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Abstract

Phenotypic convergence is an exciting outcome of adaptive evolution, occurring when different species find similar
solutions to the same problem. Unraveling the molecular basis of convergence provides a way to link genotype to
adaptive phenotypes, but can also shed light on the extent to which molecular evolution is repeatable and predictable.
Many recent genome-wide studies have uncovered a striking pattern of diminishing convergence over time, ascribing this
pattern to the presence of intramolecular epistatic interactions. Here, we consider gene tree discordance as an alternative
cause of changes in convergence levels over time in a primate dataset. We demonstrate that gene tree discordance can
produce patterns of diminishing convergence by itself, and that controlling for discordance as a cause of apparent
convergence makes the pattern disappear. We also show that synonymous substitutions, where neither selection nor
epistasis should be prevalent, have the same diminishing pattern of molecular convergence in primates. Finally, we
demonstrate that even in situations where biological discordance is not possible, discordance due to errors in species tree
inference can drive similar patterns. Though intramolecular epistasis could in principle create a pattern of declining
convergence over time, our results suggest a possible alternative explanation for this widespread pattern. These results
contribute to a growing appreciation not just of the presence of gene tree discordance, but of the unpredictable effects
this discordance can have on analyses of molecular evolution.
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Introduction
Understanding the molecular basis of adaptation is a central
goal in evolutionary biology. Among the many strategies used
to address this problem, the study of convergence—when
different species solve similar evolutionary problems using
similar solutions—provides a unique look into adaptive evo-
lution. More specifically, comparing the molecular causes of
convergence among taxa can reveal how repeatable and pre-
dictable adaptation is, and concomitantly clarify the link be-
tween adaptation and genotype (Rosenblum et al. 2014; Storz
2016).

Motivated by these goals, recent studies have been suc-
cessful in demonstrating that convergent molecular changes
often accompany convergent phenotypes (Christin et al.
2008; Manceau et al. 2010; Dobler et al. 2012; Feldman et al.
2012; Zhen et al. 2012; Projecto-Garcia et al. 2013), a fact that
historically was not always accepted (Stern 2013). However,
these studies are still not informative as to how frequently
molecular convergence is truly adaptive, nor of how wide-
spread it is in nature. Fortunately, the availability of whole
genomes has allowed researchers to also examine the fre-
quency of molecular convergence across all proteins. These
comparative studies have reported high levels of molecular
convergence in many clades (Bazykin et al. 2007; Rokas and

Carroll 2008; Parker et al. 2013; Foote et al. 2015; Goldstein
et al. 2015; Zou and Zhang 2015a), although discerning the
evolutionary (neutral vs. adaptive) and molecular mecha-
nisms driving these substitutions is still difficult. Among
many reasons for this difficulty, the uncertainty in the choice
of a null model in studies of adaptive convergence has cast
doubt on multiple previous results (Thomas and Hahn 2015;
Zou and Zhang 2015b).

Inferring the specific molecular mechanisms underlying
convergence is difficult, and may not be possible from ge-
nome data alone. However, a number of studies have used
patterns of molecular convergence to infer general molecular
mechanisms underlying protein evolution. One commonly
observed pattern is a reduction in molecular convergence
between species over time (Rogozin et al. 2008;
Povolotskaya and Kondrashov 2010; Naumenko et al. 2012;
Goldstein et al. 2015; Zou and Zhang 2015a). This pattern has
been suggested to be due to a form of epistasis: the identity of
amino acids at some sites in a protein constrains the set of
allowable amino acids at other sites (Zou and Zhang 2015a).
As species diverge, amino acid substitutions that were once
forbidden become allowed (and vice versa), reducing the
probability that similar amino acid substitutions are allowed
in multiple lineages (Goldstein et al. 2015). Over time the
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frequency of convergence would therefore decrease, and sim-
ilar arguments have been made about the frequency of re-
versals over time (McCandlish et al. 2016).

