acid sites. Under such mode of protein evolution, once an amino acid substitution is fixed, the probability of its reversal declines
as the protein sequence accumulates changes that affect the phenotypic manifestation of the ancestral state. The prevalence of
epistasis in evolution indicates that the observed high rate of irreversibility in protein evolution is an inherent property of protein
structure and function.
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Introduction unequivocally neutral because they never lead to any form

In the course of evolution, novel phenotypes and genotypes
are produced. However, to what degree the acquired novel-
ties in an evolving lineage can revert back to the states found
in its direct ancestors remains an open and debated question
(Dollo 1893; Muller 1939; Bull and Charnov 1985; Teotonio
and Rose 2001; Chippindale et al. 2004; Collin and Miglietta
2008; Bridgham et al. 2009; Tan et al. 2011). Dollo formulated
what is now known as the Dollo’s law stating that “an organ-
ism is unable to return, even partially, to a previous stage
already realized in the ranks of its ancestors” (Dollo 1893).
Dollo’s statement refers to irreversibility on the level of pheno-
types. On the genotype level, Dollo’s law can be adapted to
describe a situation when a substantial fraction of substitu-
tions that revert the genotype to the ancestral state are under
strong negative selection. Many nucleotide changes, both
synonymous and nonsynonymous, are expected to be

of phenotypic change in the organism. However, there must
also be genotypic changes that have profound effects on a
phenotypic level, and whether or not such changes may be
reversed in the course of evolution is the issue at hand when
considering Dollo’s law on the genotypic level. The irreversi-
bility of amino acid changes has been tested empirically in only
a handful of specific cases, and the overall rate of irreversibility
of evolutionary change on the molecular level has not been
comprehensively addressed (Bull and Charnov 1985; Kondra-
shov et al. 2002; Zufall and Rausher 2004; Poon and Chao
2005; Bridgham et al. 2009; Lunzer et al. 2010; de Visser et al.
2011; Tan et al. 2011). Here, we test the overall rate of irre-
versibility of amino acid substitutions by comparing data on
pathogenic mutations in humans with sequence divergence
data between human genes and orthologs from mammalian
species.
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Materials and Methods
Mutation Data and Orthologs

We obtained data on missense and nonsense pathogenic mu-
tations from the Human Genome Mutation Database 2011.1
(HGMD) and SwissVAR databases (Stenson et al. 2009;
Mottaz et al. 2010, respectively). For our data set, we selected
all the 221 protein coding genes with at least 50 missense
mutations in HGMD. For these genes, we retrieved sequences
of orthologous proteins from all available vertebrate species
available in GenBank (Benson et al. 2006) using a two-
directional best blast hit approach (Tatusov et al. 1997).
Multiple alignments of orthologous proteins were created
using MUSCLE (Edgar 2004), and these alignments are refined
by removing incompletely sequenced orthologs or sequences
with more than 20% alignment gaps with respect to the
human sequence. A subset of genes in which pathogenic mu-
tations lead to early onset and severe pathologies was created
using Online Mendelian Inheritance in Man descriptions.

Phylogeny and Ancestral Reconstruction

We constructed a phylogeny of all vertebrate species follow-
ing previously published information on the phylogeny of sep-
arate clades that included all species with an ortholog to at
least one gene out of the entire 221 gene data set. Reports on
the phylogeny of Primata (Chatterjee et al. 2009; Fabre et al.
2009), Cetartiodactyla (Arnason et al. 2004; Hernandez
Ferndndez and Vrba 2005; Price et al. 2005; Steiner et al.
2005; Tanaka et al. 2011), Carnivora (Higdon et al. 2007),
Chiroptera (Jones et al. 2002, 2005), Metatheria (Nilsson
et al. 2010), Aves (Dimcheff et al. 2002; Livezey and Zusi
2007), Crocodylidae (Meganathan et al. 2010), Testudines
(Krenz et al. 2005; Naro-Maciel et al. 2008; Barley et al.
2010), Amphibia (Zardoya and Meyer 2001), Sarcopterygii
(Zardoya and Meyer 1996), Actinopterygii (Meyer et al.
1994; Westneat and Alfaro 2005; Mabuchi et al. 2007; Espi-
Aeira et al. 2008; Chiba et al. 2009; Gaubert et al. 2009; Little
et al. 2010; Tang et al. 2010), Chondrichthyes (Rocco et al.
2007; Inoue et al. 2010; Vélez-Zuazo and Agnarsson 2011),
and Vertebrata (Meyer and Zardoya 2003) were used to
create the global phylogeny that included all species in our
sample (supplementary information, Supplementary Material
online). Using this vertebrate super tree, we obtained trees for
each of the 221 human genes and their orthologs. Ancestral
states on these trees were reconstructed using the codeml
package in PAML (Yang 2007). For the analysis of the rate
of irreversibility, we used only the mammalian tree because of
a higher fraction of the most probable ancestral states in that
tree with a high posterior probability in the lineage leading up
to humans (98.7% of all states had >0.95 posterior probabil-
ity). When we estimated the raw number of irreversible states
on the phylogeny, we only considered those irreversible states
that had a posterior probability on the placental tree of >0.95.

