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Epistasis as the primary factor in molecular evolution
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The main forces directing long-term molecular evolution remain
obscure. A sizable fraction of amino-acid substitutions seem to be
fixed by positive selection1–4, but it is unclear to what degree long-
term protein evolution is constrained by epistasis, that is, instances
when substitutions that are accepted in one genotype are deleterious
in another. Here we obtain a quantitative estimate of the prevalence
of epistasis in long-term protein evolution by relating data on
amino-acid usage in 14 organelle proteins and 2 nuclear-encoded
proteins to their rates of short-term evolution. We studied multiple
alignments of at least 1,000 orthologues for each of these 16 proteins
from species from a diverse phylogenetic background and found
that an average site contained approximately eight different amino
acids. Thus, without epistasis an average site should accept two-
fifths of all possible amino acids, and the average rate of amino-acid
substitutions should therefore be about three-fifths lower than the
rate of neutral evolution. However, we found that the measured rate
of amino-acid substitution in recent evolution is 20 times lower
than the rate of neutral evolution and an order of magnitude lower
than that expected in the absence of epistasis. These data indicate
that epistasis is pervasive throughout protein evolution: about 90
per cent of all amino-acid substitutions have a neutral or beneficial
impact only in the genetic backgrounds in which they occur, and
must therefore be deleterious in a different background of other
species. Our findings show that most amino-acid substitutions have
different fitness effects in different species and that epistasis pro-
vides the primary conceptual framework to describe the tempo and
mode of long-term protein evolution.

The study of the factors determining the tempo and mode of molecu-
lar evolution continues to be at the forefront of evolutionary biology.
Since the inception of the neutral theory5, many studies of the rate of
molecular evolution have focused on the relative role of selection versus
genetic drift in the fixation of amino-acid substitutions6. It now seems
certain that both of these factors, selection and genetic drift, contribute
to a substantial fraction of all amino-acid substitutions in the course of
evolution1–4. However, the neutral-versus-selective debate on the nature
of molecular evolution has primarily focused on the short-term effects
of substitutions that may not provide the framework necessary to
understand the differences between the functional and selective effects
of amino-acid substitutions that accumulate in the course of long-term
evolution.

An amino-acid substitution that is neutral or beneficial in one gen-
etic context may be deleterious in another7–11. Such a situation, when
the fitness effect of one allele state depends on the allele states at other
loci, is called epistasis9,10. Both the neutral and selective theories of
protein evolution provide an accurate framework for understanding
long-term protein evolution only if amino-acid states in different genetic
contexts have the same effect on fitness, that is, if epistasis is rare. In the
absence of epistasis, when the fitness effects of all amino-acid states
are independent of one another, substitutions in different species are
expected to have similar effects on fitness except in cases where these
substitutions enable differences in adaptation to environmental con-
ditions. In that case, if an amino-acid state were found in one species in
a protein sequence that is not directly involved in environmental

adaptation, such as a housekeeping protein, then the same amino-acid
state should be acceptable in an orthologous site in a different species.
However, if epistasis is common then amino-acid substitutions that
were beneficial or neutral in one species should often be deleterious
in another. Therefore, unravelling the extent and basis of epistasis may
be crucial to understanding differences in protein sequences between
species and long-term protein evolution5–15. At present, studies of the
differences in the fitness of substitutions in different genetic contexts
consider specific genes or events11,16–24, and it is unknown what fraction
of amino-acid substitutions that occur in one species would also be
acceptable in another species if they were to occur in orthologous sites
(but see ref. 11). Here we develop an approach to quantifying the
impact of epistasis in protein evolution and show that the fitness effects
of most amino-acid substitutions must depend on the genetic context
in which they occur.

We obtained sequence data for some of the most widely sequenced
genes for organelle and nuclear-encoded proteins. The choice of
genes selected for this study was dictated by four considerations: the
availability of at least 1,000 unique orthologous sequences from dif-
ferent species; a well-defined, conserved housekeeping function; the
absence or a low rate of gene duplication; and conserved sequence with
few insertions and deletions (indels), leading to an unequivocal multiple
alignment of the orthologous sequences. Our final data set included
orthologous sequences from Metazoa, including 13 mitochondrial genes
and 2 nuclear genes, and the large subunit of ribulose 1,5-bisphosphate
carboxylase–oxygenase (Rubisco) encoded by the rbcL gene in chloro-
plast genomes of Viridiplantae. The number of unique sequences from
different species ranged between 949 and 13,912, with proteins encoded
in the organelles having more sequences in the alignment (Table 1). The
sequences were aligned using a version of the T-Coffee algorithm25