Previous studies of molecular convergence (adaptive or
not) have understood these patterns to represent molecular
homoplasy; that is, substitutions are assumed to have hap-
pened independently along the branches leading to the two
or more taxa that converged to the same character state.
There is, however, a largely overlooked source of apparent
molecular convergence that does not match these assump-
tions: gene tree discordance. Discordance causes the false
appearance of convergence when no independent substitu-
tions have actually occurred (Hahn and Nakhleh 2016;
Mendes and Hahn 2016; Storz 2016).

Gene tree discordance, also known as phylogenetic incon-
gruence, occurs when phylogenies obtained from individual
genes differ among themselves and from the species phylog-
eny. This phenomenon can be caused by diverse biological
factors such as incomplete lineage sorting (ILS), introgression,
and lateral gene transfer (Maddison 1997). With the increas-
ing availability of sequences from whole genomes and across
clades, it has become evident that gene tree discordance is
common in nature, due to both ILS (Pollard et al. 2006; Scally
et al. 2012; Brawand et al. 2014; Jarvis et al. 2014; Zhang et al.
2014; Suh et al. 2015; Pease et al. 2016) and introgression
(reviewed in Mallet et al. 2016). The extent of ILS (and the
resultant gene tree discordance) is positively correlated with
ancestral population sizes and is negatively correlated with
the time between speciation events (Pamilo and Nei 1988;
Maddison 1997), but is independent of timescale, affecting
nodes regardless of how old they are (Oliver 2013).

Phylogenetic incongruence can produce apparent conver-
gence by means of hemiplasy, a term coined to signify the
production of a homoplasy-like pattern by a non-
homoplasious event (Avise and Robinson 2008). At the se-
quence level, hemiplasy has been recently dubbed “SPILS”
(Substitutions Produced by ILS) because of the repeatable
and predictable pattern of substitutions it produces under
ILS (Mendes and Hahn 2016). SPILS is expected to occur
whenever substitutions along discordant internal branches
(i.e., internal branches on discordant gene trees that are ab-
sent in the species tree) are resolved on the species tree (fig.
1). SPILS will artificially create molecular convergence (or re-
versions) because substitutions along discordant internal
branches will appear to have occurred multiple times when
these substitutions are mapped to the species tree (e.g., site 1
in fig. 1). Hemiplasious molecular convergence does not re-
flect any biological property of the sites where it occurs, being
solely the result of the technical bias resulting from using a
species tree that does not match the topology of the gene or
region being analyzed.

Because both ILS (Pamilo and Nei 1988) and introgression
(Coyne and Orr 1989) are more likely between more closely
related species, we predicted that discordance could produce
declining patterns of molecular convergence similar to those
observed previously. This source of apparently declining con-
vergence would not be a consequence of epistasis, though of
course epistatic interactions could be occurring in all proteins.

One important distinction that can help us to distinguish
between the causes of apparent molecular convergence is
between “parallel” and “convergent” substitutions (Zhang
and Kumar 1997). Substitutions are classified as parallel
when the lineages being compared have the same ancestral
state (fig. 2, top panel), and are classified as convergent if they
have different ancestral states (fig. 2, bottom panel).
Importantly, SPILS will only ever lead to the appearance of
parallel substitutions, allowing us to separately consider a
class of convergent substitutions that cannot be due to dis-
cordance alone.

In what follows, we examine and control for the impact of
varying levels of discordance on observed molecular conver-
gence in multiple primate genomes, as well as in sequences
simulated with ILS. Furthermore, we investigate whether sub-
stitutions that are unlikely to be constrained by epistasis (at
synonymous sites) also exhibit declining levels of convergence
with time, presumably solely as a result of gene tree discor-
dance. Finally, we examine errors in species tree inference in
simulated mitochondrial proteins as yet another source of
discordance that can lead to apparent convergence, even
when ILS and introgression are not expected to differentially
affect individual genes.