We calculated the fraction of irreversible states among all an-
cestral states at each ancestral node as average of
> Pi/(L—">" Py) across all genes where P, was the posterior
probability of all irreversible states in one gene, P, was
the posterior probability of all ancestral states that were iden-
tical to the human sequence, and L was the length of the
gap-free multiple alignment of each gene. Table 2 reports
data for the fraction of irreversible states across the mamma-
lian phylogeny.

Correcting for the Sparseness of the Mutational Data

To estimate the true fraction of pathogenic mutations in each
gene, we employed a method described in Kondrashov et al.
(2002). We calculated S, and S,, the total number of
observed missense and nonsense mutations in HGMD, re-
spectively. Assume that all nonsense mutations in each gene
in our data set (T,,) is pathogenic, which was calculated directly
for each human gene from the nucleotide sequence.
Assuming further that missense mutations and nonsense mu-
tations are ascertained with an equal probability, the ascer-
tainment depth of missense mutations is S/T,,. Thus, the total
fraction of irreversible states was estimated as the average
across all genes of the observed fraction of irreversible states
divided by S/T,,, the ascertainment depth at each gene. For 10
genes with no loss-of-function mutations, we assumed that
the ascertainment bias is equal to the average measure across
the other 211 genes.

Correspondence between Nonsynonymous
Polymorphisms and Mutation Data

Data on single-nucleotide polymorphisms (SNPs) were ob-
tained from dbSNP (Sherry et al. 2001) with handles of TSC-
CSHL, SC_SNP, SC, WUGSC_SSAHASNP, WI_SSAHASNP,
SSAHASNP, CSHL-HAPMAP, BCM_SSAHASNP, and SC_JCM
and from the May 2011 ALL.2of4intersection SNPs calls from
the 1000 Genomes Project (The 1000 Genomes Project
Consortium 2010), the latter data set included data on SNP
frequencies.

McDonald—Kreitman Test

To estimate the fraction of substitutions fixed by positive se-
lection, we used the McDonald—Kreitman test (McDonald and
Kreitman 1991) as implemented by Smith and Eyre-Walker
(2002) by sequence divergence data between available 218
human and macaque orthologs and the SNP data from 1000
Genomes Project. For each of the 218 pairwise orthologous
alignments, constructed by MUSCLE (Edgar 2004), we used
codeml from the PAML package (Yang 2007) to estimate the
number of nonsynonymous and synonymous substitutions, D,
and D, respectively, and calculated the number of nonsyn-
onymous and synonymous polymorphisms, P, and P, respect-
ively. We then estimated the fraction of amino acid
substitutions under positive selection in the human—-macaque
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divergence as o = 1 — (Ds/Dn)(Pn/(Ps+1)) (supplementary
table S4, Supplementary Material online). We estimated «
using polymorphisms with >5% and >1% frequency in the
human population. For our final analysis, we used o estimated
using the data for SNPs >5% frequency. We estimated the
fraction of irreversible states among all phenotypically relevant
substitutions as the estimated fraction of all irreversible states
divided by a. For the subset of 51 genes with at least one
irreversible state in the placental phylogeny, we estimated o
using Dy, Ds, Py, and Ps values obtained for their gene subset
of 41 genes with a human—-macaque ortholog.