adapted to align large data sets of up to 100,000 sequences (Methods).
For each of these alignments, we calculated the amino-acid usage (u),
defined as the number of different amino acids observed per site
(Table 1). We found that the average usage across all genes in our data
set was ,9, meaning that in the course of long-term evolution an average
site accepted approximately half of all possible amino acids. The distri-
bution of u reveals few invariant sites (those where a single amino acid
was observed), indicating that the high usage was not caused by an
average of invariant and extremely variable sites (Supplementary Fig. 1).

Amino-acid usage can be used to predict the expected short-term rates
of protein evolution without epistasis. Without epistasis, an amino-acid
state observed in one species should also be acceptable in the orthologous
site of another species. Therefore, substitutions in a protein sequence
leading to amino-acid states observed in orthologous sites should not
be inhibited by negative selection. For example, if one-half of amino
acids were accepted in a protein sequence in the long term then, in a
non-epistatic model, the same fraction of amino acids should be
acceptable to this protein in the course of short-term evolution. This
prediction can be expressed in terms of the ratio of the per-site rates of
non-synonymous and synonymous evolution6 (dN/dS): if on average
,0.5 of all amino acids were found per site then the expected non-
epistatic dN/dS ratio between two closely related orthologues of this
gene should be ,0.5 (Methods).
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Under the simplifying assumption that at a site in a large multiple
alignment all permissible amino-acid states are equally likely to be
observed at least once, dN/dS should be equal to (u 2 1)/19, where
19 is the number of possible substitutions possible at a site. However, to
apply amino-acid usage as a measure for estimating the expected non-
epistatic dN/dS value, it is necessary to take into account potential
biases that are inherent to usage. Specifically, u is sensitive to erroneous
inclusions of rare amino-acid states because an amino acid that is
found only once at a site in an alignment makes the same contribution
to the measure as an amino acid that is found thousands of times.
Indeed, the majority of the observed amino-acid states in our align-
ments are rare (Supplementary Fig. 2), which at first glance seems to
suggest that sequencing errors or deleterious polymorphisms had a
large influence on u. However, the frequency distribution of fixed
amino-acid states is also expected to follow an exponential decay func-
tion. On a realistic phylogeny with many species, the majority of evolu-
tionary time is found in recent branches, and many amino-acid states
are therefore expected to be rare because they would have evolved
recently (Supplementary Fig. 3). Thus, a majority of fixed events are
also expected to be rare as a direct consequence of the phylogenetic
nature of evolution and, therefore, a sophisticated method to take into
account the impact of rare erroneous states is required.

There are three potential sources of error in our estimate of amino-
acid usage: alignment errors, sequencing errors and sequence poly-
morphisms. The latter two we treat as a single confounding factor of
non-fixed amino-acid states. We used different approaches to deal with
potential alignment errors and the contribution of non-fixed states. To
minimize the effect of misaligned sequences, we post-processed the
alignments by removing the sequences most likely to be misaligned. In
a progressive alignment procedure, such as the one used here, mistakes
usually arise through inaccurate indel accumulation. We therefore
recursively removed the sequences inducing the largest fraction of indels
and realigned the remaining sequences (Supplementary Table 1). We
found that the resulting alignments contained few indels, and different
alignment methods yielded virtually identical amino-acid usage mea-
sures (Supplementary Table 2). Thus, we do not expect alignment errors
to contribute to the usage measure of our data set.

Next we used a probabilistic approach to estimate the contribution
of non-fixed amino-acid states to the amino-acid usage measure. First
we estimated the probability of occurrence of a non-fixed state at one
site in one sequence, p, by calculating the divergence of sequences from
the same species (Supplementary Methods). This approach combines
the estimate of the frequency of occurrence of sequencing errors and
segregating polymorphisms into one measure. Using multiple sequences
from the same species from a large subset of those species that were used
in the original multiple alignment (Supplementary Table 3), we esti-
mated the amino-acid diversity of non-fixed states, pa, in the same