Results

When Discordance Is Controlled for, the Same
Amount Convergence Is Observed Regardless of
Phylogenetic Distance
Using coding sequences from 12 primate species and recon-
structing ancestral states of individual nucleotides using
PAML (Yang 2007), we recovered a pattern of declining con-
vergence (normalized by divergence) as a function of genetic
distance, as has been reported in multiple systems (fig. 3a).
Although many authors have hypothesized that this pattern
is due to intramolecular epistasis, we propose that it is due to
gene tree discordance within the single species tree that all
substitutions are analyzed on. As laid out in the Introduction,
the logic here is that more closely related species will tend to
have shorter internal branches separating them, which will
lead to greater levels of either ILS or introgression, and in turn
increase the effect of SPILS as a source of artifactual molecular
convergence. Note that—as is the norm for similar studies of
convergence (Castoe et al. 2009)—convergence on sister lin-
eages is not considered, so the length of internal branches
separating taxa is the main determinant of their genetic
distance.

As discussed earlier, convergent substitutions produced by
discordance will appear as “parallel” substitutions that have
the same ancestral state, because there is truly only one sub-
stitution that has occurred (fig. 2a). We can therefore control
for discordance as a cause of the declining pattern of conver-
gence by only considering “convergent” substitutions having
different ancestral states (fig. 2b). This is not to say that par-
allel substitutions will necessarily be caused by SPILS alone,
only that by ignoring them we ensure that only true conver-
gence is being analyzed.
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Considering parallel and convergent substitutions sepa-
rately in the primate data, we found that parallel substitutions
exhibit a pattern of declining convergence as a function of
divergence, but that convergent substitutions do not (fig. 3b).
This implies that discordance is the major cause of the decline
in apparent convergence, and that epistatic interactions may
play only a minor role in affecting the rate of truly convergent
substitution. If discordance is controlled for, convergence be-
tween two species appears to be independent of the genetic
distance separating them.

To ensure that the relationship observed between normal-
ized convergence and genetic distance is not due simply to
the measures being used, we repeated our analysis of simu-
lated data with one major difference: we counted convergent
and parallel substitutions on the true tree underlying each
locus (i.e., we counted substitutions on the true tree rather
than the species tree, which may have been discordant;
Methods). When there is a match between the tree on which
ancestral state reconstruction is conducted and the true tree
underlying the data, there is no declining relationship be-
tween either parallel or convergent changes and distance

(supplementary fig. S1, Supplementary Material online).
Therefore, our inference is that the pattern observed in the
primate data is primarily due to discordance and is not due to
the methods being used.

We have found similar results reported for other datasets
examining the decrease in convergence over time: only par-
allel substitutions decrease with time, whereas convergent
substitutions show no relationship with time (see fig. 5 in
Povolotskaya and Kondrashov 2010, and fig 2a in Goldstein
et al. 2015). Though neither of these studies discussed their
results in light of discordance, we consider these analyses to
lend further support to our hypothesis that SPILS is the true
cause of these patterns. Alternatively, epistasis may affect
parallel and convergent substitutions in a different manner.
For instance, it may be that if two species already have dif-
ferent starting amino acids at a position, there is a lower
chance that similar amino acids are allowed at that position,
thus decreasing the probability of convergence. In order to
address this hypothesis we next analyzed data where no ep-
istatic interactions are expected.

When Epistasis Is Controlled for, Convergence Levels
Still Decrease as a Function of Phylogenetic Distance
We attempted to examine patterns of convergence in the
absence of epistasis using two different approaches. We
measured convergence levels first for synonymous substitu-
tions within the same primate coding sequences analyzed
above, as these sites should be less frequently involved in
epistatic interactions; and, second, in sequences generated
through coalescent simulations that did not incorporate
epistasis, but did allow for ILS (sequences were simulated
along the same primate phylogeny; see Methods). If epistasis
is the major reason why more closely related species exhibit
greater levels of convergence, both of these approaches are
expected to result in the same amount of convergence at all
measured genetic distances.