Results

We obtained data on pathogenic mutations in humans from
the HGMD (2011.1) (Stenson et al. 2009) and SwissVar
(Mottaz et al. 2010) for 221 genes that had at least 50
missense mutations in HGMD (fig. 1) and obtained ortholo-
gous sequences from vertebrates available in GenBank (see
Materials and Methods). We then aligned the orthologous
amino acid sequences (Edgar 2004) and determined the pos-
terior probabilities of ancestral states using a maximum likeli-
hood approach (Yang 2007) for all genes along the
mammalian phylogeny (see Materials and Methods). We
found a total of 98 cases in 51 genes for HGMD data and
49 out of 23 genes for SwissVar data where a known patho-
genic state corresponded to a reconstructed ancestral state in
the phylogeny with >0.95 posterior probability (table 1, see
Materials and Methods), representing ~1% of the total
number of the ancestral states different from the human se-
quence across the entire mammalian phylogeny (fig. 2 and
table 2). Similar numbers were obtained when considering
only those ancestral states that were supported by more
than one outgroup species, confirming the accuracy of the
ancestral state reconstruction (supplementary table ST,
Supplementary Material online).

In principle, ancestral amino acid states that are identical to
known pathogenic human mutations indicate cases of irrever-
sibility of genotype as presently such mutations cannot be
fixed in the human population due to the drastically deleteri-
ous nature of the disease phenotypes. Thus, all cases of an
ancestral amino acid states matching a known human patho-
genic mutations may be considered irreversible states, mean-
ing that a return to those ancestral states is impossible at
present. To make sure that our data truly identify irreversible
states and are not grossly affected by biases in the mutational
data, we performed two additional tests. First, we took a
subset of 57 genes with early onset pathology and high prob-
ability of fatal outcome in prereproductive age (supplementary
table S2, Supplementary Material online) to test the possibility
that the high fraction of ancestral states matching pathogenic
mutations is a factor of pathogenic mutations with weak ef-
fects or those linked with late onset diseases. The fraction of
ancestral states identical to the human pathogenic mutations

for this subset of genes was similar (table 1), broadly rejecting
the hypothesis that late onset pathogenic mutations, or those
with weak effects, disproportionally contribute to our data.

Second, we considered the possibility that pathogenic mu-
tations matching ancestral states may represent benign poly-
morphisms erroneously identified as pathogenic. We found
that pathogenic mutations that match an ancestral state
have a higher probability of corresponding to a known SNP
than an average pathogenic mutation (table 3). However, only
a small fraction of the identified putative irreversible states
matched a state described as polymorphic. Moreover, genes
linked with recessive disorders were more likely to show an
irreversible state (23 out of 47 genes) relative to genes linked
to dominant disorders or X-linked genes (14 out of 78, Fisher's
t-test, P < 0.006; 59 genes were linked to diseases with an
uncertain mode of inheritance) indicating that irreversible evo-
lution is more likely to proceed when the deleterious state
segregate at a higher frequency, perhaps through a compen-
satory mechanism described by Kimura (1985). We conclude
that neither the weak phenotypic manifestation of pathogenic
mutations or erroneous description of benign polymorphisms
as pathogenic mutations substantially contributes to our data
and that instances when an ancestral state matches a human
pathogenic mutation can generally be considered to be irre-
versible states.

The number of known pathogenic mutations represents a
small fraction of all possible pathogenic mutations, and, there-
fore, the estimate that ~ 1% of all ancestral states as irrevers-
ible is a proportionate underestimate. To obtain an estimate of
the total rate of irreversibility among the genes in our data set,
we used an existing approach for estimating the fraction of
known pathogenic mutations (Kondrashov et al. 2002). This
method works on the assumption that in genes with known
pathogenic loss-of-function mutations, all nonsense muta-
tions are pathogenic. Out of the 221 genes, only 10 contribute
to disease only through change-of-function mutations
(COMP, FGFR2, GFAP, NOTCH3, PSEN1, RYR2, SCN4A,
STAT3, UMOD, and TTR) implying that we can apply this as-
sumption to a majority of genes in our data set. For the 211
genes, we calculated the fraction of all possible nonsense mu-
tations that have been described (on average 0.10, table 4,
supplementary table S3, Supplementary Material online). This
ratio indicates the fraction of pathogenic missense with the
same degree of pathogenicity as nonsense mutations that
have been described in HGMD (see Materials and Methods).
Thus, only 10% of all possible pathogenic mutations have
been described in HGMD for the genes in our data set, al-
though this measure differed gene by gene (supplementary
table S2, Supplementary Material online).