manner as the commonly used nucleotide diversity measure. From
pa we then estimated p as pa/6, where 6 is the average number of
non-synonymous mutations per codon (Methods). We found that p
was generally small, with 0.0002 , p , 0.007 across the genes in our
data set (Table 1). We then calculated the probability of multiple occur-
rences of the same non-fixed state at one site in the multiple alignment
using the Poisson approximation of a binomial distribution. The pro-
bability that a non-fixed state with probability of occurrence p is observed
k times in an alignment of N sequences is m~(pN)ke{pN=k!. The pro-
bability that an amino-acid state is observed at least once out of k times in
a fixed rather than non-fixed state is r 5 1 2 m. Thus, at each site the
amino-acid usage measure that takes into account the probability that
some of the states were non-fixed is

Xu

i~1
ri, where i is the amino-acid

state and u is the amino-acid usage at that site. By applying this approach
to our data, we obtained the amino-acid usage corrected for the contri-
bution of non-fixed states. This was slightly smaller than the uncorrected
amino-acid usage (Table 1), indicating that the impact of non-fixed states
is small. Two different approaches, one probabilistic and one empirical,
confirm the low impact of non-fixed states on our measurement of
amino-acid usage (Supplementary Tables 4 and 5).

Our data show that a site in a protein can, on average, accept about
eight different amino acids in different species over the course of long-
term evolution. This estimate is undoubtedly a lower bound owing to
the restricted phylogenetic breadth and quantity of sequences included
in the alignment. In our data, u tends to plateau as the number of
sequences included in the alignment is increased; however, the actual
plateau of this function is apparently beyond the number of sequences
that were available for our study (Supplementary Fig. 4), confirming
our estimate of u as a lower bound. The non-epistatic model predicts
that an amino acid that is acceptable to one species should be accept-
able to another, such that the expected non-epistatic dN/dS value of
orthologues from the same alignment should equal (u 2 1)/19; in our
case, for amino-acid usage of eight, the expected dN/dS value is 7/19, or
,0.37. We compared this prediction with the observed dN/dS ratio
estimated for each of the 16 genes in our data set using many of the
species present in the multiple alignment (Supplementary Table 6). On
average, the observed dN/dS ratio was about seven times smaller than
that predicted by the non-epistatic model (Table 1).

The (u 2 1)/19 approximation is a crude estimate of the expected
dN/dS value because it relies on the assumption that in the multiple
alignment all permissible amino acids are equally likely to be observed.
However, some amino-acid states may be more than one mutational
step away from a sequence in which dN/dS is measured, and such
states should therefore not be taken into account when comparing
the expected non-epistatic dN/dS ratio with the observed ratio for this
particular sequence. We thus estimated the expected dN/dS value
using only those amino-acid states that are one mutational step away

Table 1 | Amino-acid usage, frequency of non-fixed states and rates of evolution
Gene Number of species

with non-redundant
sequences

Average
amino-acid

usage

Frequency
of non-fixed

state (p)

Average amino-acid
usage after Poisson

correction

Expected, non-epistatic
dN/dS ratio from

Poisson correction

Observed
average dN/dS

ratio

Fraction of
epistatic
evolution

ATP6 3,021 9.83 5.41 3 1024 9.39 0.44 0.056 0.87
ATP8 1,244 12.82 8.24 3 1024 11.61 0.56 0.224 0.60
COX1 4,450 6.87 7.13 3 1024 6.33 0.28 0.015 0.95
COX2 4,204 9.70 7.64 3 1024 9.12 0.43 0.025 0.94
COX3 2,191 9.43 2.00 3 1024 7.15 0.32 0.036 0.89
CYTB 7,954 10.70 1.17 3 1023 10.68 0.51 0.039 0.92
ND1 2,056 9.76 4.99 3 1024 8.41 0.39 0.040 0.90
ND2 5,963 10.67 1.64 3 1023 10.66 0.51 0.067 0.87
ND3 2,852 10.54 6.8 3 1024 10.24 0.49 0.069 0.86
ND4 2,041 10.08 5.31 3 1024 9.00 0.42 0.045 0.89
ND4L 1,785 11.85 4.97 3 1024 10.24 0.49 0.076 0.84
ND5 949 8.97 4.07 3 1024 7.10 0.32 0.057 0.82
ND6 1,015 11.28 2.88 3 1024 8.97 0.42 0.073 0.83
EEF1A1 1,743 3.81 5.31 3 1024 3.05 0.11 0.020 0.82
H3.2 1,228 5.18 8.97 3 1024 3.59 0.14 0.037 0.74
rbcL 13,912 8.65 1.39 3 1023 8.65 0.40 0.072 0.82
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from the sequence for which dN/dS was measured. We estimated the
non-epistatic dN/dS ratio for these sequences as the average of um/nm