Convergence levels at synonymous sites closely matched
those measured when all sites were considered, with dimin-
ishing convergence as a function of time being observed only
for parallel synonymous substitutions (fig. 3c). While synon-
ymous sites must occasionally be involved in epistatic inter-
actions (e.g., between Watson-Crick pairs in a folded mRNA),
we expect that the dataset containing only this site class

Species 1 2 3 O

Species tree

2 3 1 O

G TG GT GT T
- - - -

Discordant gene tree 2

1 3 2 O
C CC AA CA A
- - - -

Discordant gene tree 1

C G G

CGC

Site 1
Site 2

FIG. 1. Two discordant gene trees and their species tree. The circle and triangle on discordant gene trees 1 and 2 correspond to substitutions at two
different loci, from an ancestral allele to C and G, respectively. If either gene is analyzed under the species tree, their substitutions (circle or triangle)
are incorrectly mapped on leaves (species 1 and 3, or 2 and 3) rather than on internal branches, and interpreted as molecular convergence.

Species
Parallel
subst. 

Convergent
subst.

Species tree

1 2 3 O
C A C A

T C T G

C C

A

A

Species

Species tree

1 2 3 O

T T

G

C

FIG. 2. Substitutions at sites undergoing molecular convergence can
be classified as either parallel (top tree) if ancestral states are the same,
or convergent (bottom panel) if otherwise.
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harbors far fewer epistatic interactions, and should therefore
exhibit convergence levels at least distinguishable from those
found in the analysis of all nucleotide substitutions (which
includes synonymous and non-synonymous changes). The
lack of such difference, however, suggests that the main driver
of convergence levels is independent of the functional rele-
vance of a site, and that it affects parallel substitutions, but
not convergent substitutions. As explained above, the phe-
nomenon of gene tree discordance as a result of ILS and
introgression (coupled with hemiplasy) meets both criteria
and nicely explains these results.

The same pattern of higher apparent convergence
among more closely related species was observed in our
simulated dataset, in which gene tree discordance occurs
as a result of ILS, but where epistasis is absent (fig. 3d). As
expected, the decline in convergence was again observed
only for parallel substitutions (fig. 3d). These results provide
further support for the role of gene tree discordance as a
cause of convergence, as they suggest that processes that
induce it (e.g., ILS) can be solely responsible for the higher
apparent convergence that is observed among more closely
related species. While this hypothesis is certainly most par-
simonious in that it does not invoke epistasis, neither does it
exclude a role for epistatic interactions.

Tree Inference Error Causes Gene Tree Discordance
and Creates Apparent Convergence
Multiple studies have found the previously described reduc-
tion in convergence over time in cases where discordance

among loci can clearly occur (Rogozin et al. 2008;
Povolotskaya and Kondrashov 2010; Naumenko et al. 2012;
Zou and Zhang 2015a). However, an additional study re-
ported this difference using mtDNA genes and a species
tree inferred from mtDNA (Goldstein et al. 2015). Such results
are intriguing because although gene trees from the mito-
chondrial genome can disagree with the species tree obtained
from nuclear genes, there should be neither phylogenetic in-
congruence among mitochondrial genes nor between them
and the species tree inferred from the whole mitochondrial
genome. The lack of recombination between mitochondrial
loci should cause the mitochondrial genome to be inherited
as a single topologically homogeneous genomic block. This
result therefore appears to conflict with the hypothesis that
discordance is the cause of these patterns, as apparent con-
vergence due to SPILS should be impossible.

While gene tree discordance can be caused by ILS or in-
trogression when multiple speciation events occur within a
short time interval (i.e., when species tree internal branches
are short), such circumstances should also be particularly
conducive to phylogenetic incongruence as a result of tree
inference error. The shorter the internal branch, the less phy-
logenetic information it will contain, and so the greater are
the chances of incorrectly inferring the relationship between
taxa. It then follows that because more closely related lineages
will tend to be separated by shorter internal branches, their
placement will more likely differ due to errors in tree infer-
ence. As a result, even in datasets where biologically generated
discordance is impossible, we may observe more apparent

(a)

(c) (d)

(b)

FIG. 3. Convergence as a function of genetic distance for all pairs of primate species. (a) All substitutions. (b) Same as in panel (a), but with parallel
and convergent substitutions shown separately. (c) Same as in panel (a), but with only synonymous parallel and convergent substitutions shown.
(d) Sequences simulated on the primate species tree under the multi-species coalescent. In all panels, the number of convergent substitutions (of
whatever type) is normalized by the number of divergent substitutions (denoted C/D).
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convergence because of SPILS (note that the term SPILS does
not apply only when ILS is present, but whenever spurious
substitutions are produced because of gene tree discordance;
Mendes and Hahn 2016).