The estimate of the fraction of described pathogenic mu-
tations can be used to obtain the total rate of irreversibility for
genes in our data set. However, in a large fraction of genes,
we found zero irreversible states. Because of the sparseness of
the available data on pathogenic mutations, it is not clear
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Fic. 1.—Distribution of pathogenic mutations in our data set. Two histograms show the distribution of missense and nonsense mutations listed in
HGMD for 221 genes included in our study.

Table 1
Number and Fraction of Irreversible States that Represent Cases of a Pathogenic Mutation Matching an Ancestral State that Has a >0.95 Posterior
Probability in the Mammalian Phylogeny

HGMD SwissVar HGMD with Severe SwissVar with Severe
Phenotypes Phenotypes
Total number of pathogenic mutations (genes) 29,143 (221) 14,481 (221) 6,892 (57) 4,490 (57)
Number of irreversible states (genes) 98 (51) 49 (23) 22 (11) 16 (5)

Table 2
Estimating the Total Fraction of Irreversible States Out of Phenotypically Relevant Substitutions on the Placental Phylogeny
Fraction of Estimated Total Corrected Total
Irreversible Fraction of Fraction of Irreversible
States Out of Irreversible States States among Beneficial
All Substitutions Out of All Substitutions Substitutions
HGMD data for all genes in the data set 1.2% (221) 10.5% (221) 18.4% (221)
HGMD data for genes with at least one irreversible state in the 4.8% (51) 43% (51) 81.1% (51)
placental phylogeny
SwissVar data for all genes in the data set 0.8% (221) 5.3% (221) 9.3% (221)
SwissVar data for genes with at least one irreversible state in the 7.2% (23) 45.4% (23) 85.6% (23)

placental phylogeny

Note—The estimated total fraction of irreversible states was obtained by correcting for the sparseness of the mutational data as described in section Materials and
Methods. The fraction of irreversible states among beneficial substitution is estimated by dividing the value in the second column by o (0.57 for 221 genes and 0.53 for 51
genes), the fraction of beneficial substitutions in evolution from the McDonald—Kreitman test (supplementary table S4, Supplementary Material online).
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H.sapiens (human) DPAPNPPHFPSHVIK
P.troglodytes (chimp) DPAPNPPHFPSHVIK
P.abelii (orangutan) DPAPNPPHFPSHVIK

M.mulatta (macaque) DPAPNPPHFPSHVIK
C.jacchus (marmoset) DPAPNPPHFPSHVIK

M.musculus (mouse) DPAPNPPYFPSHVIQ
R.norvegicus (rat) DPAPNPPYFPSHVIK
A.melanoleuca (panda) DPAPNPPHFPSHVIK
C.lupus (wolf) DPPPNPPHFPSHVIK
E.caballus (horse) DPAPNPPHFPSHVIK
B.taurus (cow) DPAPNPPHFPSHVIK

M.domestica (opossum) DPRPNPPHFPSHVIK

834 B4l B4E
(b) st |
H.sapiens (human) FSFLLSMOMMLLDAA
Q(0.99) P.troglodytes (chimp) FSFLLSMQMMLLDAA
P.abelii (orangutan) FSFLLSMQMMLLDAA

M.mulatta (macaque) FSFLMSMQMMLLDAR
M.fascicularis (macaque) FSFLMSMQMMLLDAA
K(1.0) C.jacchus (marmoset) FSFLLSMQMMLLDAA
M.musculus (mouse) FSFLLSMEKMMLLDAA
R.norvegicus (rat) FSFLLSMEMMLLDAR
A.melanoleuca (panda) FSFLMSMEMMLLDAR
C.lupus (wolf) FSFLMSMKMMLLDARA
E.caballus (horse) FSFLMSMKMMLLDAA
B.taurus (cow) FSFLMSMKMMLLDAA
S.scrofa (wild boar) FSFLMSMEMMLLDAA

M.domestica (opossum) FSFLLSIKMMLIDAV

Fic. 2—Amino acid states that match known human pathogenic mutations. States that match known human pathogenic mutations were found in
closely related species without the drastic phenotypic manifestations observed in humans. Such amino acid states may be confined to a sister clade (a) and,
therefore, while being indicative of compensatory evolution (Kondrashov et al. 2002) do not represent cases of evolutionary irreversibility. Alternatively, some
pathogenic mutations may match the ancestral state at some point along the phylogenetic lineage leading to the human branch (b), and such cases
necessarily represent cases of evolutionary irreversibility on the genotype level as such mutations cannot be currently fixed in the human population. For both
cases, H1380Y in ATM gene leading to breast cancer susceptibility (a) and Q841K in ABCA4 gene leading to Stargardt disease (b) the multiple alignment with
seven amino acids on each side of the site in question is shown. Human wild-type and pathogenic states are represented by black and red colors, respectively.
Posterior probabilities associated with irreversible states are shown in parentheses.