across all sites, where nm is the total number of possible amino-acid
states one mutational step away from the state in a given site and um is
the number of such states observed in the entire alignment. The um/nm

measure of epistatic evolution was larger than that predicted by our
crude measure (u 2 1)/19, resulting in a difference between the
expected non-epistatic dN/dS value and the observed value of more
than one order of magnitude (Table 2). The higher expected dN/dS
value in this case can be explained to be the result of closely related
sequences exploring only a limited part of the sequence space15 or by
the physicochemical similarity of amino acids that are located in the
mutational vicinity in the genetic code.

The large difference between the dN/dS value predicted on the basis of
amino-acid usage and that observed across a large fraction of the same
sequences (Supplementary Table 6) indicates that the vast majority of
amino-acid states are acceptable in a species- or clade-specific manner.
There are two ways to explain this pattern. First, most amino-acid
substitutions may have been subject to positive selection for an environ-
mental adaptation specific to the environment of a particular species.
Thus, an amino acid that was beneficial to one species because of a
specific environmental adaptation may be detrimental to a species that
does not live in the same environment. The second explanation is that
the fitness of most amino-acid substitutions could have depended on
the genetic context, or internal cellular environment, of the species in
which the substitution occurs, such that a substitution beneficial in one
background would be expected to be detrimental in a different back-
ground. In other words, epistatic interactions are the norm and not
the exception when we consider amino-acid substitutions in protein
sequences. Two considerations indicate that widespread epistasis is the
most likely explanation for the observed data. First, the McDonald–
Kreitman test1 showed that positive selection was not common in the
evolution of the proteins in our data set (Table 3), as would have been
expected if the majority of substitutions conferred an environmental
adaptation. Second, the nature of the functions of the proteins con-
sidered here, especially that of mitochondrial proteins, implies that
interaction with the external environment was limited. Additionally,
numerous examples of genetic interactions within proteins, through
structural interactions within the same molecule8–11,16–20,26 or interaction
of cellular components21–24,27–30, support the hypothesis that epistatic
interactions may affect a large majority of all amino-acid substitutions.

We identify epistasis as a powerful factor affecting long-term protein
evolution and one that must necessarily be invoked to explain why the
vast majority of amino-acid substitutions that occur in one species
cannot occur in another regardless of whether or not positive selection
plays the dominant role in the course of fixation of amino-acid sub-
stitutions in specific genetic contexts. An epistatic perspective of

molecular evolution leads to the formulation of several fundamental
questions, in addition to the largely unanswered questions posed by
John Maynard Smith in 1970 (ref. 12). First, given a specific site, sub-
stitutions in how many other sites in the same gene or in the entire
genome could change the strength of selection associated with substi-
tutions at this site? Second, out of the entire network of pairwise epistatic
interactions between sites across the genome, are there many non-
overlapping epistatic subnetworks or are most sites interconnected
within the entire network of epistatic interactions? Third, what is the
ratio of intergenic to intragenic epistatic interactions? Fourth, what is
the molecular basis of epistatic interactions within the genome? Finally,
pervasive epistasis in long-term protein evolution raises the possibility
that similar epistatic interactions may be prevalent in short-term evolu-
tion20,21 and that situations when a polymorphism is benign or bene-
ficial to one individual but deleterious to another individual within the
same population may be more common than is thought at present.

METHODS SUMMARY
Orthologous sequences for 15 genes from Metazoa and 1 from Viridiplantae were
aligned using an adapted version of the T-Coffee multiple-sequence aligner. Each
sequence was encoded as a 203-vector where each component was the frequency of
amino-acid words of size 3. The vectors were clustered in 200 groups using the
k-means algorithm. Each resulting group containing fewer than 200 sequences was
aligned with the default T-Coffee algorithm, and larger clusters were further
divided by reapplying the k-means algorithm. The resulting alignments were
treated as profiles and realigned using the multiple-profile alignment procedure
supported by the default T-Coffee algorithm. A small subset of sequences, ,14%
on average across genes, contributed a substantial fraction of gaps to the alignment
and were removed. Amino-acid usage was measured as the number of different
amino-acid states across all sites in the final multiple alignment of orthologues. We
used pairwise sequence comparisons to estimate dN/dS values across genes with
the codeml program in the PAML package for all pairwise comparisons in the data
set with 0.05 , dS , 0.5. We then averaged the dN/dS estimates across all species
with dS , 0.5 and then averaged the dN/dS values across such clusters.