Importantly, Goldstein et al. (2015) inferred the species
tree containing over 600 vertebrates using only a single
mtDNA gene, slightly more than 500 amino acids long.
They then analyzed the remaining mtDNA genes on this
species tree. Although many relationships inferred among
lineages were unresolvable using this dataset (i.e., had a
branch length of zero), the species tree used is fully bifurcat-
ing. In effect, this means that the tree inference software has
made arbitrary decisions regarding the relationships among
some taxa, with the largest effect on closely related taxa.

In order to mimic the data used in Goldstein et al. (2015)
and to test our predictions about the causes of discordance
(and therefore convergence), we used the WAG model
(Whelan and Goldman 2001) and the large species tree
from this study to simulate 100 500-aa-long protein se-
quences, again in the absence of epistasis. These simulations
were done along a static species tree (i.e., they did not incor-
porate the coalescent process and were, as a result, “ILS-free”),
and did not include within-gene recombination. Thus, all sites
from all simulated loci had the same underlying genealogy—
any discordance among inferred gene trees would have to be
caused by errors in phylogenetic tree reconstruction. Note
that here we use the term gene tree discordance to mean
topological differences between gene trees, regardless of
whether the cause of this discordance is biological or just a
failure to infer the correct tree.

First, and unsurprisingly, we confirmed that shorter inter-
nal branches tend to be associated with higher levels of gene
tree discordance because of tree inference error (fig. 4a).
Essentially, the shorter the time window during which a pop-
ulation can accumulate substitutions before a speciation
event takes place, the weaker the phylogenetic signal will
be, and the harder it will be to recover the correct relationship
among the descendant taxa. Second, we chose one gene tree
to be the species tree (as done in Goldstein et al. 2015) at
random, and computed the amount of convergence in the
remaining sequences. We were again able to recover a pattern
of declining convergence with increasing evolutionary dis-
tances [fig. 4b; note that the genetic distances from our sim-
ulated data have similar magnitudes to those observed in the
Goldstein et al. (2015) study]. Therefore, even when biological
phenomena such as ILS or introgression do not occur, the
weak phylogenetic signal characteristic of short internal
branches can still lead to discordant gene trees because of
errors in phylogenetic reconstruction, and can translate to
higher convergence by means of hemiplasy among more
closely related species.

As mentioned above, Goldstein et al. (2015) also found
that only parallel substitutions showed a decline with phylo-
genetic distance, and not convergent substitutions. When we
considered parallel substitutions separately, the observed de-
cline is not as prominent and is mostly concentrated at very
short genetic distances (supplementary fig. S3a,
Supplementary Material online). This pattern tracks the

pattern of discordance, which was also found only at very
short genetic distances (fig. 4a). However, this also indicates
that using discordance alone we have not fully re-created the
observed relationship between parallel substitutions and ge-
netic distance in mtDNA found by previous authors. Instead,
the strong overall pattern of diminishing convergence shown
in figure 4b appears to be driven by the choice to plot both
parallel and convergent substitutions together. Parallel sub-
stitutions are both more likely to occur than convergent sub-
stitutions (supplementary fig. S3a, Supplementary Material
online) and are disproportionately more common at shorter
genetic distances (supplementary fig. S3b, Supplementary
Material online); therefore, combining these two distributions
into a single variable creates the illusion that overall conver-
gence goes down across all genetic distances (fig. 4b). This
statistical artifact represents yet another important reason to
consider parallel and convergent substitutions separately in
any analysis (Zhang and Kumar 1997).