Table 3
Pathogenic Mutations Matching Known Human SNPs from 1000 Genomes Data and dbSNP
HGMD Mutations Irreversible States SwissVar Mutations Irreversible States from
Matching a Known from HGMD Matching Matching a Known SwissVar Matching a
SNP (%) a Known SNP (%) SNP (%) Known SNP (%)
1000 genomes data 368/29,143 (1.26) 15/98 (15.3) 181/14,481 (1.25) 4/49 (8.1)
dbSNP 85/29,143 (0.29)* 6/98 (6.6)* 50/14,481 (0.33)* 4/49 (8.1)*

*All comparisons were statistically significant (Fisher's exact test, P < 0.0001).

whether such genes never evolve in an irreversible fashion, or substantially underestimate the estimated total rate of irrever-
zero irreversible states in these genes were observed due to sibility when correcting for the sparseness of the mutational
lack of data on pathogenic mutations. In the latter case, taking data. We thus tested whether or not 51 genes with at least
into account genes with zero irreversible states would one identified irreversible state are representative of the rate
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Table 4

Pathogenic Mutation Data and Estimated Fraction of Missense Mutations that Are Pathogenic

Missense Mutations Nonsense Mutations

Average number of mutations

Average number of total possible mutations
Estimated average number of pathogenic mutations
Average fraction out of all possible mutations

Average fraction of described mutations out of estimated pathogenic mutations
Estimated average fraction of pathogenic mutations among all possible mutations

131.9 (123.4)
5,498.8 (5,050.1)
2,133 (2,704.1)
0.037 (0.042)
0.107 (0.99)
0.431 (0.253)

26.5 (38.6)
332.3 (330.5)
332.3 (330.5)
0.099 (0.102)
0.099 (0.102)

1.00 (N.A)

Note.—The table reports averages across 221 genes in our data sets and standard deviations in parentheses.

of irreversibility of the entire set. For each gene, we obtained a
phylogeny spanning the vertebrate clade and identified irre-
versible states on nodes before the evolution of placental
mammals. We found that genes with irreversible states in
placental mammals were more likely to have another irrevers-
ible state deeper in the phylogeny compared with genes with
zero irreversible states in the placental lineage (35 vs. 55 irre-
versible states in nonplacental nodes for 170 and 51 genes,
respectively, P value <0.001, Fisher's exact test) indicating
that the rate of irreversibility of genes with at least one irre-
versible state in the placental phylogeny is higher overall but
genes with zero irreversible states in the placental phylogeny
can also evolve in an irreversible fashion. Thus, we estimated
the expected total rate of irreversible evolution using two sep-
arate sets of genes, all genes in our data set (221 genes), and
genes that showed at least one ancestral state in the placental
phylogeny (51 genes). The latter estimate is representative
only for ~20% of genes with especially high rates of irrevers-
ible evolution; however, the total rate of irreversibility of an
average gene is likely to be in between these two estimates.

Assuming that known and undescribed pathogenic muta-
tions have an equal probability of being found as an ancestral
state, we estimated the overall rate of irreversible evolution.
To obtain this estimate, we divided the fraction of irreversible
states by the observed fraction of known nonsense patho-
genic mutations for each gene (see Materials and Methods).
The resulting fraction of irreversible ancestral states was ~10
times larger, such that for all genes in our data set, a total of
~10% of all ancestral states in the placental phylogeny were
irreversible, whereas for a subset of genes with particularly
high rates of irreversible evolution, this fraction was 43%
(table 2).