Full Methods and any associated references are available in the online version of
the paper.
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our data set.
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METHODS
Sequences for our study. We obtained amino-acid and nucleotide sequences of
the protein-coding genes from GenBank31 and applied a two-directional best
BLAST hit approach32 for the initial identification of orthologous sequences.
The phylogenetic breadths of orthologues that were included in our alignments
were purposefully restricted to improve the reliability of the multiple alignments.
We took sequences only from Viridiplantae for Rubisco and only from Metazoa
for all other proteins. We focused on mitochondrial proteins for four reasons.
First, mitochondrially encoded proteins are very rarely, if at all, duplicated.
Second, these proteins are expected to have a highly conserved function across
the Metazoa taxon. Third, mitochondrial genes have been widely sequenced in
many phylogenetic studies, so we expected to find sequences from thousands of
different species. Finally, owing to the constraints on the mitochondrial genome
and on mitochondrial gene function, we expected to find few insertions and dele-
tions in these genes across the Metazoan phylogeny. The same line of reasoning
applied to the inclusion of Rubisco in our data set. Finally, we have undertaken a
survey of nuclear-encoded genes that were expected to show similar qualities of
functional conservation and lack of duplications, with at least 1,000 sequences
from different species. We have specifically mostly avoided sequences from uni-
cellular organisms, because environmental adaptation may be relevant to a higher
fraction of genes in such organisms. In multicellular organisms the function of
many genes takes place in more isolated intracellular environments. Only two
nuclear-encoded proteins passed our selection criteria, elongation factor 1-alpha
1 (EEF1A1) and histone (H3.2).
Alignment method and verification. Sequences were aligned using KM-Coffee,
an adapted version of the T-Coffee multiple-sequence aligner25. In KM-Coffee,
each sequence is encoded as a 203-vector in which each component is the frequency
of amino-acid words of size 3. The vectors are then clustered in 200 groups using
the k-means algorithm. Each resulting group containing fewer than 200 sequences
is aligned with the default T-Coffee algorithm or further divided into smaller
clusters until each cluster can be aligned by T-Coffee. The resulting multiple
sequence alignments are then treated as profiles and aligned using the multiple-
profile alignment procedure supported by the default version of T-Coffee. The
main advantage of the procedure is its capacity to resolve very large data sets while
incorporating a consistency-based approach.

To remove the sequences most likely to be misaligned, we designed a post-
processing filtering procedure. For each sequence we estimated the indel contri-
bution index, defined as

X
c
(N{NR)=NR, where N is the number of sequences,

NR is the number of aligned residues in every column and c is the number of
columns in the alignment. In effect, this measure shares the cost of any gap across
all aligned sequences. We then sorted the sequences by their indel contribution
index and removed the top fraction of sequences, seeking a trade-off between
retaining the maximum number of sequences and maximizing the agreement
between the three large-scale alignment methods. Overall, by applying the indel
contribution index we removed 13.5% of sequences across all data sets (Sup-
plementary Table 1). Remaining sequences were then realigned and the resulting
alignments used for all subsequent analysis.