Discussion
The search for the molecular basis of convergence is currently
surrounded by enthusiasm, as evidenced by the recent surge
in empirical case studies within and across clades (Feldman
et al. 2012; Parker et al. 2013; Projecto-Garcia et al. 2013;
Goldstein et al. 2015; Zou and Zhang 2015a). These empirical
studies have also stimulated a number of simulation and
theoretical investigations (Pollock et al. 2012; Shah et al.
2015; McCandlish et al. 2016), as well as literature reviews
(Stern 2013; Rosenblum et al. 2014; Storz 2016). This interest
stems from the fact that understanding the molecular causes
of convergence can provide a link between genotype and
adaptive phenotypes, and more generally can reveal how re-
peatable and predictable adaptive evolution can be.

Large-scale inferences about the repeatability and predict-
ability of evolution at the molecular level are generally made
by counting convergent substitutions across a phylogeny
(Bazykin et al. 2007; Naumenko et al. 2012; Goldstein et al.
2015; Zou and Zhang 2015a). These substitutions are identi-
fied by performing ancestral state reconstruction on a species
tree, enabling researchers to polarize substitutions along spe-
cific branches. Studies employing this procedure have uncov-
ered similar patterns: more closely related species exhibit
higher levels of convergence than more distant ones. But
what causes the decline of convergence with time?

Positive selection is perhaps the most investigated cause of
molecular convergence across clades, as it is expected to
make convergent evolution significantly more likely (Orr
2005). Nonetheless, recent studies seem to agree that positive
selection is not needed to explain the excess convergence
observed among closely related species (Rokas and Carroll
2008; Goldstein et al. 2015; Zou and Zhang 2015a). Instead,
convergent substitutions are thought to occur more fre-
quently shortly after species divergence because of a form
of epistasis. This model proposes that the set of epistatically
interacting sites is expected to be more similar in closely re-
lated species, thus imposing similar constraints on these sites’
otherwise independent evolution. These shared constraints
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are what make convergence more likely. As species diverge,
epistatic interactions also diverge, which then makes conver-
gence less likely to occur (Goldstein et al. 2015). This logic has
been incorporated in models of protein evolution that allow
substitution rates to vary across sites and time (Pollock et al.
2012) and whose predictions fit empirical data (Goldstein
et al. 2015)

In the present study, we further extend the list of possible
causes for the decline of convergence over time by demon-
strating that it is also possible without epistasis. We show that
in the presence of gene tree discordance, performing ancestral
state reconstruction and mapping substitutions on a single
species tree leads to the phenomenon of SPILS (Mendes and
Hahn 2016), spuriously inflating counts of parallel substitu-
tions at shorter genetic distances. We provide three lines of
evidence that the pattern of diminishing convergent substi-
tutions observed in a primate dataset is at least in part caused
by SPILS. First, we show that when ILS is controlled for by
conditioning on distinct ancestral states, convergence levels
do not change with time. Second, we demonstrate that syn-
onymous substitutions (in which epistasis should not be
prevalent) also display the same pattern of diminishing con-
vergence with greater phylogenetic distance. Finally, using
sequences simulated under the simple assumptions of the
coalescent model (where ILS is present, but epistasis is not),
we uncover the same pattern of declining convergence over
time. Whereas we have not investigated the causes of declin-
ing convergence in multiple other nuclear datasets in which it
has been found, future analyses should consider discordance
as a possible cause of these patterns.

In our study, we used a measure of normalized conver-
gence introduced by Castoe et al. 2009: the ratio of conver-
gent to divergent substitutions (C/D). We observed through
simulation that there is no correlation between C/D and ge-
netic distance when nucleotide substitutions are analyzed on
a concordant tree (supplementary fig. S1, Supplementary
Material online), implying that the observed patterns under
discordance are directly due to SPILS. However, we emphasize
that our results apply to a particular convergence measure,

and a nucleotide substitution model. In contrast, Goldstein
et al. (2015) found that certain protein models will generate a
negative relationship between C/D and distance without dis-
cordance, and interpreted their data in light of this result.
Alternative measures of the expected amount of convergence
have also been used in previous studies (Zou and Zhang
2015a), and we have not addressed such measures here.