Dollo’s law is concerned with the irreversibility of evolution-
ary innovations on a phenotypic level. Keeping with the spirit
of Dollo’s law, we estimated the fraction of irreversible evolu-
tion among phenotypically relevant amino acid substitutions.
We used the McDonald-Kreitman test (Smith and Eyre-
Walker 2002) to estimate the fraction of amino acids in
evolution that were selectively neutral and likely to be pheno-
typically silent (see Materials and Methods). Excluding rare
SNPs (Smith and Eyre-Walker 2002) from the polymorphism

data (The 1000 Genomes Project Consortium 2010) for each
gene, we estimated the fraction of neutral amino acid substi-
tutions since the human—macaque divergence (supplementary
table S4, Supplementary Material online, Materials and
Methods). We found that approximately half of all amino
acid substitutions since the human-macaque divergence
evolved under positive selection (0.57 and 0.53 on average
for 221 and 51 gene data sets, respectively). Thus, we esti-
mate that for an average gene, 18.4% of all phenotypically
relevant amino acid substitutions are irreversible, whereas for
our subset of 51 genes with a higher rate of evolution up to
80% of all such substitutions are irreversible (table 2).

Discussion

The presence of allele states pathogenic to humans in gen-
omes of other species without any apparent deleterious con-
sequences has been described previously as compensated
pathogenic deviations (CPDs, Schaner 2001; Kondrashov
et al. 2002; Gao and Zhang 2003; Ferrer-Costa et al. 2007
Baresic et al. 2010). The analysis presented here uses a similar
approach to estimate the fraction of irreversible evolution by
relating data on CPDs to their phylogenetic distribution, which
led to an estimate of the fraction of irreversible substitutions in
protein evolution. Additionally, the present analysis is based
on seven times more genes with at least 50 missense muta-
tions than was available for the original analysis of Kondrashov
et al. (2002) a decade ago.

The fraction of irreversible states between two genomes is
expected to increase with divergence as long as they represent
cases of Dobzhansky—Muller incompatibilities (Dobzhansky
1936; Muller 1939; Orr 1995; Kondrashov et al. 2002;
Povolotskaya and Kondrashov 2010). Alternatively, if the ac-
cumulation of irreversible states is driven by positive selection
(Kondrashov et al. 2002), or they represent cases where a
combination of two deleterious alleles make a neutral state
(Kimura 1985), their fraction may be constant with sequence
divergence (Kondrashov et al. 2002; Kulathinal et al. 2004;
Meer et al. 2010). We estimated the fraction of irreversible
states relative to genetic distance between humans and the
common ancestor of six clades of placental mammals: Homi-
nini, Hominidae, Catarrhini, Simiiformes, Euarchontoglires,
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and Boreoeutheria (fig. 3). We found a lower fraction of irre-
versible states in the common ancestors within the great apes
but a constant fraction of irreversible states across nodes
deeper in the phylogeny making it unclear whether these
data favor one type of mechanism over the others (Kimura
1985; Orr 1995; Kondrashov et al. 2002). However, our data
show that the rate of irreversibility was a constant factor in
evolution, and its estimate does not depend on genetic dis-
tance beyond a minimal level of sequence divergence.

The reason why a large fraction of amino acid states are
irreversible may be explained by two nonmutually exclusive
mechanisms. An adaptive explanation holds that irreversible
states represent cases of adaptation to different environmen-
tal conditions between the extant and ancestral species. Thus,
a mutation is pathogenic because it represents a reversal to a
state that was adapted to a different environmental condition
that was realized among ancestral species (Bull and Charnov
1985; Chippindale et al. 2004; Collin and Miglietta 2008;
Bridgham et al. 2009). At the heart of the second mechanism
lies the molecular nature of the genotype—phenotype relation-
ship that leads to epistatic interactions among amino acid
states within the same protein or between interacting pro-
teins. If protein evolution is a walk in sequence space

(Maynard Smith 1970) along a rugged fitness landscape
(Wright 1932) then as amino acid substitutions accumulate
in the course of evolution they affect each other’s fitness
impact (Kondrashov et al. 2002; DePristo et al. 2005; Povo-
lotskaya and Kondrashov 2010). Thus, one substitution may
be pathogenic in one genetic context, whereas being benign
in another, leading to cases where an amino acid state was
benign in an ancestor and became pathogenic further along
the evolutionary lineage due to other, compensatory, changes
in the same protein (Kondrashov et al. 2002; Choi et al. 2005;
DePristo et al. 2005; Poon and Chao 2005; Bridgham et al.
2009; Baresic et al. 2010; Lunzer et al. 2010; de Visser et al.
2011; Tan et al. 2011) or its interaction partners (Kondrashov
et al. 2002; Tokuriki and Tawfik 2009; Burga et al. 2011; de
Visser et al. 2011; Poelwijk et al. 2011).