Three methods were available that could align large data sets like the one used
for this study: MAFFT33, Clustal Omega34 and KM-Coffee. We applied all three to
the filtered data sets and estimated the similarity of their output alignments, using
the sum-of-pairs method to compare alternative alignments of the same sequences.
All three alignment methods show high agreement. The average pairwise similarity
between the KM-Coffee alignments and the Clustal Omega alignments is 97.7%,
and to the MAFFT alignments it is 97.8%. The correlation between the corrected
average amino-acid distributions (Supplementary Table 2) was also high (Pearson
coefficient .0.999 for all three pairs).These results indicate significant robustness
when comparing KM-Coffee, Clustal Omega and MAFFT. We also measured the
similarity of different methods when used on the unfiltered set of alignments and
saw an increase in similarity when using KM-Coffee after filtering relative to
Clustal Omega (97.7% versus 94.7%) and MAFFT (97.8% versus 93.2%).
Measuring amino-acid usage. To measure the amino-acid usage, we calculated
the number of different amino-acid states across all sites in the final multiple
alignment of orthologues. We used only sites where more than half of the positions
were occupied by an amino acid (not a deletion) and took the average across all
sites in the gene. The number of sites where the amino-acid usage was measured is
reported in Supplementary Table 2.
Using amino-acid usage to estimate the expected dN/dS ratio. The amino-acid
usage measure, u, can be used to obtain a lower-bound estimate of the expected
dN/dS ratio under the assumption of no epistasis. The rates of non-synonymous
(dN) and synonymous (dS) evolution are measures of the number of substitutions
divided by the number of sites6. A crude estimate of non-epistatic dN/dS from u is
(u 2 1)/19, where u 2 1 is the number of amino-acid states into which the current
amino acid can be substituted and 19 is the total number of possible amino-acid

substitutions at a site. This estimate is based on the assumption that when dN/dS is
measured across many pairwise orthologous comparisons, the likelihood of a
substitution between any of the 20 amino acids is equally likely. In two situations,
the accuracy of this crude estimate is favourably influenced: when the multiple
alignment from which u is calculated contains thousands of diverged sequences
from a diverse phylogenetic background, and when dN/dS is measured as an
average across pairwise comparisons from a large fraction of sequences in the
entire multiple alignment. An estimate that takes into account the mutational
neighbourhood of sequences for which dN/dS is measured should be more accurate
in all instances. Owing to the limitations of taking into account more than one
substitution at a site, dN/dS is typically measured between closely related sequences6.
In this study, we included dN/dS measurements only for cases with 0.05 , dS , 0.5.
Because the average measurements of dN/dS in our measurements were ,0.05
(Table 1), this implies that 0.0025 , dN , 0.025. Thus, the probability of two
non-synonymous substitutions occurring at the same site is dN2, which implies that
in our measurement of dN/dS we mostly take into account non-synonymous sub-
stitutions just one mutational step away. Thus, we also created a measure of the
expected non-epistatic dN/dS taking into account only those amino-acid states that
are one mutation away from the sequence for which dN/dS is measured. For each
sequence for which dN/dS was measured, we calculated nm, the total number of
possible amino-acid states one mutational step away from the sequence, and um, the
number of such states that were found in the multiple alignment. The estimate of the
expected non-epistatic dN/dS ratio across the entire alignment then becomes an
average of um/nm across all sequences with observed dN/dS.
Estimating pa and p. To estimate the expected rate of occurrence of a specific non-
fixed amino-acid state, we first measured the average amino-acid diversity, pa.
This measure, analogous to the nucleotide diversity measure35, is the fraction of
amino-acid mismatches in a pairwise alignment of two sequences from the same
species. To obtain an average pa value for each gene in our data set, we first
obtained an average pa value for each species with two or more sequences and
then took an average across all species. The number of different species that were
used in the estimate of the average pa value constituted a considerable fraction,
,60% on average, of the total number of species (Supplementary Table 3). There
are no reasons to assume that such extensive sampling should be biased towards
species with a higher or lower pa value. The amino-acid diversity is a measure of
the expected density of any non-fixed states. However, for an accurate estimate of
the contribution of non-fixed states, we required a measure for specific states. The
pa measure was obtained from standing variability, such that most of the segreg-
ating polymorphisms were a single mutational step away from the consensus
sequence containing the major alleles. Therefore, the probability of observing a
specific segregating amino acid is pa divided by the total number of possible non-
synonymous mutations away from an average codon. Because on average a codon
is one mutational step away from ,6 codons coding for a different amino acid, we
estimated the expected density of specific amino-acid non-fixed states as pa/6.
Estimating the impact of non-fixed states. If non-fixed and fixed states have
constant probabilities of occurrence, p and q 5 1 2 p, respectively, then the
distribution of non-fixed versus fixed states in the multiple alignment is a binary
distribution. Thus, the probability that a non-fixed state is observed k times in an
alignment of N sequences is m~Ck

N pkqN{k where Ck
N is the number of possible

combinations of k out of N elements. When N is large, as is the case in our data,
calculating Ck

N directly is a computationally intensive problem, and we therefore
used the Poisson formula, (pN)ke{pN=k!, as a proxy for Ck