Our interpretation of previous results is in accord with a
growing appreciation for the ubiquity of discordance in phy-
logenomic datasets (Mallet et al. 2016). The discordance in
eukaryotic genomes is largely due to incomplete lineage sort-
ing and introgression, with both processes likely acting in
most clades (Cui et al. 2013; Martin et al. 2013; Fontaine
et al. 2015; Novikova et al. 2016; Pease et al. 2016).
Although early studies of genome-wide convergence recog-
nized that discordance could be a problem (Rokas and Carroll
2008), the magnitude of the contribution of ancestral poly-
morphism and hybridization to incongruence among genes
was not yet appreciated. More recent work has placed this
discordance at the forefront of phylogenetic research, with a
proliferation of new methods for inferring a single species tree
in the face of discordance (Drummond and Rambaut 2007;
Liu 2008; Larget et al. 2010; Liu et al. 2010; Bryant et al. 2012;
Mirarab and Warnow 2015; Yang 2015). However, methods
that can deal with discordance when analyzing patterns of
molecular evolution have not kept pace, as most ancestral
state reconstruction methods are still applied to only a single
species tree, often with dire consequences for downstream
inferences (Hahn and Nakhleh 2016).

We hope that the results presented here further highlight
the need for discordance-aware phylogenetic methods. While
some such methods exist (Vernot et al. 2008; Rasmussen and
Kellis 2012; de Maio et al. 2013, 2015), they are not in wide use,
and hemiplasy appears to affect studies of nucleotide substi-
tution rates and positive selection (Mendes and Hahn 2016),
convergence (this study), lineage diversification (Stadler et al.
2016), and gene duplication and loss (Hahn 2007). Because
single substitutions on discordant trees can be resolved on
the species tree as either convergence or reversion (Mendes
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and Hahn 2016), it is likely that patterns of diminishing re-
versals over time may also be affected by SPILS (Naumenko
et al. 2012; McCandlish et al. 2016). Due to the widespread
occurrence of discordance across the tree of life—in all geno-
mic compartments—it is likely that hemiplasy has affected
many other genomic features as well. A complete reckoning
of these effects is likely to encompass all aspects of molecular
evolution.

Materials and Methods

Quantifying Molecular Convergence in Primate
Coding Sequences
Coding sequence alignments of orthologs from 12 primate
species (human, chimpanzee, gorilla, orangutan, gibbon, rhe-
sus macaque, cynomolgus macaque, baboon, green monkey,
marmoset, squirrel monkey, and bushbaby) and an outgroup
(tree shrew) were downloaded using the UCSC Table Browser
tool (Karolchik et al. 2004). After removal of gaps and ambig-
uous codons, alignments were kept if their lengths were a
multiple of 3, canonical start and stop codons were present in
the human sequence, the alignment had at least 500 codons
after removal of start and stop codons, and if they were the
longest isoform when multiple isoforms existed for a gene.
The remaining 5,264 alignments (totaling 15,198,099 sites)
were used in downstream analyses.

A species tree for these 13 species was inferred (i) from a
concatenated alignment using PhyML (Guindon and Gascuel
2003), (ii) with majority consensus using the PHYLIP package
(Felsenstein 1989), and (iii) with MP-EST, a coalescent-based
method (Liu et al. 2010). All inferred species trees had the
same topology. We used this topology and branch lengths
from the species tree obtained through concatenation to
reconstruct ancestral states and to calculate pairwise genetic
distances, both of which were needed to measure molecular
convergence.

For each alignment, we measured molecular convergence
in a pairwise fashion by counting how many times substitu-
tions along two non-sister branches that did not share the
same phylogenetic path (i.e., we excluded comparisons in-
volving branches that shared the same ancestral node, or
two branches along the same lineage) resulted in the same
nucleotide state in both descendant nodes. A substitution
was mapped to a branch if at a particular site the nucleotide
state at the ancestral node differed from that of the descen-
dant node. Mapping of substitutions thus required ancestral
state reconstruction, which we performed on all alignments
and along the same species tree topology using the program
codeml or baseml from the PAML suite (Yang 2007). We used
a codon frequency model (“F3x4” as implemented in PAML;
Yang 2007) and the JC69 model (Jukes and Cantor 1969) for
real and simulated primate data, respectively, and the WAG
(Whelan and Goldman 2001) model for simulated mitochon-
drial data (see below).