The drastic phenotypic manifestation of many pathogenic
mutations indicates that the adaptive mechanism is unlikely to
explain a substantial fraction of the irreversible states in our
data. Pathogenic phenotypes are unlikely to resemble ances-
tral phenotypes, and, therefore, pathogenic phenotypes do
not represent reversals to the ancestral phenotypes. Thus,
the respective amino acid substitutions on the placental phyl-
ogeny are unlikely to represent cases of adaptive evolution.
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In contrast, the proposed compensatory nature of protein evo-
lution has a strong basis in our structural (Kimura 1985;
Kondrashov et al. 2002; Choi et al. 2005; DePristo et al.
2005; Poon and Chao 2005; Bridgham et al. 2009; Baresic
et al. 2010; Lunzer et al. 2010; Povolotskaya and Kondrashov
2010; Tan et al. 2011) and functional (Poon and Chao 2005;
Bridgham et al. 2009; Tokuriki and Tawfik 2009; Lunzer et al.
2010; Burga et al. 2011; de Visser et al. 2011, Poelwijk et al.
2011) understanding of proteins and their network inter-
actions. It is, therefore, probable that the irreversibility of
amino acid states is a consequence of evolution among a
rugged fitness landscape, such that the irreversibility of geno-
types is not a predetermined consequence of adaptive evolu-
tion but rather a probabilistic walk through sequence space
among a rugged fitness landscape (Maynard Smith 1970;
Kimura 1985; Orr 1995; Kondrashov et al. 2002; DePristo
et al. 2005, 2007; Meer et al. 2010; Povolotskaya and
Kondrashov 2010; de Visser et al. 2011; Tan et al. 2011). In
that case, once an amino acid substitution occurs, the prob-
ability that this event becomes irreversible is a linearly increas-
ing function of the number of other substitutions in the same
protein or the entire genotype (Maynard Smith 1970; Orr
1995; Kondrashov et al. 2002; Povolotskaya and Kondrashov
2010; Tan et al. 2011). Similarly, if a particular substitution is
observed to be irreversible at a given moment, the mainten-
ance of its irreversibility in the future is a probabilistic function
of potential compensatory substitutions. Estimating the prob-
ability that a currently irreversible amino acid state becomes
available to evolution in the future may be the next question in
the study of irreversibility on the genotype level.

Our estimate of the propensity of irreversible evolution on
the molecular level of protein sequence takes into consider-
ation and corrects for the incomplete mutational data and the
estimate of proportion of phenotypically relevant amino acid
substitutions. Potential problems with these corrections may
bias our estimate. First, genes included in our data set are
selected on the basis of number of pathogenic mutations
they harbor and may not be representative of the rates of
irreversibility found in an average gene in the genome.
Second, the results of the McDonald-Kreitman test are sur-
prising as the numbers are higher than previously reported
(Gojobori et al. 2007; Boyko et al. 2008) although consistent
with observations for other species (Andolfatto 2005; Eyre-
Walker 2006; Eyre-Walker and Keightley 2009; Halligan
et al. 2010). One possibility is that pervasive epistasis biases
the McDonald-Kreitman test toward overestimating the true
fraction of positive selection in evolution, and, therefore, the
test may not be appropriate if epistasis is a common feature of
protein evolution. To our knowledge, the issue of the impact
of epistasis on the McDonald—Kreitman test has not been
considered either empirically or theoretically. Finally, substan-
tial biases in the relative rates of reporting of nonsense to
missense mutations may bias our correction for the sparseness
of missense mutational data. However, we are not aware of

estimates for the propensity of under- or over-reporting of
either types of pathogenic mutations. At present, we cannot
make an estimate of how such potential bias may affect our
results.

Pathogenic mutations in our data set represent cases of
intermediate impact on phenotype. Many mutations are
slightly deleterious in that they are highly unlikely to achieve
fixation but have only a mild effect on phenotype, such that
they are unlikely to be registered as pathogenic mutations.
Similarly, an unknown fraction of mutations is lethal and not
ascertained as pathogenic. If mechanisms of irreversible evo-
lution apply to lethal or slightly deleterious alleles then the
high fraction of irreversible states reported here is a lower
bound estimate.

Supplementary Material

Supplementary tables S1-S4 are available at Genome Biology
and Evolution online (http:/Avww.gbe.oxfordjournals.org)).
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