N pkqN{k, which gives a
good approximation when pN is small. The expected number of times a non-fixed
state is expected to be observed at a site, pN, was smaller than one for most genes
(Table 1), justifying the use of the Poisson approximation.
Independent verification of the minor impact of non-fixed states. To verify
that the corrected amino-acid usage was not strongly biased by non-fixed amino-
acid states, we used two approaches that are not based on an estimate of the
frequency of specific non-fixed amino-acid states. The first approach used a com-
bination of phylogenetic and probabilistic considerations. Non-fixed states should
occur relatively randomly on a phylogenetic tree, and the clustering of rare states
on the phylogeny indicates a high likelihood that such states are fixed states.
Reducing the number of sequences in the alignment also reduced the probability
of occurrence of non-fixed states. Thus, we reduced the number of sequences in
the alignment, to reduce the impact of non-fixed states, while keeping pairs of
closely related species to increase the probability that each fixed state is found at
least twice. Owing to the complications involved with reconstructing an accurate
phylogeny for thousands of species, we used sequence divergence as a proxy of
phylogenetic distance to select the pairs of sequences from closely related species.
By reducing the number of sequences in the alignment while keeping pairs of
sequences from closely related species, it was possible to reduce the expected
contribution of non-fixed states to almost zero, even for those states that were
observed a small number of times in the alignment. For each gene in the total data
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set, we selected 200 pairs of sequences that were the most representative of the
amino-acid usage of the entire data set. Using blastclust36 we clustered all of the
available sequences into 200 clusters, and for each cluster we selected two sequences.
Thus, in the alignment we retained 200 pairs of sequences from phylogenetically
diverse species, and within each pair the two sequences were from close relatives.
For N 5 400 and 0.0001 , p , 0.001 (Table 1), the probability that an amino-acid
state that is observed just once is non-fixed is m~(pN)1e{pN=1!, such that
0.038 , m , 0.27, and the probability that an amino-acid state that has been
observed two or more times is a fixed state is therefore r 5 1 2 m, such that
0.962 . r . 0.73. Estimating amino-acid usage from this data set taking into
account only those states that have been observed more than once yielded lower
estimates of average amino-acid usage (Supplementary Table 4), as was expected as
a result of there being a much smaller number of sequences in the alignments.
However, the measure was still ,6 amino acids per site, which corresponds to the
expected dN/dS value being much higher than the observed value (Table 1).

We also used an empirical approach to test the impact of non-fixed states on our
amino-acid usage measure. We eliminated rare non-fixed states directly, by pro-
ducing an alignment using consensus sequences for each species with three or more
sequences. The consensus sequence was constructed such that the amino-acid
sequence at each site was identical to the most common amino-acid sequence in
that species. This approach should effectively eliminate most of the rare states that
are not expected to reach fixation (the majority of such states are expected to be
rare37). The amino-acid usage estimated using consensus sequences from ,5% of
all available species was, as expected, lower than the amino-acid usage calculated
using all sequences. However, when we estimated the amino-acid usage from the
same number of random sequences as there were consensus sequences for each
gene, we obtained very similar results (Supplementary Table 5). This provides
independent empirical evidence that the contribution of non-fixed states to
amino-acid usage is minor.
Measuring dN/dS and the McDonald–Kreitman test. Because of the imposs-
ibility of reconstructing accurate phylogenies across our entire data set, we used

pairwise sequence comparisons to estimate dN/dS values across genes. We esti-
mated the dN/dS values using the codeml program in the PAML package38 for all
pairwise comparisons in the data set and kept only those comparisons for which
0.05 , dS , 0.5, to eliminate unreliable estimates. To minimize the impact of
clades with many closely related species, we first averaged the dN/dS estimates
for all species with dS , 0.5 and then averaged the dN/dS values across clusters of
pairwise comparisons such that dS . 0.5 between any two sequences belonging to
different clusters. For Rubisco, the same procedure was followed except the max-
imum dS cut-off value between sequences was 0.2. The resulting dN/dS estimates
came from a wide phylogenetic background from many non-overlapping clusters
and show small standard deviations (Supplementary Table 6). We applied the
McDonald–Kreitman test1 in all instances when at least 20 sequences from the
same species were available that had at least five polymorphic sites. All values of
a , 21 were treated as 21.
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