We further classified molecular convergence as parallel if
the ancestral states of both ancestral nodes were the same,
and as convergent if not. We normalized these two measures
of molecular convergence—counts of parallel and convergent

substitutions—by dividing them by the counts of divergent
substitutions with the same or different ancestral states, re-
spectively. These two normalized measures of convergence
were both referred to as C/D (counts of convergent and/or
parallel substitutions normalized by counts of divergent sub-
stitutions; Goldstein et al. 2015).

In order to control for epistasis, we also analyzed the pri-
mate coding data subset containing just synonymous substi-
tutions. Convergent and parallel changes were counted for
synonymous substitutions following the same procedure de-
scribed above.

Genetic distance between two taxa was calculated by add-
ing up the lengths of all branches along the phylogenetic path
connecting them, starting from the descendant nodes of the
branches being compared. We also calculated genetic dis-
tances starting from the midpoint and the ancestral nodes
of the branches being compared (results were qualitatively
and quantitatively the same; data not shown). We used
branch lengths from the species tree obtained from the con-
catenated alignment (see supplementary file S1,
Supplementary Material online). Note that while these
branch lengths are affected slightly by SPILS (Mendes and
Hahn 2016), we do not expect these length differences to
change the declining nature of convergence levels (see
Results), as they should simply shift values along the x-axis.

Finally, because at shorter genetic distances C/D had a
much larger variance (as a result of C/D being a ratio of
counts), we binned the data to obtain larger counts from
pairs of less diverged species. The unbinned data are shown
in supplementary figure S2, Supplementary Material online.

Quantifying Molecular Convergence in Simulated
Sequences from the Primate Tree
We employed the primate species tree obtained with MP-
EST (Liu et al. 2010) to conduct 1,000 coalescent simulations
of 1 kb-long DNA sequences (Ne¼10,000, m¼ 10�7 substi-
tutions per site) using eggcoal, a simulator from the egglib
package (Mita and Siol 2012). MP-EST returns a species tree
in coalescent units, which is why it was used for input into
eggcoal. Specifically, internal branch lengths from the MP-
EST tree were manually adjusted so that we simulated ap-
proximately the same amount of concordance (measured
with concordance factors) observed at each node of the
primate tree. MP-EST does not return terminal branch
lengths, however, so divergence times of sister terminal
branches were also adjusted to approximate the average
length of both terminals in the primate tree; the remaining
divergence times were subsequently defined by adding the
manually adjusted internal branch lengths (see supplemen
tary file S1, Supplementary Material online). Quantification
of molecular convergence and genetic distances was then
performed as described above for primate coding sequences,
except when assessing whether there is an association be-
tween C/D and distance without discordance. To test this
association, ancestral state reconstruction was performed for
each simulated locus on a tree that was concordant with the
locus’ true history.
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Quantifying Tree Inference Error and Molecular
Convergence in Simulated Mitochondrial Data
We employed the 629-species phylogeny from Goldstein et al.
(2015) to simulate 100 500-amino acid-long coding sequences
under the WAG model (Whelan and Goldman 2001) with
evolver, a program from the PAML suite (Yang 2007). Gene
trees were inferred under the same model with PhyML
(Guindon and Gascuel 2003) and their topologies were
used to calculate the amount of discordance (as the recipro-
cal of the concordance factor) at each node of the phylogeny.
By arbitrarily assuming one of the gene trees to be the species
tree, we calculated the amount of molecular convergence
observed in the remaining 99 alignments as described above.
We inferred an arbitrary gene tree with PhyML (Guindon and
Gascuel 2003) using the same amino acid model, and again
assumed that gene tree to be the species tree in order to
compute C/D.

Supplementary Material
Supplementary figures S1–S3 are available at Molecular
Biology and Evolution online (http://www.mbe.oxfordjournals.
org/).
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